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Search for the presence of a new heavy boson produced via gluon-gluon fusion in association
with missing transverse energy in the four-lepton channel. The search uses the data at a
centre-of-mass energy of 13 TeV collected by the ATLAS detector in the period between
2015-2018 at the Large Hadron Collider. The resonance decays to lighter Higgs-like scalar �
and CP-even scalar ( bosons. The � decays into 4ℓ (ℓ could be either 4 or `) through //
bosons. The ( decays to a pair of Standard Model neutrinos. The discovery of the Standard
Model Higgs boson imposes questions as to whether there is physics beyond the Standard
Model or not. The multilepton and the rich missing transverse energy on the final states give
rise to activities of Physics Beyond the Standard Model in which we investigate in this search.
An AZH model within the 2HDM framework is also examined in the similar event topology.
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1 Introduction73

A new boson was discovered in 2012 by both ATLAS and CMS experiments [1, 2]. Its properties are74

compatible with the Higgs boson that proposed by the Standard model (SM) [3–6]. However, there are75

still questions that the SM has not answered. For example, the dark matter, neutrino masses and mixing,76

Hierarchy problem, and strong CP-problem [7–9]. Also, whether the new particle unique in nature or one77

of the Higgs sector proposed by the tow-Higgs-Doublet (2HDM) [10].78

The 4ℓ decay channel played a significant role in the discovery of Higgs boson and the measurement of its79

properties. The search on this channel relies on a very clean signature in which the final state has a low80

signal-to-background ratio. The four-lepton final state in association with missing transverse energy is81

never examined in the ATLAS experiment. Therefore, in this analysis the production of heavy resonances82

via gluon-fusion in association with missing transverse energy is investigated. The heavy resonances, <� ,83

assumed to decay to ℓ+ℓ−ℓ+ℓ+ final state through the decay of a pair of / bosons, where ℓ could be an84

electron or a muon. The search focuses on the high mass region of the heavy bosons where the four-lepton85

invariant mass is above 200 GeV.86

This analysis uses proton-proton collision data at a centre-of-mass energy of 13TeV, and integrated luminosity87

of 139.0 fb−1collected by the ATLAS detector on 2015-2018 period at the Large Hadron Collider (LHC).88

The data is interpreted in terms of ' → (� → 4ℓ + �miss
T [11], and �→ / (inclusive)� (// → 4ℓ) [12]89

models. Feynman diagram in Figure (a) shows the first model where ' is a scalar boson, and it decays to90

two lighter scalar bosons ( and �. The ( decays to SM neutrinos (thereof refereed to it as �miss
T here),91

and � decays to four leptons. To control the quantity of the missing transverse energy, the ( mass is fixed92

to 160 GeV and scan through the ', and � masses. To explore regions with jet activities, the model in93

Figure (b) is introduced. � in this model is a CP-odd scalar which decays to a CP-even scalar �, and /94

boson. The / boson decays to a pair of SM neutrinos, and H decays to 4-lepton final state.95

The note is organised as follows: Section 2 describes the data and Monte Carlo (MC) samples, followed by96

event and object selection Section 3. Section 4 describes the analysis strategy and Section 5 illustrates97

the background estimation. The signal and background parametrisation are discussed in Section 6. The98

experimental and theoretical systematic uncertainties are demonstrated in Section 7. The results are99

discussed in section 8 and a conclusion is given in Section 9.100
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Figure 1: Feynman diagrams represent the production of heavy bosons via gloun-fusion (a) ' → (� → 4ℓ + �miss
T

and (b) �→ / (inclusive)� (// → 4ℓ) models.
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2 Data and Monte Carlo samples101

2.1 Data102

The dataset used in this analysis consists of proton-proton collisions at a centre-of-mass energy of 13103

TeV, recorded by the ATLAS detector at the LHC in 2015 to 2018. Requirements to ensure the quality of104

beam conditions, detector performance and data are imposed [13–15], as well as additional event cleaning105

criteria described in Section 8. 1 After application of these criteria, the dataset corresponds to a total106

integrated luminosity of 139.0 fb−1.107

2.2 Background samples108

2.3 Signal samples109
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Figure 2: Two-dimensional plots showing the �miss
T content of the (a) ' → (� → 4ℓ + �miss

T and (b) � →
/ (inclusive)� (// → 4ℓ) models. The missing transverse energy is represented by the I-axis as <' − <� or
<� − <� .

1 For the 2015 dataset:
GoodRunsLists/data15_13TeV/20170619/data15_13TeV.periodAllYear_DetStatus-v89-pro21-02_Unknown_PHYS
_StandardGRL_All_Good_25ns.xml.
For the 2016 dataset:
GoodRunsLists/data16_13TeV/20180129/data16_13TeV.periodAllYear_DetStatus-v89-pro21-01_DQDefects-00
-02-04_PHYS_StandardGRL_All_Good_25ns.xml.
For the 2017 dataset:
GoodRunsLists/data17_13TeV/20180619/data17_13TeV.periodAllYear_DetStatus-v99-pro22-01_Unknown_PHYS
_StandardGRL_All_Good_25ns_Triggerno17e33prim.xml.
For the 2018 dataset:
GoodRunsLists/data18_13TeV/20190219/data18_13TeV.periodAllYear_DetStatus-v102-pro22-04_Unknown_PHYS
_StandardGRL_All_Good_25ns_Triggerno17e33prim.xml.
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3 Event and object selection110

3.1 Object definitions111

3.1.1 Electrons112

3.1.2 Muons113

3.1.3 Jets114

3.1.4 Overlap removal115

3.1.5 Missing transverse momentum116

3.2 Event selection117
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Figure 3: Distribution for the ' → (� → 4ℓ + �miss
T signal comparing to the different background components

of the (a) Number of central jets, (b) Number of b-tagged jets. Each signal is normalised to the total number of
background.

4 Analysis strategy118

After the pre-selection described in Section 3, an additional selection depending on the signal model119

is applied. This section discusses the different selection used in the optimisation. The optimisation is120

quantified by using the following significance formula:121

/ =
B

√
: · 1

, (1)

where B and 1 represent the signal and background events, respectively. Since the signal is above 200 GeV,122

the background is considered above 200 GeV. : is a fraction applied on the background to consider only123

the background under the signal peak. For instance, : for the (<', <� ) = (390, 220) GeV signal is 20.3%,124

it is the ratio between events in <4ℓ [210 − 230] and the entire <4ℓ region greater than 200 GeV. Each125

signal model has different optimisation strategy as showing below.126

4.1 X → YN → 4ℓ + Kmiss
T signal optimisation127

For simplicity, four signal samples are selected to compare their shapes with SM backgrounds for some128

kinematic distributions. Two signals with lower �miss
T around 50 GeV, and the other with high �miss

T above129

600 GeV, see Figure 4(c). Figure 3 shows number of jets and b-jets, and Figure 4 shows the 4-lepton130
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ATLAS DRAFT

Table 1: The expected yields for the (<', <� ) = (390, 220) GeV signal mass point, and the total background
calculated from the state-of-the-art MC simulation with an integrated luminosity of 139.0 fb−1. The uncertainties
included on the table are statistical uncertainty only. Expected events at 4ℓ cut are after the pre-selection discussed
on Section 3. �miss

T significance is represented by metSig on the table.

