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Abstract A search for supersymmetry involving the pair
production of gluinos decaying via off-shell third-generation
squarks into the lightest neutralino (χ̃0

1 ) is reported. It
exploits LHC proton–proton collision data at a centre-of-
mass energy

√
s = 13 TeV with an integrated luminosity

of 139 fb−1 collected with the ATLAS detector from 2015
to 2018. The search uses events containing large missing
transverse momentum, up to one electron or muon, and sev-
eral energetic jets, at least three of which must be identi-
fied as containing b-hadrons. Both a simple kinematic event
selection and an event selection based upon a deep neural-
network are used. No significant excess above the predicted
background is found. In simplified models involving the pair
production of gluinos that decay via off-shell top (bottom)
squarks, gluino masses less than 2.44 TeV (2.35 TeV) are
excluded at 95% CL for a massless χ̃0

1 . Limits are also set
on the gluino mass in models with variable branching ratios
for gluino decays to bb̄χ̃0

1 , t t̄ χ̃0
1 and t b̄χ̃−

1 /t̄bχ̃+
1 .

1 Introduction

Supersymmetry (SUSY) [1–6] is a generalisation of space-
time symmetries that predicts new bosonic partners for the
fermions of the Standard Model (SM) and new fermionic
partners for its bosons. In SUSY models, if R-parity is con-
served [7], SUSY particles are produced in pairs and the
lightest supersymmetric particle (LSP) is stable. The scalar
partners of the left- and right-handed quarks, the squarks
q̃L and q̃R, can mix to form two mass eigenstates q̃1 and
q̃2, ordered by increasing mass. SUSY can reduce unnatural
tuning in the Higgs sector by orders of magnitude [8–11] pro-
vided that the superpartners of the top quark (the top squarks,
t̃1 and t̃2) have masses not too far above the weak scale [12].
Because of the SM weak-isospin symmetry, the mass of the
lighter bottom squark b̃1 is also expected to be close to the

⋆ e-mail: atlas.publications@cern.ch

weak scale. The fermionic partners of the gluons, the gluinos
(g̃), are also motivated by naturalness [13] to have a mass
around the TeV scale in order to limit their contributions
to the radiative corrections to the top squark masses. For
these reasons, and because the gluinos are expected to be
pair-produced with a high cross-section at the Large Hadron
Collider (LHC [14]), the search for gluino production with
decays via top and bottom squarks is highly motivated at the
LHC.

This paper presents a search for pair-produced gluinos
decaying via top or bottom squarks in events with multiple
jets containing b-hadrons (b-jets in the following), high miss-
ing transverse momentum of magnitude Emiss

T , and poten-
tially additional jets and/or an isolated electron or muon
(referred to as ‘leptons’ hereafter). The results constitute an
update of those obtained using 36.1 fb−1 of proton–proton
(pp) collision data [15] from the ATLAS detector [16]. They
exploit an expanded dataset of 139 fb−1 of pp collision data
acquired at a centre-of-mass energy of 13 TeV. To make best
use of the expanded dataset, the simple kinematic selections
used in the earlier analysis have been re-optimised, and a
new event selection based upon a deep neural network opti-
mised to discern the gluino signatures from background is
employed. The latter optimally combines selections requir-
ing zero leptons or one lepton.

Interpretations are provided in the context of several sim-
plified models [17–19] probing gluino decays into the LSP
via off-shell top or bottom squarks. In these models, the LSP
is assumed to be the lightest neutralino χ̃0

1 , a linear super-
position of the superpartners of the neutral electroweak and
Higgs bosons. One model also features the lighter charginos
χ̃±

1 , which are linear superpositions of the superpartners
of the charged Higgs and SM electroweak bosons. Several
benchmark simplified model scenarios studied in the earlier
instances of the analysis [15,20] are considered: two mod-
els, referred to as ‘Gtt’ and ‘Gbb’ respectively, which feature
exclusively gluino decays to the LSP via off-shell top or bot-
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tom squarks (Fig. 1), and a third model, referred to as ‘Gtb’,
with variable branching ratios for g̃ → t t̄ χ̃

0
1 , g̃ → bb̄χ̃0

1

and g̃ → t b̄χ̃−
1 /g̃ → t̄bχ̃+

1 (Fig. 2 shows the additional
decay processes that this model permits). In the Gtb models
the mass difference between the χ̃±

1 and the χ̃0
1 is fixed to a

small value (2 GeV), motivated by natural SUSY models in
which the χ̃0

1 is an almost pure higgsino (see e.g. Ref. [12]).
Pair-produced gluinos with top-squark-mediated decays

have also been sought in events containing either pairs
of same-sign leptons or three leptons [21,22]. The same-
sign/three-leptons search is comparable in sensitivity to the
search presented in this paper only when the masses of the
gluino and the LSP are of similar magnitude. Sensitivity to
such scenarios is also obtained by searching for events with
large jet multiplicity, Njet ≥ 7–12 [23]. Similar searches
for pair-produced gluinos by the CMS experiment with 36–
137 fb−1 of 13 TeV collisions [24–30] produced results com-
parable to the previous ATLAS results.

