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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 (𝐴), decays to an 𝑆 (𝑍) boson, and another lighter Higgs-like boson, 𝐻, decays
to 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 spectrum studied is 390–1300
(320–1300) GeV for the 𝑅 (𝐴) boson and 220–1000 GeV for the 𝐻 boson. The 𝑆 boson mass
is fixed at 160 GeV to reduce the number of free parameters. 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 0.027–0.532 (0.030–0.322) fb for the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss

T
model, and 0.023–0.378 (0.028–0.289) for 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 model.
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1 Introduction35

In 2012, the ATLAS and CMS experiments independently discovered a new particle [1, 2]. The new36

particle’s properties are consistent with the Higgs boson proposed by the Standard Model (SM) [3–6].37

Nonetheless, there are yet questions that the SM still needs to answer. For instance, the dark matter,38

neutrino masses and mixing, the hierarchy problem, and the strong CP problem are so far open queries39

[7–9]. Whether the found particle is a particle in its own right or simply a part of the Higgs sector suggested40

by the two-Higgs-doublet (2HDM) is until now debated [10, 11]. The 2HDM predicts the existence of41

five Higgs bosons: a CP-even particle like the SM Higgs boson (ℎ), a heavier Higgs boson (𝐻), a CP-odd42

particle (𝐴), and a charged Higgs scalar (𝐻±). Another extension to the SM is a model where a real scalar43

boson (𝑆) is introduced to the 2HDM (2HDM+S) [12, 13]. The 𝑆 boson is assumed to be a dark matter44

portal and a possible source of missing transverse energy.45

In this paper, our aim is to search for heavy resonances decaying to 4ℓ and missing transverse energy or46

jets. The search focuses on the high-mass region of the heavy bosons where the four-lepton invariant mass47

is above 200 GeV. Only the gluon-gluon fusion production mode is considered in this analysis. This study48

uses proton-proton collision data at a centre-of-mass energy of 13 TeV and integrated luminosity of 13949

fb−1 collected by the ATLAS detector in 2015–2018 period at the Large Hadron Collider (LHC). Two50

different scenarios are considered for the signal model. First, the 2HDM+S model only includes a heavy51

resonance 𝐻 and Higgs-like scalar boson 𝑆. The model is extended to cover more general situations for52

various missing energy magnitudes by adding one heavy scalar 𝑅, where 𝑅 decays to 𝐻 and 𝑆 bosons with53

𝑚𝑅 > 𝑚𝐻 + 𝑚𝑆 . The 𝐻 is assumed to decay to four leptons (4ℓ where ℓ could be an electron or a muon),54

and the 𝑆 decays to SM neutrinos. The masses of the 𝑅 and 𝐻 bosons are varied to control the missing55

transverse energy, and the 𝑆 mass is fixed to 160 GeV. The assumption of the 𝑆 mass is motivated by the56
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Figure 1: Feynman diagrams represent the production of heavy bosons via gluon-fusion at leading-order for (a)
𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss

T and (b)(c) 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 (𝑋 ≡ 𝜈/𝑞/ℓ−) signal models.

phenomenology study presented in Ref. [14]. However, we studied the effect of this choice and found that57

the 𝑆 mass only affects the missing transverse energy kinematic if its mass is above 200 GeV. Therefore,58

fixing the 𝑆 mass reduces the free parameters on the fit and simplifies the analysis. The phenomenology59

of the new 𝑅 → 𝑆𝐻 topology can easily embed into the 2HDM+S model using a similar approach as60

in Ref. [12]. Second, a 2HDM-based baryogenesis scenario is considered, which generates matter and61

antimatter asymmetry. This model is motivated by the equal amount of matter and antimatter supposedly62

generated in the early universe [15]. Searches for baryogenesis were conducted at the LHC with several63

channels, such as 𝐻 → ℎℎ [16, 17], 𝐻 → 𝑊𝑊/𝑍𝑍 [18–23] and 𝐴 → 𝑍ℎ [24, 25]. In addition, searches64

in the 𝐴− > 𝑍𝐻− > 2ℓ2𝑏/2ℓ2𝜏 [26–29] channels were also carried out in the LHC. In the latter case, for65