(<', <� ) = (390, 220) GeV @@ → //∗ 66 → //∗ @@ → //∗ (EW) CC̄+ +++ / + jets ,/ CC̄ Total background

4ℓ 64.29±0.27 2516.52±4.50 348.96±0.71 32.85±0.28 8.60±0.05 19.04±0.11 10.35±8.28 5.12±0.34 2.68±0.20 2944.13±14.48
b-veto 62.15±0.27 2451.45±4.47 341.64±0.70 30.67±0.27 2.14±0.02 18.48±0.11 10.35±8.28 4.96±0.33 1.77±0.15 2861.46±14.34
#Central
Jets = 0 28.17±0.18 1625.63±3.87 212.93±0.56 3.10±0.11 0.41±0.01 9.40±0.07 9.69±8.27 2.85±0.26 0.78±0.08 1864.79±13.23
?4ℓ
T > 30 & metSig > 2.0 14.98±0.13 82.73±0.94 21.12±0.18 0.51±0.03 0.33±0.01 7.22±0.07 0.32±0.32 1.69±0.19 0.53±0.07 114.44±1.80
?4ℓ
T > 15 & metSig > 1.5 21.86±0.16 258.04±1.74 58.30±0.29 0.99±0.04 0.37±0.01 8.17±0.07 1.82±1.54 2.13±0.21 0.65±0.07 330.47±3.99
#Central
Jets ≥ 1 33.99±0.20 825.82±2.24 128.71±0.43 27.56±0.25 1.73±0.02 9.08±0.08 0.66±0.35 2.11±0.21 0.99±0.12 996.67±3.71
?4ℓ
T > 10 & metSig > 3.5 12.86±0.12 10.46±0.23 2.25±0.06 0.30±0.02 0.93±0.02 4.68±0.06 0.01±0.01 0.76±0.13 0.63±0.11 20.02±0.63
?4ℓ
T > 0 & metSig > 2.5 21.02±0.16 51.55±0.66 10.66±0.13 1.35±0.05 1.25±0.02 6.19±0.07 0.01±0.01 1.09±0.15 0.75±0.11 72.83±1.19

Table 2: Summary of the ' → (� → 4ℓ + �miss
T categories, significance calculated using equation 1 and their

representation.

' → (� → 4ℓ + �miss
T categories Representation Z

#Central
Jets = 0 & ?4ℓ

T > 30.0 & metSig > 2.0 High-�miss
T & #Central

jets = 0 3.11
#Central
Jets = 0 & ?4ℓ

T > 15.0 & metSig > 1.5 Low-�miss
T & #Central

jets = 0 1.04
#Central
Jets ≥ 1 & ?4ℓ

T > 10.0 & metSig > 3.5 High-�miss
T & #Central

jets ≥ 1 6.39
#Central
Jets ≥ 1 & ?4ℓ

T > 0 & metSig > 2.5 Low-�miss
T & #Central

jets ≥ 1 2.49

Combined significance 7.60

invariant mass, 4-lepton momentum, �miss
T and �miss

T significance. The event-based �miss
T significance is131

defined as:132

�miss
T significance =

�miss
T√∑
�T
. (2)

The �miss
T significance is used on the optimisation instead of the �miss

T and object-based �miss
T signific-133

ance [16], because it gives better significance, see Appendix will be added soon. The zero central jet bin134

contains most of the background, and it dropped to ∼ 66% in the one central jet bin. After the pre-selection,135

we veto b-tagged jets to suppress CC̄ related background. Then categorise events into zero and at least one136

central jet. Figure 4 shows kinematic distributions of the <4ℓ , ?4ℓ
T and �miss

T . The latter two employed to137

discriminate signal from backgrounds by doing a two-dimensional (2D) scan. The (<', <� ) = (390, 220)138

GeV signal sample is used for the optimisation. Because using a sample with low �miss
T covers ones with139

high �miss
T , see Figure 4(c), but that underestimates the high �miss

T sample significance. As number of SM140

backgrounds under the high �miss
T peak is less than that of the low �miss

T . For the zero central jet category,141

a 2D scan is performed for �miss
T significance and ?4ℓ

T . Two optimal points are found at �miss
T significance142

>2.0 and ?4ℓ
T > 30.0 GeV with significance of 3.14, as shown in Figure 5(a). Another scan carried out143

at low missing transverse energy after removing the optimal points. Figure 5(b) shows the lower �miss
T144

scan results where �miss
T significance >1.5 and ?4ℓ

T > 15.0 GeV. The same technique is used for at least145

one central jet category, as shown in Figures 5(c) and 5(d). A cut-flow of the zero and at least one central146

jet category with their low and high �miss
T bin is shown in Table 1. A summary of the optimal cuts, their147

representation and the significance of each cut is shown in Table 2. The combined significance for all148

categorise is 7.60149
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Figure 4: Distribution for the ' → (� → 4ℓ + �miss
T signal comparing to the different background components of

the (a) Four-lepton invariant mass, (b) Four-lepton transverse momentum, (c) Missing transverse energy and (a)
�miss
T significance. Each signal is normalised to the total number of background to get better comparison with the

background.
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Figure 5: ' → (� → 4ℓ + �miss
T signal optimisation for the (a) High-�miss

T and #Central
jets = 0, (b) Low-�miss

T and
#Central
jets = 0, (c) High-�miss

T and #Central
jets ≥ 1 and (d) Low-�miss

T and #Central
jets ≥ 1 categories.
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Figure 6: Distribution for the � → / (inclusive)� (// → 4ℓ) signal comparing to the different background
components of the (a) Number of central jets and (b) Number of b-tagged jets. Each signal is normalised to the total
number of SM backgrounds.