This paper is organised as follows. Section 2 describes the
ATLAS detector, and Sect. 3 describes the data and simulated
event samples used in the analysis. Section 4 introduces the
event reconstruction methodology, and Sect. 5 introduces the
analysis strategy. The event selection is discussed in Sect. 6,
and systematic uncertainties in Sect. 7. The results of the
analysis are presented and interpreted in Sect. 8. Section 9
gives the conclusions.

2 ATLAS detector

The ATLAS detector is a multipurpose particle physics detec-
tor with a forward–backward symmetric cylindrical geome-
try and nearly 4π coverage in solid angle.1 The inner track-
ing detector (ID) consists of silicon pixel and microstrip
detectors covering the pseudorapidity region |η| < 2.5, sur-
rounded by a transition radiation tracker, which enhances
electron identification in the region |η| < 2.0. The ID is
surrounded by a thin superconducting solenoid providing an
axial 2 T magnetic field and by a fine-granularity lead/liquid-
argon (LAr) electromagnetic calorimeter covering |η| < 3.2.

A stainless-steel/scintillator tile calorimeter provides cover-
age for hadronic showers in the central pseudorapidity range

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point in the centre of the detector. The positive x-
axis is defined by the direction from the interaction point to the centre
of the LHC ring, with the positive y-axis pointing upwards, while the
beam direction defines the z-axis. Cylindrical coordinates (r, φ) are
used in the transverse plane, φ being the azimuthal angle around the
z-axis. The pseudorapidity η is defined in terms of the polar angle θ by
η = − ln tan(θ/2). Rapidity is defined as y = 0.5 ln[(E+pz)/(E−pz)]
where E denotes the energy and pz is the component of the momentum
along the beam direction.

(|η| < 1.7). The endcaps (1.5 < |η| < 3.2) of the hadronic
calorimeter are made of LAr active layers with copper as the
absorber material. The forward region (3.1 < |η| < 4.9)

is instrumented with a LAr calorimeter for both the EM
and hadronic measurements. A muon spectrometer with an
air-core toroidal magnet system surrounds the calorimeters.
Three layers of high-precision tracking chambers provide
coverage in the range |η| < 2.7, while dedicated fast cham-
bers allow triggering in the region |η| < 2.4. The ATLAS
trigger system [31] consists of a hardware-based level-1 trig-
ger followed by a software-based high-level trigger (HLT).
In terms of software, an extensive suite [32] is used in data
simulation, in the reconstruction and analysis of real and sim-
ulated data, in detector operations, and in the trigger and data
acquisition systems of the experiment.

3 Data and simulated event samples

The data analysed in this paper were collected between
2015 and 2018 at a centre-of-mass energy of 13 TeV with
a 25 ns proton bunch crossing interval. The average num-
ber of pp interactions per bunch crossing (pile-up) ranged
from 13 in 2015 to around 38 in 2017–2018. Application
of beam, detector and data-quality criteria [33] results in a
total integrated luminosity of 139 fb−1. The uncertainty in
the combined 2015–2018 integrated luminosity is 1.7% [34],
obtained using the LUCID-2 detector [35] for the primary
luminosity measurements and cross-checked by a suite of
other systems.

Events are required to pass an Emiss
T trigger [31,36] with

thresholds of 70 GeV, 100 GeV and 110 GeV in the HLT
for the 2015, early 2016 and late 2016 / 2017 / 2018 datasets,
respectively. These triggers are fully efficient for events pass-
ing the preselection defined in Sect. 6.1, which requires the
offline reconstructed Emiss

T to exceed 200 GeV [36].
Samples of Monte Carlo (MC) simulated events are used

to model the signal and background processes in this anal-
ysis, except multijet processes, which are estimated using a
data-driven method (Sect. 5). The MC simulation strategy
is largely the same as that described in Ref. [15], with one
exception, which is described below. A summary of the gen-
erators used can be found in Table 1.

The only significant change with respect to Ref. [15]
concerns the modelling of the dominant background in the
signal regions – namely the production of t t̄ pairs with
additional high transverse momentum (pT) jets. It was
simulated using the Powheg Box [54] v2 event generator
and the NNPDF3.0 [55] PDF set with αs(m

2
Z ) = 0.118.

The parton shower, fragmentation, and the underlying event
were simulated using Pythia8.230 [56]. The hdamp param-
eter in Powheg , which controls the pT of the first addi-
tional emission beyond the Born level and thus regulates

123
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Fig. 1 The decay processes in
the a Gtt and b Gbb simplified
models

Fig. 2 The additional decay processes permitted by the variable gluino
branching ratio (Gtb) model, in addition to those shown in Fig. 1. In
diagram a, both gluinos decay via g̃ → t b̄χ̃−