a strong first-order phase transition to occur in the early universe, the 𝑚𝐴 > 𝑚𝐻 is preferred. Therefore,66

the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 model is added to this study to explore regions with jet activities. In this signal, 𝐴67

is a CP-odd scalar which decays to a CP-even scalar 𝐻 and 𝑍 boson. Two decay methods are assumed for68

associated 𝑍 and 𝐻 bosons: 𝑍 → 𝑋 and 𝐻 → 𝑍𝑍 → 4ℓ, and 𝑍 → 2ℓ and 𝐻 → 𝑍𝑍 → 2ℓ + 𝑋 , where 𝑋69

could be missing transverse energy or jets.70

This paper is organised as follows. The ATLAS experiment is shortly described in Section 2. Section 371

describes the data and Monte Carlo samples, followed by the object reconstruction in Section 4. Section72

5 describes the analysis strategy and the signal and background modelling are discussed in Section 6.73

The experimental and theoretical systematic uncertainties are demonstrated in Section 7. The results are74

discussed in Section 8, and a conclusion is given in Section 9.75

2 ATLAS detector76

The ATLAS detector is a multipurpose particle physics detector at the LHC with cylindrical geometry1 and77

forward-backwards symmetry [30]. It contains an inner tracker detector (ID) covered by a superconducting78

solenoid feeding a 2 T magnetic field, electromagnetic (EM) and hadronic calorimeters, and a muon79

spectrometer with superconducting magnets. The ID has a silicon pixel, a silicon microstrip tracker, a80

transition radiation tracker, and an insertable B-layer [31] covering the region |𝜂 | < 2.5. The calorimeter81

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 pseudorapidity is defined in terms of the polar angle 𝜃 as 𝜂 = − ln tan(𝜃/2). Angular distance is
measured in units of Δ𝑅 ≡

√︁
(Δ𝜂)2 + (Δ𝜙)2.
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design includes lead/liquid-argon, steel/scintillator-tile, copper/liquid-argon, or tungsten/liquid-argon as82

the absorber fabric. It provides a pseudorapidity coverage of |𝜂 | < 4.9. The muon spectrometer (MS)83

incorporates superconducting toroidal air-core magnets around the calorimeters, which supply muon84

identification and momentum measurement for |𝜂 | < 2.7. A trigger system is employed at two stages to85

select events with an average rate of about 1 kHz for offline analysis [32].86

3 Data and simulated event samples87

The data used in this analysis consists of proton-proton collisions at a centre-of-mass energy of 13 GeV88

recorded by the ATLAS detector at the LHC from 2015 to 2018. Events are required to satisfy the data89

quality requirements to ensure the quality of the collected data [33–35]. After applying the event cleaning90

criteria, the total integrated luminosity of the entire data reached 139 fb−1.91

Background and signal events were simulated using Monte Carlo (MC) generators according to ATLAS92

detector configurations. These events were used for signal optimisation, background parametrisation, and93

estimation of systematic uncertainties. The 𝑞𝑞 → 𝑍𝑍 background was generated using Sherpa v2.2.2 [36]94

with NNPDF 30 NNLO PDF set [37]. The generation was achieved with next-to-leading order (NLO)95

in the matrix element calculation for 0- and 1-jet final states and leading order (LO) for 2- and 3-jet96

final states. The accuracy was calculated with the Comix [38] and OpenLoops [39–41]. The Sherpa97

parton shower [42] for the merging was performed by MePs@NLO prescription [43]. Electroweak (EW)98

correction at NLO as a function of the 𝑍𝑍 invariant mass was applied [44, 45]. Similarly, the 𝑔𝑔 → 𝑍𝑍99

process was simulated by Sherpa v2.2.2 and OpenLoops generators. Matrix elements for 0- and 1-jet at100

LO were calculated and merged with the Sherpa parton shower. The PDF set NNPDF 30 NNLO was used101

in the generation. The 𝑉𝑉𝑉 background events, including processes such as 𝑍𝑍𝑍 , 𝑍𝑍𝑊 , and 𝑊𝑊𝑊𝑍102

with at least four prompt charged leptons, were simulated using Sherpa v2.2.2 with NNPDF 30 NNLO103