4.2 G→ `(inclusive)N(`` → 4ℓ) signal optimisation150

We keep categories from ' → (� → 4ℓ + �miss
T signal optimisation, because ?4ℓ

T and �miss
T significance151

kinematics have the same pattern as in ' → (� → 4ℓ + �miss
T model, see Figure 7. Figure 6 shows the152

central jets and b-jets kinematic distributions, where more jets activity is observed. The leading and153

sub-leading central jets kinematics are shown in Figure 8. In addition to the �miss
T categories, further154

categorisation is implemented. Events are required to have at least one b-jets, then at least two central jets155

with events inside the <Central
jj peak. Hence exactly one central jet is selected together with events outside156

<Central
jj peak. The remaining events are labelled as Rest category. Table 3 summarises the categories,157

yields and the significance calculated by equation 2 for the �→ / (inclusive)� (// → 4ℓ) model. The :158

factor used is 20.3% corresponds to the ratio of events in <4ℓ [210 − 230] and <4ℓ above 200 GeV.159

Table 3: The expected yields for the (<�, <� ) = (330, 220) GeV signal mass point, and the significance calculated
from the state-of-the-art MC simulation with an integrated luminosity of 139.0 fb−1. The uncertainties included on
the table are statistical uncertainty only. Expected events at 4ℓ cut are after the pre-selection discussed on Section 3.

(<�, <� ) = (330, 220) @@ → //∗ 66 → //∗ @@ → //∗ (EW) CC̄+ +++ / + jets ,/ CC̄ /

4ℓ 60.35±0.13 2516.52±4.50 348.96±0.71 32.85±0.28 10.35±8.28 19.04±0.11 8.60±0.05 5.12±0.34 2.68±0.20 2.47
High-�miss

T & #Central
jets = 0 5.61±0.04 82.73±0.94 21.12±0.18 0.51±0.03 0.32±0.32 7.22±0.07 0.33±0.01 1.69±0.19 0.53±0.07 1.16

Low-�miss
T & #Central

jets = 0 2.22±0.02 175.31±1.47 37.18±0.23 0.48±0.03 1.51±1.51 0.96±0.02 0.04±0.00 0.44±0.10 0.12±0.03 0.33
High-�miss

T & #Central
jets ≥ 1 2.88±0.03 10.46±0.23 2.25±0.06 0.30±0.02 0.01±0.01 4.68±0.06 0.93±0.02 0.76±0.13 0.63±0.11 1.43

Low-�miss
T & #Central

jets ≥ 1 4.50±0.03 41.09±0.62 8.40±0.11 1.04±0.04 0.00±0.00 1.50±0.03 0.32±0.01 0.32±0.08 0.12±0.03 1.37
#b-jets ≥ 1 8.94±0.05 65.07±0.54 7.32±0.11 2.19±0.07 0.00±0.00 0.56±0.02 6.45±0.04 0.16±0.06 0.92±0.13 2.18
#Central
jets ≥ 2& |<Central

9 9
− </ | < 60 10.86±0.05 113.57±0.53 18.48±0.16 3.65±0.08 0.25±0.21 0.50±0.02 0.11±0.01 0.14±0.05 0.03±0.01 2.06

#Central
jets = 1 & |<Central

9 9
− </ | > 60 12.31±0.06 526.17±2.00 80.78±0.34 8.83±0.14 0.34±0.28 1.58±0.03 0.19±0.01 0.68±0.12 0.16±0.05 1.10

Rest 13.04±0.06 1502.12±3.49 173.43±0.50 15.85±0.21 7.93±8.13 2.04±0.03 0.22±0.01 0.94±0.16 0.17±0.04 0.70
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Figure 7: Distribution for the � → / (inclusive)� (// → 4ℓ) signal comparing to the different background
components of the (a) Four-lepton invariant mass, (b) Four-lepton transverse momentum, (c) Missing transverse
energy and (a) �miss

T significance. Each signal is normalised to the total number of background.

The significance of the Low-�miss
T & #Central

jets = 0 and the Rest categories are 0.33 and 0.70 respectively. So160

we dropped these two categorise, since they are small. The combined significance for the 6 categories of161

the �→ / (inclusive)� (// → 4ℓ) model is 3.93.162
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Figure 8: Distribution for the � → / (inclusive)� (// → 4ℓ) signal comparing to the different background
components of the (a) Dijet transverse momentum, (b) Dijet invariant mass and (c) Dijet Δ[. Each signal is
normalised to the total number of background.
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5 Background estimation163

The main background component in all categories comes from the leptonic decay of the Z boson, and it164

is estimated to be about 98% of the total expected background events. The quark-antiquark annihilation,165

@@̄ → //∗, is 85% and approximately 12% from the gluon-initiated, 66 → //∗, processes. And only 1%166

accounting from EW vector-boson scattering, @@̄ → //(EW).167

All other background processes such as,/ , /+jets, +++ and CC̄ are estimated to be nearly 2% from the168

whole background events.169

5.1 qq̄ → ``∗ and gg → ``∗170

The @@̄ → //∗ and 66 → //∗ processes are estimated using MC simulation. Their shapes are modelled171

by an analytical function on a template denoted by //∗, as shown in Section 6.172

5.2 \\\173

Because +++ has a different shape from the rest of the backgrounds, it kept on a separate template and174

fitted with analytical function, see Section 6.175

5.3 Other background processes176

Other backgrounds which have the same shape are combined together and fitted with analytical function.177

The template contains ,/ , @@̄ → //(EW) and CC̄ backgrounds. /+jets has only one event with large178

statistical uncertainty at <4ℓ between 200-400 GeV so it is removed from the fit, see details in Section 6.179

5.4 Control regions180

A control region is defined by applying the selection for the High-�miss
T and #Central

jets = 0 category, as181

specified in Section 4, to check the compatibility of the data to the prediction. In addition <4ℓ region182

orthogonal to the signal region described by 80 < <4ℓ < 110 GeV and 140 < <4ℓ < 170 GeVis applied.183

Table 4: The expected and observed events in a control region of 80 < <4ℓ < 110 GeV and 140 < <4ℓ < 170 GeVfor
the High-�miss

T and #Central
jets = 0 category at 139.0 fb−1.

//∗ +++
@@̄ → // (�,), CC̄+ , CC̄,

,/ , /+jets Expected Observed

2`24 10.62±0.32 0.21±0.01 1.12±0.13 11.95±0.34 13.00±3.61
44 5.06±0.21 0.08±0.01 0.41±0.08 5.57±0.23 8.00±2.83
4` 11.17±0.32 0.15±0.01 0.44±0.09 11.78±0.33 13.00±3.61
4ℓ 26.85±0.50 0.45±0.02 1.99±0.18 29.29±0.53 34.00±5.83

Table 4 shows the number of events after the application of the control region for data and background184

processes. Figure 10 the shows number of jets, b-tagged jets and �miss
T significance. The number of jets and185
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Figure 9: Kinematic distributions of (a) the </1 , (b) and </2 . The date at integrated luminosity of 139.0 fb−1are
compared to prediction from simulation on the control region. The control region is defined by applying the selection
for the High-�miss

T and #Central
jets = 0 category in the 4-leptons invariant mass region of 80 < <4ℓ < 110 GeV and

140 < <4ℓ < 170 GeV.

b-jets are shown without requirement on the number of jets and b-tagged jets. The four leptons kinematic186

distributions are shown in Figure 11 for the invariant mass, transverse momentum, pseudorapidity and187

rapidity of the four leptons final states. Figure 12 shows the momentum of individual leptons, ?ℓ1
T , ?