1 with χ̃−
1 → f f̄ ′χ̃0

1 . In
diagrams b and c, only one gluino decays via the χ̃−

1 while the other
decays via g̃ → t t̄ χ̃

0
1 or g̃ → bb̄χ̃0

1 , respectively. In diagram d, one

gluino decays via g̃ → t t̄ χ̃
0
1 and the other via g̃ → bb̄χ̃0

1 . In each case
the charge conjugate processes are implied. The fermions originating
from the χ̃±

1 decay have low momentum and are not detected because
the mass difference between the χ̃±

1 and the χ̃0
1 is fixed to 2 GeV

the pT of the recoil emission against the t t̄ system, was
set to 1.5 times the mass of the top quark (assumed to be
mtop = 172.5 GeV) [57].

Other changes in generator settings for the modelling of
sources of minor backgrounds were found not to affect the
sensitivity of this analysis significantly. All simulated back-
ground processes are normalised using the best available the-
oretical calculation for their respective cross-sections.

The SUSY signal samples are normalised using the cross-
section calculations at next-to-leading order (NLO) in the
strong coupling constant, adding the resummation of soft
gluon emission at next-to-leading-logarithm (NLL) accu-

racy [40–44]. The masses of the top and bottom squarks are
assumed to be much greater than that of the gluino, such
that gluinos decay according to 3-body phase-space. For the
Gtb benchmark models, the mass difference between the χ̃±

1

and the χ̃0
1 is fixed to 2 GeV. For each signal model, the

nominal cross-section and its uncertainty are taken from an
envelope of cross-section predictions using different parton
shower models and factorisation and renormalisation scales,
as described in Ref. [45].

The EvtGen1.6.0 program [58] was used to describe the
properties of the b- and c-hadron decays in the signal sam-
ples and in the background samples, except those produced

123
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Table 1 List of MC generators used to simulate different signal and
background processes. The third column (‘Tune’) describes the tuned
set of underlying event and hadronisation parameters, the fourth column

the PDF set used, and the fifth column the perturbative accuracy in the
strong coupling constant used for the calculation of the cross-section
used to normalise the sample

Process Generator Tune PDF set Cross-section
+ fragmentation/hadronisation order

Gbb/Gtb/Gtt MadGraph5_aMC@NLO2.2.2 [37] A14 [38] NNPDF2.3 [39] NLO+NLL [40–45]

+ Pythia8.186

t t̄ Powheg Boxv2 A14 NNPDF3.0 NNLO+NNLL [46]

+ Pythia8.230

Single top Powheg Boxv2 A14 NNPDF3.0 NLO [47,48]

s/t-channel + Pythia8.230

Single top Powheg Boxv2 A14 NNPDF3.0 Approx. NNLO [49,50]

W t + Pythia8.230

t t̄W/t t̄Z MadGraph5_aMC@NLO2.3.3 A14 NNPDF3.0 NLO [37]

+ Pythia8.230

t t̄ t t̄ MadGraph2.3.3 A14 NNPDF2.3 NLO [37]

+ Pythia8.230

t t̄H Powheg Boxv2 A14 NNPDF2.3 NLO [37]

+ Pythia8.230

Diboson Sherpa2.2.1 [51] Default NNPDF3.0 NLO [51,52]

W W, W Z , Z Z

W/Z+jets Sherpa2.2.1 Default NNPDF3.0 NNLO [53]

with Sherpa . For all samples the response of the detector
to particles was modelled with the full ATLAS detector sim-
ulation [59] based on Geant4 [60]. All simulated events
were overlaid with multiple pp collisions simulated with
Pythia8.186 using the A3 tune [38] and the NNPDF2.3lo

PDF set. The MC samples were generated with variable lev-
els of pile-up in the same and neighbouring bunch crossings,
and were reweighted to match the distribution of the mean
number of interactions observed in data in 2015–2018.

4 Event reconstruction

Events are required to have a primary vertex [61,62] recon-
structed from at least two tracks [63] with pT > 500 MeV.

Among the vertices found, the vertex with the largest summed
p2

T of the associated tracks [62] is designated as the primary
vertex.

Jets are built from topological clusters of energy in the
calorimeter [64], calibrated to the electromagnetic scale,
using the anti-kt algorithm [65,66] with radius parameter
R = 0.4. Jet energy scale corrections, derived from MC sim-
ulation and data, are used to calibrate the average energies of
jet candidates to the scale of their constituent particles [67].
Remaining differences between data and simulated events are
evaluated and corrected for using in situ techniques, which
exploit the transverse momentum balance between a jet and

a reference object such as a photon, Z boson, or multijet
system in data. After these calibrations, all jets in the event
with pT > 30 GeV and |η| < 2.8 must satisfy a set of
loose jet-quality requirements [68]. These requirements are
designed to reject jets originating from sporadic bursts of
detector noise, large coherent noise or isolated pathologi-
cal cells in the calorimeter system, hardware issues, beam-
induced background or cosmic-ray muons [69]. If these jet
requirements are not met, the event is discarded. If the event
is retained, only the jets with pT > 30 GeV and |η| < 2.8 are
considered by the analysis. In addition, the ‘medium’ work-
ing point of the track-based jet vertex tagger [70,71] must be
satisfied for jets with pT < 120 GeV and |η| < 2.5, to reject
jets that originate from pile-up interactions.