PDF set. The 𝑞𝑞 → 𝑍𝑍 (EW) events, consisting of leptons and two jets, were simulated using Sherpa104

v2.2.2 with NNPDF 30 NNLO PDF set. Events containing four prompt charged leptons coming from 𝑡𝑡𝑉105

backgrounds (𝑉 = 𝑍 or𝑊±) were modelled by MadGraph5 aMC@NLO [46] interfaced with Pythia8106

[47] for the hadronisation. The 𝑡𝑡 events were generated using Powheg-Box v2 [48] with NNPDF 30107

NNLO PDF set. Pythia8 was used as an interface for the showering and hadronisation with the A14108

NNPDF23LO tune, and EvtGen was used to simulate 𝐵-hadron decays. Powheg-Box v2 and Pythia8109

were used for the generation and hadronisation of the 𝑊𝑍 process, respectively. The 𝑍+jets events were110

modelled using Sherpa v2.2.0 generator. Matrix elements for 0- and 2-jet at NLO and 3- and 4-jet at LO111

were calculated with Comix and OpenLoops. For the merging, the Sherpa parton shower MePs@NLO112

prescription was used.113

The 𝑅 → 𝑆𝐻 → 4ℓ+𝐸miss
T signal was simulated using Pythia8 with A14 tune and NNPDF 23 LO PDF set.114

MadGraph5 aMC@NLO was used to simulate 𝐴 → 𝑍 (→ 𝑋)𝐻 (→ 4ℓ) and 𝐴 → 𝑍 (→ 2ℓ)𝐻 (→ 2ℓ+𝑋)115

signals with A14 tune and NNPDF 23 LO PDF set. The 𝑅 mass considered is in the range of 390–1300116

GeV, with the 𝑆 mass fixed to 160 GeV, and the 𝐴 mass is 320–1300 GeV. The 𝐻 mass for both signal117

models is in the range of 220–1000 GeV.118

24th April 2023 – 06:03 4
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4 Object reconstruction119

The event selection relies on the reconstruction and identification of electrons, muons, and jets. The120

reconstruction and identification follow the analysis reported in Ref. [49] and are briefly summarized in121

the following. Electrons are reconstructed from the energy deposited in the EM calorimeter associated122

with the tracks found in the ID [50–52]. Muons are reconstructed from the combination of tracks found in123

the ID with tracks or segments of tracks found in the MS [53]. Electrons (muons) are required to have124

𝑝T > 4.5 GeV (𝑝T > 5 GeV) and |𝜂 | < 2.47 ( |𝜂 | < 2.7). Jets are reconstructed from topological clusters125

using the anti-𝑘𝑡 algorithm with a radius parameter 𝑅 = 0.4 [54]. The particle-flow algorithm [55] is126

used as input to the FastJet package [56]. Selected jets are required to have at least one vertex with two127

associated tracks with 𝑝T > 500 MeV, and the primary vertex is chosen to be the vertex reconstructed with128

the largest
∑

𝑝2
T. In addition, jet events must be in the central region (|𝜂 | < 2.5) with 𝑝T > 20 GeV. The129

effect of close-by bunch crossing (pile-up) during the p–p collision is decreased by requiring jets with130

|𝜂 | < 2.5 and 20 < 𝑝T < 60 GeV to pass a jet-vertex-tagger multivariate discriminant requirement [57,131

58]. A geometrical overlap removal between a reconstructed electron, muon, and jet is applied. A jet is132

removed if an electron or a muon is reconstructed within a cone size (Δ𝑅) of 0.2 and 0.1, respectively.133

5 Event categorisation134

Events are classified into three distinct channels based on the flavours of the selected leptons. These135

channels are 4𝜇, 4𝑒 and 2𝜇2𝑒 and are assigned on the basis of which triggers are activated in the event.136

They are selected with single-lepton, dilepton and trilepton triggers, with dilepton and trilepton triggers,137

including electron(s)-muon(s) triggers. Single-electron triggers apply “medium” or “tight” likelihood138

identification, whereas multi-electron triggers apply “loose” or “medium” identification.139