ℓ2
T , ?

ℓ3
T188

and ?ℓ4
T . Distributions of the invariant mass of the dilepton system for the first and second lepton pairs </1 ,189

</2 , respectively, are shown in Figure 9.190
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Figure 10: Kinematic distributions of (a) number of central jets, (b) number of b-tagged jets and (c) �miss
T significance.

The date at integrated luminosity of 139.0 fb−1are compared to prediction from simulation on the control region.
The control region is defined by applying the selection for the High-�miss

T and #Central
jets = 0 category in the 4-leptons

invariant mass region of 80 < <4ℓ < 110 GeV and 140 < <4ℓ < 170 GeV. The number of jets and b-tagged jets are
drawn without applying cut on them.
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Figure 11: Kinematic distributions of (a) the <4ℓ , (b) ?4ℓ
)
, (c) [4ℓ , and (d) H4ℓ . The date at integrated luminosity of

139.0 fb−1are compared to prediction from simulation on the control region. The control region is defined by applying
the selection for the High-�miss

T and #Central
jets = 0 category in the 4-leptons invariant mass region of 80 < <4ℓ < 110

GeV and 140 < <4ℓ < 170 GeV.
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Figure 12: Kinematic distributions of (a) the ?ℓ1
T , (b) ?

ℓ2
T , (c) ?

ℓ3
T , and (d) ?

ℓ4
T . The date at integrated luminosity of

139.0 fb−1are compared to prediction from simulation on the control region. The control region is defined by applying
the selection for the High-�miss

T and #Central
jets = 0 category in the 4-leptons invariant mass region of 80 < <4ℓ < 110

GeV and 140 < <4ℓ < 170 GeV.
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6 Signal and background modelling191

Monte Carlo simulation is used to parametrise the constructed four leptons invariant mass distribution of192

both backgrounds and signals shapes. This section explains the signal and background parametrisation.193

6.1 Signal parametrisation194

The narrow-width signal models of ' → (� → 4ℓ + �miss
T and �→ / (inclusive)� (// → 4ℓ) signals195

are modelled using a Crystal ball (CB) plus Gaussian (G) functions [17, 18]. The sum of these functions is196

described as:197

%signal(<4ℓ) = 5CB × CB(<4ℓ ; `, fCB , UCB , =CB) + (1 − 5CB) × G(<4ℓ ; `, fG).

Both CB and G functions peak at a mean value of <4ℓ (`) = <� which is the reconstructed 4-lepton198

invariant mass of (<', <� ) and (<�, <� ) signal mass points. The resolution of the <4ℓ distribution199

is contorted by fCB and fG parameters. The power-law low-end tail position of the non-Gaussian200

distribution is adjusted using the UCB parameter, while its slope is handled by the =CB parameter. The201

relative normalisation between the Gaussian and Crystal ball functions is taking care of by 5CB parameter.202

The %signal(<4ℓ) function is fitted to simulated signal samples to determine the values of the function’s203

parameters.204

The MC samples used are from mc16a, mc16d and mc16e campaigns which add-up to 139.0 fb−1luminosity205

of Run-II dataset. For simplicity and to avoid lower statistics, the CB + G PDF fit is performed to206

the inclusive lepton channel only to extract the parameter on equation 6.1. Figures 13, 14, 15 and 16207

show the CB + G PDF fit to ' → (� → 4ℓ + �miss
T of 65 signal mass points. The values of j2/ndof208

illustrates the goodness of the PDF fit. Table 5 shows j2/ndof values result from fitting CB + G PDF209

to ' → (� → 4ℓ + �miss
T model for the High-�miss

T and #Central
jets = 0 category. The other categories are210

shown in appendix A.211

Table 5: Summary of j2/ndof values from fitting CB + G PDF of equation 6.1 to different mass points of
the ' → (� → 4ℓ + �miss

T model for the High-�miss
T and #Central

jets = 0 category. The j2/ndof are shown for
Figures 13, 14, 15 and 16.
Mass point = (<- , <� ) [GeV] j2/ndof
390, 220 0.98
450, 220 1.58
800, 220 1.29
1500, 220 1.90
450, 250 1.35
1500, 250 1.73
800, 300 1.48
800, 500 1.57
1500, 1000 1.75
410, 220 1.33
430, 220 1.37
580, 220 1.71
880, 220 1.15
1380, 220 1.40
670, 500 1.06
610, 250 1.51
660, 300 1.58
1170, 1000 0.85
- -

Mass point = (<- , <� ) [GeV] j2/ndof
470, 300 1.21
570, 400 1.08
770, 600 1.14
970, 800 1.43
430, 250 1.28
480, 300 0.80
580, 400 0.99
680, 500 1.12
780, 600 1.75
980, 800 1.77
1180, 1000 1.82
440, 250 1.10
490, 300 1.21
590, 400 2.26
690, 500 1.29
790, 600 1.76
990, 800 1.98
1190, 1000 1.44
500, 300 1.72

Mass point = (<- , <� ) [GeV] j2/ndof
600, 400 1.34
700, 500 1.86
800, 600 1.69
1000, 800 1.75
1200, 1000 2.00
460, 250 1.85
510, 300 1.09
610, 400 2.04
710, 500 1.48
810, 600 1.31
1010, 800 1.42
1210, 1000 1.86
510, 250 1.10
560, 300 1.49
660, 400 1.56
760, 500 1.85
860, 600 1.33
1060, 800 1.58
1260, 1000 1.72
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Figure 13: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (390,220),
(450,220), (800,220), (1500,220), (450,250), (1500,250), (800,300), (800,500), (1500,1000), (410,220), (430,220),
(580,220), (880,220), (1380,220), (670,500), (610,250), (660,300) and (1170,1000) GeV signal mass points for the
' → (� → 4ℓ + �miss

T model. MC simulation of statistics equivalent to integrated luminosity of 139.0 fb−1is used
for the High-�miss

T and #Central
jets = 0 category. The ratio plot in each figure shows the pull distribution.
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Figure 14: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (470,300),
(570,400), (770,600), (970,800), (430,250), (480,300), (580,400), (680,500), (780,600), (980,800), (1180,1000),
(440,250), (490,300), (590,400), (690,500), (790,600), (990,800) and (1190,1000) GeV signal mass points for the
' → (� → 4ℓ + �miss

T model. MC simulation of statistics equivalent to integrated luminosity of 139.0 fb−1is used
for the High-�miss

T and #Central
jets = 0 category. The ratio plot in each figure shows the pull distribution.