Jets which contain b-hadrons and are within the inner-
detector acceptance (|η| < 2.5) are identified and ‘b-tagged’
using a multivariate algorithm (‘MV2c10’) that exploits the
impact parameters2 of the charged-particle tracks, the pres-
ence of secondary vertices, and the reconstructed flight paths
of b- and c-hadrons inside the jet [72]. The output of the
multivariate algorithm is a single b-tagging score, which sig-
nifies the likelihood of a jet to contain b-hadrons. For the

2 The transverse impact parameter, d0, is defined as the distance of
closest approach of a track to the beam-line, measured in the transverse
plane. The longitudinal impact parameter, z0, corresponds to the z-
coordinate distance between the point at which d0 is measured and the
primary vertex.
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chosen selection working point applied to this score, the aver-
age identification efficiency for jets containing b-hadrons is
77%, determined with simulated t t̄ events. Using the same
simulated sample, a rejection factor of approximately 110
(5) is obtained for jets initiated by light quarks and gluons
(charm quarks). Differences in efficiency and mis-tag rate
between data and MC simulation are taken into account with
correction factors as described in Ref. [72].

Electron candidates are reconstructed from clusters of
energy deposits in the electromagnetic calorimeter that are
matched to a track in the inner detector [73]. They are
required to have |η| < 2.47 and pT > 20 GeV, and must
meet ‘Loose’ likelihood-based identification criteria [73].
The impact parameter along the beam direction is required
to satisfy |z0 sin(θ)| < 0.5 mm. The electromagnetic shower
of an electron can also be reconstructed as a jet such that
a procedure (‘overlap removal’) is required to resolve this
ambiguity. In the case where the separation 	Ry (	Ry ≡
√

(	y)2 + (	φ)2, for rapidity y) between an electron can-
didate and a non-b-tagged (b-tagged) jet is 	Ry < 0.2, the
candidate is considered to be an electron (b-tagged jet). This
procedure uses a b-tagged jet definition that is looser than that
described earlier, to avoid selecting electrons from heavy-
flavour hadron decays. If the separation between an electron
candidate and any jet satisfies 0.2 < 	Ry < 0.4, the can-
didate is considered to be a jet, and the electron candidate is
removed.

Muons are reconstructed by matching tracks in the inner
detector to tracks in the muon spectrometer and must have
|η| < 2.5 and pT > 20 GeV [74]. The impact parameter
along the beam direction is required to satisfy |z0 sin(θ)| <

0.5 mm. Events containing muons identified as originating
from cosmic rays, with |d0| > 0.2 mm and |z0| > 1 mm,
or as being poorly reconstructed, with σ(q/p)/|(q/p)| >

0.2, are removed. Here, σ(q/p)/|(q/p)| is a measure of the
momentum uncertainty for a particle with charge q. Muons
are discarded if they are within 	R = 0.4 of jets that survive
the electron–jet overlap removal, except when the number
of tracks associated with the jet is less than three, where the
muon is kept and the jet discarded. This last exception retains
muons which have undergone bremsstrahlung.

After resolving the overlap with leptons, the candidate
R = 0.4 jets are reclustered [75] into larger-radius jets using
the anti-kt algorithm with a radius parameter of 0.8. The cali-
bration from the input R = 0.4 jets propagates directly to the
reclustered jets. These reclustered jets are then trimmed [75–
78] by removing subjets with pT below 10% of the pT of the
original reclustered jet. The resulting larger-radius jets are
required to have pT > 100 GeV and |η| < 2.0. No addi-
tional overlap removal procedure is applied to such jets after
reclustering. When it is not explicitly stated otherwise, in this
paper the term ‘jets’ refers to the smaller-radius R = 0.4 jets,

while the reclustered larger-radius R = 0.8 jets are called
‘large-R jets’.

The requirements on electrons and muons are tightened for
the selection of events in signal regions and background con-
trol regions requiring at least one electron or muon (Sect. 5).
The electrons and muons passing the tight selection are called
‘signal’ electrons or muons in the following, as opposed
to ‘baseline’ electrons and muons, which need only pass
the requirements described above. Signal electrons (muons)
must satisfy the ‘Fix (Loose)’ [73,79] (‘FixedCutTightTrack-
Only’ [74,80]) pT-dependent track-based and calorimeter-
based isolation criteria. The calorimeter-based isolation is
determined by taking the ratio of the sum of energy deposits
in a cone of 	R = 0.2 around the electron or muon candi-
date to the sum of energy deposits associated with the electron
or muon. The track-based isolation is estimated in a similar
way but using a variable cone size with a maximum value of
	R = 0.2 for electrons and 	R = 0.3 for muons. Signal
electrons are also required to pass a ‘Tight’ likelihood-based
selection [73,79]. The impact parameter of the electron in
the transverse plane is required to be less than five times
the transverse impact parameter uncertainty (σd0). Further
selection criteria are also imposed on signal muons: muon
candidates are required to pass a ‘Medium’ quality selection
and meet a |d0| < 3σd0 requirement [74,80].