6 Signal and background modelling140

Monte Carlo simulation (MC) is used to parametrise the constructed four leptons invariant mass (𝑚4ℓ)141

distribution for the SM backgrounds. Meanwhile, the signal shape is taken directly from the MC, as142

demonstrated below.143

6.1 Signal model144

The signal line shapes are taken directly from the MC simulation. However, since a few mass points are145

generated for 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T and 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signals, interpolation is needed to cover the146

entire (𝑚𝑅/𝐴, 𝑚𝐻) phase space. A linear interpolation method is described in Ref. [59] is used to get147

signal shapes between the generated masses in the (𝑚𝑅/𝐴, 𝑚𝐻) plane. Because the signal depends on the148

𝐴 and 𝐻 masses, interpolating the signal must be done in two steps. The first step is to fix the 𝐻 mass149

and interpolate the energy gap or the 𝐴 mass. The interpolated signals along the 𝐴 mass are input for a150

second interpolation step where the 𝐴 mass is fixed, and 10 GeV varies the H mass. The same interpolating151

procedures are used for the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T signal to get the mass points between the generated152

samples.153

24th April 2023 – 06:03 5
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6.2 Background model154

The 𝑚4ℓ shape of the backgrounds is obtained from MC simulation and parametrised using an empirical155

function. Four background templates are used as 𝑞𝑞 → 𝑍𝑍 , 𝑔𝑔 → 𝑍𝑍 , 𝑉𝑉𝑉 and others. The 𝑉𝑉𝑉 has a156

different shape from the rest of the backgrounds, so it is kept on a different template. Backgrounds such as157

𝑞𝑞 → 𝑍𝑍 (EW), 𝑡𝑡𝑉 , 𝑡𝑡, 𝑍+jets and 𝑊𝑍 are combined in a template called others. Each of the background158

templates is fitted with an analytical function for 𝑚4ℓ between 200–1200 GeV, as follows:159

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

where:160

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)

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 𝑓1161

and 𝑓2 functions is performed by the Heaviside step function 𝐻 (𝑥) around 𝑚0, where 𝑚0 is fixed to 260,162

240, 250 and 230 for the 𝑞𝑞 → 𝑍𝑍 , 𝑔𝑔 → 𝑍𝑍 , 𝑉𝑉𝑉 , and others backgrounds, respectively. The transition163

point is determined by optimising the function’s smoothness. A constant 𝑛𝐶 = 13 TeV scales the 𝑚4ℓ in164

the high mass region. 𝐶1 and 𝐶2 ensure the continuity of the function around the 𝑚0 corresponding to 𝑓1165

and 𝑓2.166

7 Systematic uncertainties167

8 Results168

8.1 Statistical procedures169

The invariant mass of the four leptons (𝑚4ℓ) is utilised as a discriminant to examine the null and alternative170

hypotheses using the profile likelihood ratio technique [60]. The null hypothesis results in smoothed171

backgrounds that fall from the low mass range to the higher mass range of the 𝑚4𝑙 distribution. In contrast,172

the alternative hypothesis constructs a signal structure around the 𝐻 mass. The signal and background173

contributions in the 𝑚4ℓ distribution are extracted via binned maximum-likelihood fits by the signal-plus174

background hypotheses to extract any indications for new physics. The profile likelihood function is defined175

by the probability of observing 𝑛 events times the product sum of the weighted signal and background176

events, as shown below:177

L(𝑚𝑛
4ℓ |𝜎

𝑔𝑔→𝐴/𝑅, ®𝜃) =
𝑛𝑟∏

𝑟=SR

𝑛𝑏∏
𝑏=bin

Poisson ©«𝑛𝑟 ,𝑏 | 𝑆𝑟 ,𝑏 +
∑︁
𝐵𝑘𝑔

𝐵𝑘𝑔𝑟 ,𝑏 ( ®𝜃)ª®¬ ×
∏
𝑖

𝐺𝑖 (0| ®𝜃, 1), (4)