4th January 2021 – 18:49 23



ATLAS DRAFT

10

210

310

E
ve

nt
s 

/ (
 1

.0
4 

G
eV

 )
 Simulation InternalATLAS

miss
TE + l 4→ SH →R 

) = (500, 300) GeV
H

, m
R

(m

 = 0jets
centralN, T

missEHigh-

MC
Fit

270 280 290 300 310

 [GeV]l4m

4−
2−
0
2
4

P
ul

l

10

210

310

E
ve

nt
s 

/ (
 1

.2
8 

G
eV

 )

 Simulation InternalATLAS
miss
TE + l 4→ SH →R 

) = (600, 400) GeV
H

, m
R

(m

 = 0jets
centralN, T

missEHigh-

MC
Fit

350 360 370 380 390 400 410

 [GeV]l4m

4−
2−
0
2
4

P
ul

l

10

210

310

E
ve

nt
s 

/ (
 2

.1
 G

eV
 )

 Simulation InternalATLAS
miss
TE + l 4→ SH →R 

) = (700, 500) GeV
H

, m
R

(m

 = 0jets
centralN, T

missEHigh-

MC
Fit

440 460 480 500 520

 [GeV]l4m

4−
2−
0
2
4

P
ul

l

10

210

310

E
ve

nt
s 

/ (
 2

.0
4 

G
eV

 )

 Simulation InternalATLAS
miss
TE + l 4→ SH →R 

) = (800, 600) GeV
H

, m
R

(m

 = 0jets
centralN, T

missEHigh-

MC
Fit

540 560 580 600 620

 [GeV]l4m

4−
2−
0
2
4

P
ul

l

10

210

310

E
ve

nt
s 

/ (
 2

.1
6 

G
eV

 )

 Simulation InternalATLAS
miss
TE + l 4→ SH →R 

) = (1000, 800) GeV
H

, m
R

(m

 = 0jets
centralN, T

missEHigh-

MC
Fit

740 760 780 800 820

 [GeV]l4m

4−
2−
0
2
4

P
ul

l
10

210

310

E
ve

nt
s 

/ (
 3

.8
 G

eV
 )

 Simulation InternalATLAS
miss
TE + l 4→ SH →R 

) = (1200, 1000) GeV
H

, m
R

(m

 = 0jets
centralN, T

missEHigh-

MC
Fit

880 900 920 940 960 980 1000 1020 1040 1060

 [GeV]l4m

4−
2−
0
2
4

P
ul

l

10

210

310

E
ve

nt
s 

/ (
 1

.0
8 

G
eV

 )

 Simulation InternalATLAS
miss
TE + l 4→ SH →R 

) = (460, 250) GeV
H

, m
R

(m

 = 0jets
centralN, T

missEHigh-

MC
Fit

210 220 230 240 250 260

 [GeV]l4m

4−
2−
0
2
4

P
ul

l

10

210

310

E
ve

nt
s 

/ (
 0

.9
6 

G
eV

 )

 Simulation InternalATLAS
miss
TE + l 4→ SH →R 

) = (510, 300) GeV
H

, m
R

(m

 = 0jets
centralN, T

missEHigh-

MC
Fit

270 275 280 285 290 295 300 305 310 315

 [GeV]l4m

4−
2−
0
2
4

P
ul

l

10

210

310

E
ve

nt
s 

/ (
 1

.2
8 

G
eV

 )

 Simulation InternalATLAS
miss
TE + l 4→ SH →R 

) = (610, 400) GeV
H

, m
R

(m

 = 0jets
centralN, T

missEHigh-

MC
Fit

350 360 370 380 390 400 410

 [GeV]l4m

4−
2−
0
2
4

P
ul

l

10

210

310

E
ve

nt
s 

/ (
 2

.1
 G

eV
 )

 Simulation InternalATLAS
miss
TE + l 4→ SH →R 

) = (710, 500) GeV
H

, m
R

(m

 = 0jets
centralN, T

missEHigh-

MC
Fit

440 460 480 500 520

 [GeV]l4m

4−
2−
0
2
4

P
ul

l

10

210

310

E
ve

nt
s 

/ (
 2

.0
4 

G
eV

 )

 Simulation InternalATLAS
miss
TE + l 4→ SH →R 

) = (810, 600) GeV
H

, m
R

(m

 = 0jets
centralN, T

missEHigh-

MC
Fit

540 560 580 600 620

 [GeV]l4m

4−
2−
0
2
4

P
ul

l

10

210

310

E
ve

nt
s 

/ (
 2

.3
6 

G
eV

 )

 Simulation InternalATLAS
miss
TE + l 4→ SH →R 

) = (1010, 800) GeV
H

, m
R

(m

 = 0jets
centralN, T

missEHigh-

MC
Fit

720 740 760 780 800 820

 [GeV]l4m

4−
2−
0
2
4

P
ul

l

10

210

310

E
ve

nt
s 

/ (
 3

.8
 G

eV
 )

 Simulation InternalATLAS
miss
TE + l 4→ SH →R 

) = (1210, 1000) GeV
H

, m
R

(m

 = 0jets
centralN, T

missEHigh-

MC
Fit

880 900 920 940 960 980 1000 1020 1040 1060

 [GeV]l4m

4−
2−
0
2
4

P
ul

l

10

210

310

E
ve

nt
s 

/ (
 1

.0
8 

G
eV

 )

 Simulation InternalATLAS
miss
TE + l 4→ SH →R 

) = (510, 250) GeV
H

, m
R

(m

 = 0jets
centralN, T

missEHigh-

MC
Fit

210 220 230 240 250 260

 [GeV]l4m

4−
2−
0
2
4

P
ul

l

10

210

310

E
ve

nt
s 

/ (
 0

.9
6 

G
eV

 )

 Simulation InternalATLAS
miss
TE + l 4→ SH →R 

) = (560, 300) GeV
H

, m
R

(m

 = 0jets
centralN, T

missEHigh-

MC
Fit

270 275 280 285 290 295 300 305 310 315

 [GeV]l4m

4−
2−
0
2
4

P
ul

l

10

210

310

E
ve

nt
s 

/ (
 1

.4
8 

G
eV

 )