The missing transverse momentum �pmiss
T , with magnitude

Emiss
T , is defined as the negative vector sum of the pT of all

selected and calibrated electrons, muons and jets in the event,
with an extra term added to account for energy in the event
that is not associated with any of these objects [81]. This
last ‘soft term’ contribution is calculated from ID tracks with
pT > 500 MeV which are matched to the primary vertex,
thus ensuring that this contribution is robust against pile-up
contamination, and which are not associated with selected
objects [81,82].

This analysis does not consider the contribution of recon-
structed photons or hadronically decaying τ -leptons when
considering possible overlaps with other objects. They are
also not included explicitly in the calculation of �pmiss

T , but
the associated energy deposits contribute to this calculation
via the overlapping reconstructed jets.

5 Analysis strategy

Evidence for the presence of SUSY signal events in the data
sample is sought by selecting events populating multiple sig-
nal regions (SRs), which are expected to be enriched in such
events on the basis of simulation studies. The expected yields
of major SM background processes in the SRs are deter-
mined with a profile likelihood fit (Sect. 8) using MC sam-
ples with normalisations constrained to data in dedicated SR-
dependent control regions (CRs). The yields of subdominant
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backgrounds are estimated directly from MC samples, except
in the case of multijet backgrounds, where a data-driven pro-
cedure is used. The accuracy of the background estimation
procedure is verified by comparing data with background
predictions in validation regions (VRs) with low signal con-
tamination, which are located between the CRs and SRs in
the multidimensional space of event selection variables.

Signal regions are defined using two alternative method-
ologies. The first methodology, the ‘cut-and-count’ (CC)
analysis, defines SRs by applying selections independently to
a series of observables sensitive to differences in kinematics
between signal and background (‘discriminating variables’).
These are expected to provide rejection of SM background
events while retaining events from a broad range of Gtt,
Gbb and Gtb signal models to provide maximum discov-
ery power. This methodology is well suited to subsequent
reinterpretation of the results in the context of other theo-
ries not considered in this paper. The CC SR event selection
criteria fall into two broad categories targeting final states
which contain no leptons or at least one lepton (referred to as
‘0-lepton’ and ‘1-lepton’ SRs henceforth). The second event
selection methodology, the neural network (NN) analysis,
classifies events using a supervised machine-learning tech-
nique in which correlations between discriminating variables
are further exploited to maximise exclusion power for spe-
cific Gtt and Gbb signal models. The event selection for each
NN SR optimally selects a mixture of events containing dif-
ferent lepton multiplicities, depending on the values of the
other discriminating variables. A set of CRs and VRs is asso-
ciated with each CC or NN SR. The event selection criteria
are discussed in Sect. 6.

5.1 Discriminating variables

The following discriminating variables are used in the CC
and NN SR, CR and VR event selections, in addition to more
widely used variables such as Emiss

T and the momenta and
multiplicities of jets, b-jets and leptons.

The ‘inclusive effective mass’ (meff ), is defined by the
following scalar sum:

meff =
∑

i

p
jeti
T +

∑

j

p
ℓ j

T + Emiss
T ,

where the first and second sums run over the selected jets
(Njet) and signal leptons (Nlepton), respectively. This variable
is correlated with the invariant mass scale of the final-state
particles in the event, and typically takes a higher value for
pair-produced gluino events than for SM background events
with lower mass scales.

In regions with at least one selected lepton, the transverse
mass mT is calculated from the pT of the leading selected

lepton (ℓ) and Emiss
T , and is defined as:

mT =
√

2pℓ
T Emiss

T {1 − cos[	φ( �pmiss
T , �pℓ

T)]}.

This variable is used to reject t t̄ and W +jets background
events in which one W boson decays leptonically. The mT

distribution for these backgrounds, assuming on-mass-shell
W bosons, has an upper bound corresponding to the W boson
mass, leading to a Jacobian edge in the observed distribution,
and typically has higher values for Gtt signal model events.
In addition, the minimum transverse mass formed by Emiss

T
and any of the three highest-pT b-tagged jets in the event,
m

b-jets
T,min, is used in regions with any lepton multiplicity:

m
b-jets
T,min = mini≤3

(
√

2p
b-jeti
T Emiss

T {1 − cos[	φ( �pmiss
T , �pb-jeti

T )]}
)

.