24th April 2023 – 06:03 6
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where 𝜎𝑔𝑔→𝐴/𝑅 represents the production cross-section of the 𝐴/𝑅 boson, and 𝑆 and 𝐵𝑘𝑔 are the expected178

signal and background yields in each bin of the 𝑚4ℓ distribution. The expected signal yields 𝑆 is calculated179

by:180

𝑆 = 𝜎𝑔𝑔→𝐴/𝑅×B(𝐴/𝑅 → 𝑍𝐻/𝑆𝐻)×B(𝐻 → 𝑍𝑍)×B(𝑍𝑍𝑍/𝑍𝑍 → 4ℓ)× (Accep×Effi)×
∫

𝐿 d𝑡, (5)

where Accep × Effi is the acceptance times efficiency and
∫
𝐿 d𝑡 = 139 fb−1 is the integrated luminosity181

of the data. A collection of nuisance parameters is introduced to describe how systematic uncertainties182

influence the predicted number of signal and background events and the shape of the PDFs. These183

parameters are constrained to their nominal values within the calculated uncertainties using Gaussian184

constraints by 𝐺 ( ®𝜃). The dependency on the analysis category for each event is implied in the product by185

the index 𝑟. The 𝑞𝑞 → 𝑍𝑍 and 𝑔𝑔 → 𝑍𝑍 backgrounds normalisation are set free and controlled by the186

𝜇𝑍𝑍 parameter per signal region. The benefit of releasing the 𝑍𝑍 background normalisation is to reduce187

the background dependency on the theory and other systematic uncertainties.188

9 Conclusion189

A search for new heavy resonances in the 4ℓ (ℓ could be an electron or a muon) channel with missing190

transverse energy or jets is performed. The search uses proton-proton collision data at a centre-of-mass191

energy of 13 TeV collected with the ATLAS detector from 2015 to 2018 at the Large Hadron Collider,192

corresponding to a total integrated luminosity of 139 fb−1. The mass range for the hypothetical resonance193

spans between 390 (320) GeV and 2160 (2090) GeV for the 𝑅 (𝐴) boson. And the heavy boson 𝐻 mass194

considered is between 220 GeV to 1000 GeV. Upper limits on the 𝜎 × BR(𝑅(𝐴) → 𝑆𝐻 (𝑍𝐻)) × BR(𝐻 →195

𝑍𝑍) × B(𝑍𝑍 (𝑍𝑍𝑍) → 4ℓ) at 95% confidence level are set. The expected (observed) upper limits of the196

𝑅 → 𝑆𝐻 → 4ℓ+𝐸miss
T model are in the range of 0.030–0.05 (xx–xx) fb for (𝑚𝑅, 𝑚𝐻) = (390, 220) GeV to197

(𝑚𝑅, 𝑚𝐻) = (1300, 1000) GeV. For the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 model, the expected (observed) upper limits198

are in the range of 0.028 - 0.293 (xx–xx) fb for (𝑚𝐴, 𝑚𝐻) = (320, 220) GeV to (𝑚𝐴, 𝑚𝐻) = (1300, 1000)199

GeV. The upper limits for the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 model are translated to exclusion contours in the200

(𝑚𝐻 , 𝑚𝐴) plane in terms of Type I and lepton-specific two-Higgs-doublet models (Type II and flipped201

2HDM will be added too).202
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Figure 2: The 𝑚4ℓ distributions of the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal with (𝑚𝐴, 𝑚𝐻 ) = (320, 220) GeV for different
categories after signal-plus-background fit to Asimov data based on the background templates.
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Figure 3: The 𝑚4ℓ distributions of the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal with 𝑚𝐴, 𝑚𝐻 = (330, 220) GeV for different
categories after signal-plus-background fit to Asimov data based on the background templates.
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Figure 4: The 𝑚4ℓ distributions of the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T signal with 𝑚𝑅, 𝑚𝐻 = (390, 220) GeV for different

categories after signal-plus-background fit to Asimov data based on the background templates.
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Figure 5: The expected (left) and observed (right) upper limit at 95% confidence level on (a), (b) the 𝜎 × BR(𝐴 →
𝑍𝐻) × BR(𝐻 → 𝑍𝑍) × BR(𝑍𝑍𝑍 → 4ℓ), and (c), (d) 𝜎 × BR(𝑅 → 𝑆𝐻) × BR(𝐻 → 𝑍𝑍) × BR(𝑍𝑍 → 4ℓ) on
(𝑚𝐻 , 𝑚𝐴) (left) and (𝑚𝐻 , 𝑚𝑅) (right) planes.
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