 Simulation InternalATLAS
miss
TE + l 4→ SH →R 

) = (660, 400) GeV
H

, m
R

(m

 = 0jets
centralN, T

missEHigh-

MC
Fit

340 350 360 370 380 390 400 410

 [GeV]l4m

4−
2−
0
2
4

P
ul

l

10

210

310

E
ve

nt
s 

/ (
 2

.1
 G

eV
 )

 Simulation InternalATLAS
miss
TE + l 4→ SH →R 

) = (760, 500) GeV
H

, m
R

(m

 = 0jets
centralN, T

missEHigh-

MC
Fit

440 460 480 500 520

 [GeV]l4m

4−
2−
0
2
4

P
ul

l

10

210

310

E
ve

nt
s 

/ (
 2

.0
4 

G
eV

 )

 Simulation InternalATLAS
miss
TE + l 4→ SH →R 

) = (860, 600) GeV
H

, m
R

(m

 = 0jets
centralN, T

missEHigh-

MC
Fit

540 560 580 600 620

 [GeV]l4m

4−
2−
0
2
4

P
ul

l

Figure 15: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (500,300),
(600,400), (800,600), (1000,800), (1000,800), (1200,1000), (460,250), (510,300), (610,400), (710,500), (810,600),
(1010,800), (1210,1000), (510,250), (560,300), (660,400), (760,500) and (860,600) GeV signal mass points for the
' → (� → 4ℓ + �miss

T model. MC simulation of statistics equivalent to integrated luminosity of 139.0 fb−1is used
for the High-�miss

T and #Central
jets = 0 category. The ratio plot in each figure shows the pull distribution.
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Figure 16: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (1060,800),
(1260,1000), (760,400), (860,500), (960,600), (1160,800), (1360,1000), (910,250), (960,300), (1060,400), (1160,500),
(1260,600), (1460,800), (1660,1000), (1410,250), (1460,300), (1560,400) and (1660,500) GeV signal mass points for
the ' → (� → 4ℓ + �miss

T model. MC simulation of statistics equivalent to integrated luminosity of 139.0 fb−1is
used for the High-�miss

T and #Central
jets = 0 category. The ratio plot in each figure shows the pull distribution.
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Figure 17: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (1760,600),
(1960,800) and (2160,1000) GeV signal mass points for the ' → (� → 4ℓ + �miss

T model. MC simulation of
statistics equivalent to integrated luminosity of 139.0 fb−1is used for the High-�miss

T and #Central
jets = 0 category. The

ratio plot in each figure shows the pull distribution.
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6.2 Background parametrisation212

5 66///@@// (<4ℓ) = ( 51(<4ℓ) + 52(<4ℓ)) × � (<0 − <4ℓ) × �0 + 5 66///@@//3 (<4ℓ) × � (<4ℓ − <0),

where:213

51(<4ℓ) = exp(01 + 02 · <4ℓ + 03 · <2
4ℓ),

52(<4ℓ) =

{
1
2
+ 1

2
erf

(
<4ℓ − 11

12

)}
× 1

1 + exp
(
<4ℓ−11
13

) ,
5
@@///66//
3 (<4ℓ) = exp

(
21 + 22 · <4ℓ + 23 · <2

4ℓ + 24 · <3
4ℓ + 25 · <4

4ℓ + 26 · <5
4ℓ

)
,

�0 =
53(<0)

51(<0) + 52(<0)
.
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Figure 18: Four-lepton invariant mass distributions for the analytical function fit to //∗ background template of
the (a) High-�miss

T and #Central
jets = 0, (b) Low-�miss

T and #Central
jets = 0, (c) High-�miss

T and #Central
jets ≥ 1, (d) Low-�miss

T
and #Central

jets ≥ 1 categories.
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Figure 19: Four-lepton invariant mass distributions for the analytical function fit to +++ background of the (a)
High-�miss

T and #Central
jets = 0, (b) Low-�miss

T and #Central
jets = 0, (c) High-�miss

T and #Central
jets ≥ 1, (d) Low-�miss

T and
#Central
jets ≥ 1 categories.
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Figure 20: Four-lepton invariant mass distributions for the analytical function fit to @@̄ → //∗(EW),,/ , CC̄ and
CC̄+ background template of the (a) High-�miss

T and #Central
jets = 0, (b) Low-�miss

T and #Central
jets = 0, (c) High-�miss

T and
#Central
jets ≥ 1, (d) Low-�miss

T and #Central
jets ≥ 1 categories.
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7 Systematic uncertainties214

7.1 Experimental systematic uncertainties215

7.2 Theoretical systematic uncertainties216
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8 Results and interpretations217

8.1 Statistical procedures218

8.2 Results for the X → YN → 4ℓ + Kmiss
T model219

8.3 Results for the G→ `(inclusive)N(`` → 4ℓ) model220
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9 Conclusion221
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A Signal parametrisation268

Table 6: Summary of j2/ndof values from fitting CB + G PDF of equation 6.1 to different mass points of
the ' → (� → 4ℓ + �miss

T model for the Low-�miss
T and #Central

jets = 0 category. The j2/ndof are shown for
Figures 21, 22, 23 and 24.
Mass point = (<- , <� ) [GeV] j2/ndof
390, 220 1.23
450, 220 1.63
800, 220 1.30
1500, 220 1.89
450, 250 1.40
1500, 250 1.72
800, 300 1.50
800, 500 1.60
1500, 1000 1.83
410, 220 1.57
430, 220 1.36
580, 220 1.73
880, 220 1.15
1380, 220 1.41
670, 500 1.18
610, 250 1.51
660, 300 1.58
1170, 1000 1.05
- -

Mass point = (<- , <� ) [GeV] j2/ndof
470, 300 1.42
570, 400 1.69
770, 600 1.35
970, 800 2.14
430, 250 1.49
480, 300 0.97
580, 400 1.13
680, 500 1.31
780, 600 1.75
980, 800 2.26
1180, 1000 2.05
440, 250 1.32
490, 300 1.05
590, 400 2.44
690, 500 1.44
790, 600 1.87
990, 800 2.12
1190, 1000 1.76
500, 300 1.86

Mass point = (<- , <� ) [GeV] j2/ndof
600, 400 1.33
700, 500 1.88
800, 600 1.59
1000, 800 1.85
1200, 1000 2.26
460, 250 1.85
510, 300 1.09
610, 400 2.03
710, 500 1.53
810, 600 1.37
1010, 800 1.45
1210, 1000 2.25
510, 250 1.15
560, 300 1.45
660, 400 1.59
760, 500 1.86
860, 600 1.36
1060, 800 1.66
1260, 1000 1.82