The m
b-jets
T,min distribution has an upper bound corresponding

to
√

m2
top − m2

W for t t̄ events with a single leptonic W boson
decay, while extending to higher values for signal events.

Another powerful variable for selecting signal events is
the total jet mass variable, defined as:

M

J =

∑

i≤4

m J,i ,

where m J,i is the mass of large-R jet i in the event. The decay
products of a high-pT (boosted) hadronically decaying top
quark can be reconstructed in a single large-R jet, resulting in
a jet with a high mass. This variable typically takes larger val-
ues for Gtt signal model events than for background events,
because the former can contain as many as four hadronically
decaying top quarks while the latter typically contain a max-
imum of two.

The requirement of a selected lepton, with the additional
requirements on jets, Emiss

T and event variables described
above, makes the multijet background negligible for the ≥
1-lepton signal regions. For the 0-lepton signal regions, the
distribution of the minimum azimuthal angle 	φ

4j
min between

�pmiss
T and the �pT of the four leading R = 0.4 jets in the event,

defined as:

	φ
4j
min = mini≤4

(

|φjeti − φ �pmiss
T

|
)

,

peaks near zero for multijet background events in which large
values of Emiss

T have been generated by poorly measured jets
or by neutrinos emitted close to the axis of a jet. The dis-
tributions of 	φ

4j
min for signal events and other backgrounds

are more uniformly distributed, reflecting the reduced corre-
lation between the missing transverse momentum direction
and the transverse momenta of the leading jets.
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Table 2 Definitions of the reweighting regions used to derive the meff
reweighting factors applied to the MC samples. The Nlepton require-
ments apply to signal leptons. The Z and V V RR uses a definition of

Emiss
T (Êmiss

T ) that adds the lepton pair’s transverse momentum to the
missing transverse momentum, to simulate Z → νν events

Criteria common to all regions: Njet ≥ 4, Emiss
T or Êmiss

T ≥ 200 GeV

Reweighting region Nlepton Nb-jets m
b-jets
T,min [GeV] mℓℓ [GeV]

t t̄ = 1 = 2 ≤ 350 –

Single top, t t̄ + W/Z/H, t t̄ t t̄ = 1 = 2 > 350 –

W + jets = 1 = 0 – –

Z + jets, V V = 2 opposite charge = 0 – ∈ [60, 120]

5.2 Kinematic reweighting of MC samples

In signal-depleted regions requiring the presence of exactly
one lepton with loose event selections, discrepancies are
observed in the shapes of pT-related observables, such as
meff , M


J and Emiss
T , between data and the MC background

expectations. Similar discrepancies are also observed in other
similar analyses, e.g. Refs. [57,83]. No similar discrepancies
are visible in the 0-lepton regions, or for events with ≥ 2 lep-
tons. To reduce these discrepancies, a kinematic reweighting
procedure is applied to simulated background events con-
taining at least one signal lepton, prior to their use in the
main analysis fits. Dedicated reweighting regions (RRs) with
loose event selection criteria are defined for the t t̄ process,
the single-top, t t̄ + W/Z/H and t t̄ t t̄ processes, the W + jets
process, and the Z + jets and electroweak diboson processes,
as set out in Table 2. Requirements on the number of recon-
structed b-jets (Nb-jets) are applied to ensure that the RRs
are orthogonal to all analysis signal regions, which include a
Nb-jets ≥ 3 requirement. Simulated events for these processes
are first normalised to the total number of observed events in
the respective RR. The ratio of data events to normalised MC
events is then computed as a function of meff , for exclusive
bins of Njet = 4, 5, 6 and ≥ 7 (for the t t̄ and W + jets
RRs) or for Njet ≥ 4 (for the single-top, t t̄ + W/Z/H and
t t̄ t t̄ RR, and the Z+jets and electroweak diboson RR). This
ratio is found to be well-fitted with a decreasing exponential
function of meff for each Njet bin. The resulting fitted func-
tions are then used to reweight MC simulated events with
exactly one lepton. The reweighting factors typically take
values between ∼ 1.17 and ∼ 0.19 for meff ranging from
threshold to 4200 GeV for the t t̄ and W + jets processes, and
between ∼ 1.7 and ∼ 0.43 for the same range of values of meff

for the single-top, t t̄ + W/Z/H and t t̄ t t̄ processes, and the
Z + jets and electroweak diboson processes. The reweighting
procedure reduces the discrepancies between data and MC
background expectations in the validation regions used in the
analysis (Sect. 8.1).