Mass point = (<- , <� ) [GeV] j2/ndof
760, 400 1.44
860, 500 1.47
960, 600 1.14
1160, 800 1.78
1360, 1000 2.28
910, 250 1.45
960, 300 1.95
1060, 400 1.30
1160, 500 1.76
1260, 600 0.96
1460, 800 1.93
1660, 1000 1.53
1410, 250 1.50
1460, 300 1.59
1560, 400 2.63
1660, 500 1.98
1760, 600 1.79
1960, 800 1.99
2160, 1000 1.89

Table 7: Summary of j2/ndof values from fitting CB + G PDF of equation 6.1 to different mass points of
the ' → (� → 4ℓ + �miss

T model for the High-�miss
T and #Central

jets ≥ 1 category. The j2/ndof are shown for
Figures 26, 27, 28 and 29.
Mass point = (<- , <� ) [GeV] j2/ndof
390, 220 1.26
450, 220 1.92
800, 220 2.13
1500, 220 2.64
450, 250 1.41
1500, 250 3.23
800, 300 2.09
800, 500 2.65
1500, 1000 5.79
410, 220 1.51
430, 220 1.28
580, 220 1.40
880, 220 1.87
1380, 220 3.27
670, 500 0.90
610, 250 2.15
660, 300 2.73
1170, 1000 0.91
- -

Mass point = (<- , <� ) [GeV] j2/ndof
470, 300 1.31
570, 400 0.54
770, 600 0.83
970, 800 1.14
430, 250 1.06
480, 300 1.79
580, 400 0.76
680, 500 1.60
780, 600 1.29
980, 800 1.10
1180, 1000 1.45
440, 250 1.01
490, 300 1.17
590, 400 2.13
690, 500 1.32
790, 600 1.79
990, 800 1.84
1190, 1000 1.62
500, 300 1.20

Mass point = (<- , <� ) [GeV] j2/ndof
600, 400 1.29
700, 500 1.82
800, 600 1.59
1000, 800 3.01
1200, 1000 1.62
460, 250 1.15
510, 300 1.84
610, 400 1.14
710, 500 2.10
810, 600 1.81
1010, 800 1.62
1210, 1000 1.68
510, 250 1.30
560, 300 4.74
660, 400 1.12
760, 500 1.95
860, 600 2.83
1060, 800 3.02
1260, 1000 3.63

Mass point = (<- , <� ) [GeV] j2/ndof
760, 400 1.70
860, 500 3.07
960, 600 2.63
1160, 800 3.76
1360, 1000 8.05
910, 250 7.68
960, 300 1.67
1060, 400 2.08
1160, 500 3.69
1260, 600 8.69
1460, 800 2.50
1660, 1000 7.62
1410, 250 2.78
1460, 300 2.92
1560, 400 4.57
1660, 500 4.47
1760, 600 4.28
1960, 800 2.50
2160, 1000 3.95
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Figure 21: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (390,220),
(450,220), (800,220), (1500,220), (450,250), (1500,250), (800,300), (800,500), (1500,1000), (410,220), (430,220),
(580,220), (880,220), (1380,220), (670,500), (610,250), (660,300) and (1170,1000) GeV signal mass points for the
' → (� → 4ℓ + �miss

T model. MC simulation of statistics equivalent to integrated luminosity of 139.0 fb−1is used
for the High-�miss

T and #Central
jets = 0 category. The ratio plot in each figure shows the pull distribution.
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Figure 22: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (470,300),
(570,400), (770,600), (970,800), (430,250), (480,300), (580,400), (680,500), (780,600), (980,800), (1180,1000),
(440,250), (490,300), (590,400), (690,500), (790,600), (990,800) and (1190,1000) GeV signal mass points for the
' → (� → 4ℓ + �miss

T model. MC simulation of statistics equivalent to integrated luminosity of 139.0 fb−1is used
for the High-�miss

T and #Central
jets = 0 category. The ratio plot in each figure shows the pull distribution.
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Figure 23: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (500,300),
(600,400), (800,600), (1000,800), (1000,800), (1200,1000), (460,250), (510,300), (610,400), (710,500), (810,600),
(1010,800), (1210,1000), (510,250), (560,300), (660,400), (760,500) and (860,600) GeV signal mass points for the
' → (� → 4ℓ + �miss

T model. MC simulation of statistics equivalent to integrated luminosity of 139.0 fb−1is used
for the High-�miss

T and #Central
jets = 0 category. The ratio plot in each figure shows the pull distribution.
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Figure 24: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (1060,800),
(1260,1000), (760,400), (860,500), (960,600), (1160,800), (1360,1000), (910,250), (960,300), (1060,400), (1160,500),
(1260,600), (1460,800), (1660,1000), (1410,250), (1460,300), (1560,400) and (1660,500) GeV signal mass points for
the ' → (� → 4ℓ + �miss

T model. MC simulation of statistics equivalent to integrated luminosity of 139.0 fb−1is
used for the High-�miss

T and #Central
jets = 0 category. The ratio plot in each figure shows the pull distribution.
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Table 8: Summary of j2/ndof values from fitting CB + G PDF of equation 6.1 to different mass points of
the ' → (� → 4ℓ + �miss

T model for the Low-�miss
T and #Central

jets ≥ 1 category. The j2/ndof are shown for
Figures 31, 32, 33 and 34.
Mass point = (<- , <� ) [GeV] j2/ndof
390, 220 2.72
450, 220 2.89
800, 220 3.13
1500, 220 3.81
450, 250 3.50
1500, 250 4.11
800, 300 2.93
800, 500 3.95
1500, 1000 7.87
410, 220 2.47
430, 220 1.67
580, 220 2.27
880, 220 2.43
1380, 220 3.86
670, 500 3.37
610, 250 2.86
660, 300 3.45
1170, 1000 4.62
- -

Mass point = (<- , <� ) [GeV] j2/ndof
470, 300 5.20
570, 400 2.52
770, 600 11.89
970, 800 8.10
430, 250 6.72
480, 300 2.49
580, 400 2.21
680, 500 2.82
780, 600 2.93
980, 800 6.51
1180, 1000 4.85
440, 250 3.90
490, 300 27.01
590, 400 5.04
690, 500 3.55
790, 600 4.21
990, 800 8.57
1190, 1000 4.76
500, 300 7.37