5.3 Background estimation

The dominant background process in most signal regions is
the production of a t t̄ pair in association with heavy- and
light-flavour jets. In both the CC and NN SRs the dominant
contribution to this background arises from events in which
exactly one of the top quarks decays via a W boson to a lepton
and a neutrino. In selected background events containing no
leptons, the lepton is outside the acceptance of the analysis or
is a hadronically decaying τ -lepton. A normalisation factor
for the t t̄ background is extracted for each CC or NN SR from
a CR which is defined for a similar but orthogonal region of
kinematic phase space. The normalisation factors are derived
by dividing the data event yields in the CRs by the equivalent
MC predictions, and then applied as factors multiplying the
event yields in the SRs predicted by MC simulation. This
procedure is equivalent to propagating the CR event yields
to the SRs by multiplying with transfer factors derived from
MC simulation. Systematic uncertainties associated with the
MC simulations used in this procedure are taken into account
in the final fit (Sect. 7).

In the CC analysis the CRs are defined with a lepton mul-
tiplicity requirement Nlepton = 1, for both 0-lepton and 1-
lepton SRs, and a requirement on mT inverted with respect
to that used in the 1-lepton SRs [15]. In the NN analysis they
are defined with orthogonal selections on the neural network
output. In each CR, t t̄ production is the dominant process
and the contribution from rare background processes, such
as t t̄+W/Z/H, or t t̄ t t̄, is low. At least 20 data events are also
required in each t t̄ CR to minimise the data statistical uncer-
tainties of the normalisation factors. The CRs are required
to possess a signal-to-background ratio which is expected to
be less than 5% for Gtt, Gbb and Gtb signal models near the
expected 95% CL exclusion contours of the analysis. The
CRs are also found to possess less than 10% potential con-
tamination from signal models beyond the exclusion contours
of previous analyses.

The normalised t t̄ background estimates extracted from
the CRs are cross-checked with VRs that share similar
background compositions with the SRs but use an orthog-
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onal event selection. In the CC analysis the VRs incorpo-
rate an inverted requirement on one of the SR observables:
M


J , meff or Emiss
T . In the NN analysis the VRs apply an

orthogonal requirement to the neural network output together
with inverted requirements on M


J and meff . The signal-to-
background ratio in the VRs is expected to be lower than
30% for benchmark Gtt, Gbb and Gtb signal points near the
expected 95% CL exclusion contours of the analysis. The
purity of the CRs and VRs in t t̄ events is expected to be
higher than 50% and 33%, respectively.

The leading non-t t̄ backgrounds in this analysis consist
of single-top, W +jets, Z+jets, t t̄ + W/Z/H, t t̄ t t̄ and elec-
troweak diboson (V V ) events, which are estimated using
simulated samples (Table 1) normalised to theoretical cross-
sections. There is one exception to this procedure – the
Z + jets process makes a significant contribution to the total
background in the NN Gbb SRs and is therefore normalised,
for these SRs only, with dedicated 2-lepton CRs (Sect. 6.3).
Due to their relatively low selection efficiency, these CRs
contain fewer data events than the t t̄ CRs described above.

The remaining multijet background in the 0-lepton CC
regions, and in the NN regions, is estimated following the
strategy of Ref. [84]. This method estimates the multijet
background from a CR with the same requirements as the
SR, but with a selection requiring 	φ

4j
min < 0.1 to enhance

the yield of events in which the missing transverse momen-
tum is correlated with the pT of a leading jet. The yield is
extrapolated from the multijet CRs to their corresponding
SRs with exponential functions. The decay parameters of
these functions are fixed by fits to the 	φ

4j
min distribution

of events passing the Emiss
T trigger and a Emiss

T > 200 GeV
requirement. The multijet background prediction is validated
by comparing the data with the total prediction in the range
0.1 < 	φ

4j
min < 0.2. The contribution of multijet back-

ground events to the SRs is found to be � 5%.

6 Event selection

6.1 Preselection

Events used in the analysis are required to meet a set of
loose preselection criteria. All events (except those used in
the Z + jets CR described below) are required to possess
at least four jets, of which at least three must be b-tagged,
and Emiss

T > 200 GeV, which ensures that the efficiency of
the Emiss

T triggers used in this analysis is close to 100% for
selected events. Events selected in the CC 0-lepton regions
are additionally required to contain no baseline leptons and
possess 	φ

4j
min > 0.4, while those selected in the CC 1-

lepton regions are required to contain at least one signal lep-

ton. No additional requirements on lepton multiplicity are
applied at this stage in the NN analysis.

Figures 3 and 4 show the multiplicities of selected jets and
b-tagged jets, and the distributions of Emiss

T , meff , m
b-jets
T,min,

and M

J for events meeting the 0-lepton and 1-lepton pres-

election criteria, respectively. The reweighting described in
Sect. 5.2 is applied in the 1-lepton preselection to events with
at least one lepton. The uncertainty bands depict the statisti-
cal and experimental systematic uncertainties, as described
in Sect. 7, but not the theoretical uncertainties in the back-
ground modelling. Distributions for example SUSY signal
models are overlaid for comparison.