Mass point = (<- , <� ) [GeV] j2/ndof
600, 400 2.62
700, 500 4.11
800, 600 2.96
1000, 800 6.69
1200, 1000 6.21
460, 250 2.24
510, 300 2.08
610, 400 2.29
710, 500 3.17
810, 600 13.04
1010, 800 2.73
1210, 1000 4.85
510, 250 2.17
560, 300 7.89
660, 400 2.16
760, 500 3.63
860, 600 4.04
1060, 800 3.94
1260, 1000 5.59

Mass point = (<- , <� ) [GeV] j2/ndof
760, 400 2.11
860, 500 4.04
960, 600 18.24
1160, 800 4.39
1360, 1000 42.13
910, 250 13.08
960, 300 14.94
1060, 400 2.79
1160, 500 4.50
1260, 600 12.18
1460, 800 3.46
1660, 1000 10.40
1410, 250 180.50
1460, 300 3.83
1560, 400 6.35
1660, 500 5.38
1760, 600 5.24
1960, 800 3.60
2160, 1000 5.56
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Figure 25: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (1760,600),
(1960,800) and (2160,1000) GeV signal mass points for the ' → (� → 4ℓ + �miss

T model. MC simulation of
statistics equivalent to integrated luminosity of 139.0 fb−1is used for the High-�miss

T and #Central
jets = 0 category. The

ratio plot in each figure shows the pull distribution.
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Figure 26: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (390,220),
(450,220), (800,220), (1500,220), (450,250), (1500,250), (800,300), (800,500), (1500,1000), (410,220), (430,220),
(580,220), (880,220), (1380,220), (670,500), (610,250), (660,300) and (1170,1000) GeV signal mass points for the
' → (� → 4ℓ + �miss

T model. MC simulation of statistics equivalent to integrated luminosity of 139.0 fb−1is used
for the High-�miss

T and #Central
jets ≥ 1 category. The ratio plot in each figure shows the pull distribution.
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Figure 27: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (470,300),
(570,400), (770,600), (970,800), (430,250), (480,300), (580,400), (680,500), (780,600), (980,800), (1180,1000),
(440,250), (490,300), (590,400), (690,500), (790,600), (990,800) and (1190,1000) GeV signal mass points for the
' → (� → 4ℓ + �miss

T model. MC simulation of statistics equivalent to integrated luminosity of 139.0 fb−1is used
for the High-�miss

T and #Central
jets ≥ 1 category. The ratio plot in each figure shows the pull distribution.
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Figure 28: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (500,300),
(600,400), (800,600), (1000,800), (1000,800), (1200,1000), (460,250), (510,300), (610,400), (710,500), (810,600),
(1010,800), (1210,1000), (510,250), (560,300), (660,400), (760,500) and (860,600) GeV signal mass points for the
' → (� → 4ℓ + �miss

T model. MC simulation of statistics equivalent to integrated luminosity of 139.0 fb−1is used
for the High-�miss

T and #Central
jets ≥ 1 category. The ratio plot in each figure shows the pull distribution.
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Figure 29: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (1060,800),
(1260,1000), (760,400), (860,500), (960,600), (1160,800), (1360,1000), (910,250), (960,300), (1060,400), (1160,500),
(1260,600), (1460,800), (1660,1000), (1410,250), (1460,300), (1560,400) and (1660,500) GeV signal mass points for
the ' → (� → 4ℓ + �miss

T model. MC simulation of statistics equivalent to integrated luminosity of 139.0 fb−1is
used for the High-�miss

T and #Central
jets ≥ 1 category. The ratio plot in each figure shows the pull distribution.
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Figure 30: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (1760,600),
(1960,800) and (2160,1000) GeV signal mass points for the ' → (� → 4ℓ + �miss

T model. MC simulation of
statistics equivalent to integrated luminosity of 139.0 fb−1is used for the High-�miss

T and #Central
jets ≥ 1 category. The

ratio plot in each figure shows the pull distribution.
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Figure 31: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (390,220),
(450,220), (800,220), (1500,220), (450,250), (1500,250), (800,300), (800,500), (1500,1000), (410,220), (430,220),
(580,220), (880,220), (1380,220), (670,500), (610,250), (660,300) and (1170,1000) GeV signal mass points for the
' → (� → 4ℓ + �miss

T model. MC simulation of statistics equivalent to integrated luminosity of 139.0 fb−1is used
for the Low-�miss

T and #Central
jets ≥ 1 category. The ratio plot in each figure shows the pull distribution.
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Figure 32: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (470,300),
(570,400), (770,600), (970,800), (430,250), (480,300), (580,400), (680,500), (780,600), (980,800), (1180,1000),
(440,250), (490,300), (590,400), (690,500), (790,600), (990,800) and (1190,1000) GeV signal mass points for the
' → (� → 4ℓ + �miss

T model. MC simulation of statistics equivalent to integrated luminosity of 139.0 fb−1is used
for the Low-�miss

T and #Central
jets ≥ 1 category. The ratio plot in each figure shows the pull distribution.
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Figure 33: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (500,300),
(600,400), (800,600), (1000,800), (1000,800), (1200,1000), (460,250), (510,300), (610,400), (710,500), (810,600),
(1010,800), (1210,1000), (510,250), (560,300), (660,400), (760,500) and (860,600) GeV signal mass points for the
' → (� → 4ℓ + �miss

T model. MC simulation of statistics equivalent to integrated luminosity of 139.0 fb−1is used
for the Low-�miss

T and #Central
jets ≥ 1 category. The ratio plot in each figure shows the pull distribution.
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Figure 34: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (1060,800),
(1260,1000), (760,400), (860,500), (960,600), (1160,800), (1360,1000), (910,250), (960,300), (1060,400), (1160,500),
(1260,600), (1460,800), (1660,1000), (1410,250), (1460,300), (1560,400) and (1660,500) GeV signal mass points for
the ' → (� → 4ℓ + �miss

T model. MC simulation of statistics equivalent to integrated luminosity of 139.0 fb−1is
used for the Low-�miss

T and #Central
jets ≥ 1 category. The ratio plot in each figure shows the pull distribution.
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Figure 35: Distributions of the four-lepton invariant mass for fitting the CB + G PDF of equation 6.1 to (1760,600),
(1960,800) and (2160,1000) GeV signal mass points for the ' → (� → 4ℓ + �miss

T model. MC simulation of
statistics equivalent to integrated luminosity of 139.0 fb−1is used for the Low-�miss

T and #Central
jets ≥ 1 category. The

ratio plot in each figure shows the pull distribution.
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Figure 36: Distribution of the (a) Missing transverse energy and (a) �miss
T significance at a control region of

80 < <4ℓ < 110 GeV and 140 < <4ℓ < 170 GeVfor the High-�miss
T and #Central

jets = 0 category at 139.0 fb−1.
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