6.2 Cut-and-count analysis

The cut-and-count analysis employs a set of overlapping
and not statistically independent single-bin SRs. The event
selection criteria for the CC SRs, CRs and VRs are listed
in Tables 3, 4, 5 and 6. The CC SR event selection crite-
ria are optimised to maximise the expected significance of
Gtt, Gbb and Gtb models close to the 95% CL exclusion
contours in the m(g̃)–m(χ̃0

1 ) mass plane set by the previous
ATLAS search in this channel using a smaller dataset [15].
Separate SRs are defined for each of these three classes
of models. The SRs are further categorised according to
whether they target models with large g̃–χ̃0

1 mass splitting
(	m = m(g̃) − m(χ̃0

1 ) � 1.5 TeV, Regions B), moderate
mass splitting (0.3 TeV ∼< 	m ∼< 1.5 TeV, Regions M1 and
M2) or small mass splitting (	m ∼< 0.3 TeV, Regions C).
These regions differ mainly in the selections applied to the
meff , Emiss

T , mT and M

J variables.

For each SR, a CR is defined to constrain the t t̄ back-
ground (Sect. 5.3). The CRs for the 0-lepton SRs require the
presence of exactly one signal lepton. The 1-lepton SRs and
the associated CRs require at least one signal lepton, with
the latter also implementing an inverted requirement on mT.

The CRs also place looser requirements on jet multiplicity
and the other discriminating variables.

The VRs for the 0-lepton SRs use inverted requirements
on M


J , meff or Emiss
T to remove overlap with the respective

SRs. For the 1-lepton SRs, two VRs are defined to validate the
background prediction in high-mb-jets

T,min and high-mT regions

by increasing the threshold for Njet and/or inverting the M

J

or mT requirements to remove overlap with both the corre-
sponding SR and the CR.

6.3 Neural network analysis

The NN analysis uses low-level kinematic variables [85] as
inputs to a dense neural network with three hidden layers
trained to discriminate Gtt or Gbb model events from SM
background events. Each SR is defined by event selection
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Fig. 3 Distributions of (top-left) the number of selected jets (Njet),

(top-right) the number of selected b-tagged jets (Nb−jets), (centre-left)

Emiss
T , (centre-right) meff , (bottom-left) M


J and (bottom-right) m
b−jets
T,min

for events meeting the 0-lepton preselection criteria. The statistical
and experimental systematic uncertainties (as defined in Sect. 7) are
included in the uncertainty bands. The final bin in each case includes

overflow events. The lower panel of each figure shows the ratio of data
to the background prediction. All backgrounds (including t t̄) are nor-
malised using the theoretical calculations described in Sect. 3. The back-
ground category ‘t t̄ + X ’ includes t t̄W/Z , t t̄ H and t t̄ t t̄ events. Dis-
tributions for example SUSY signal models, applying a normalisation
scaling of 50, are overlaid for comparison
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Fig. 4 Distributions of (top-left) the number of selected jets (Njet),

(top-right) the number of selected b-tagged jets (Nb−jets), (centre-left)

Emiss
T , (centre-right) meff , (bottom-left) M


J and (bottom-right) m
b−jets
T,min

for events meeting the 1-lepton preselection criteria, after applying the
kinematic reweighting to the meff distribution as described in the text.
The statistical and experimental systematic uncertainties (as defined in
Sect. 7) are included in the uncertainty bands. The final bin in each case

includes overflow events. The lower panel of each figure shows the ratio
of data to the background prediction before (red empty circles) and after
(black filled circles with error bars) the kinematic reweighting. All back-
grounds (including t t̄) are normalised using the theoretical calculations
described in Sect. 3. The background category ‘t t̄+X ’ includes t t̄W/Z ,

t t̄ H and t t̄ t t̄ events. Distributions for example SUSY signal models,
applying a normalisation scaling of 50, are overlaid for comparison
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Table 3 Event selection requirements for the CC Gtt 0-lepton SRs
together with the associated t t̄ CRs and VRs, classified according to
the g̃–χ̃0

1 mass splitting (	m) targeted. The thresholds in bold for each

control and validation region ensure orthogonality with the correspond-
ing signal region. Nlepton = 0 requires zero baseline leptons, while
Nlepton = 1 requires one signal lepton

Targeted kinematics Type Nlepton Njet Nb-jets Emiss
T [GeV] 	φ

4j
min meff [GeV] mT [GeV] m

b-jets
T,min [GeV] M


J [GeV]

Region B (Boosted, Large 	m) SR = 0 ≥ 5 ≥ 3 ≥ 600 ≥ 0.4 ≥ 2900 – ≥ 120 ≥ 300

CR = 1 ≥ 4 ≥ 3 ≥ 200 – ≥ 2000 < 150 – ≥ 150

VR = 0 ≥ 5 ≥ 3 ≥ 250 ≥ 0.4 ≥ 2000 – – < 300

Region M1 (Moderate 	m) SR = 0 ≥ 9 ≥ 3 ≥ 600 ≥ 0.4 ≥ 1700 – ≥ 120 ≥ 300

CR = 1 ≥ 8 ≥ 3 ≥ 200 – ≥ 1100 < 150 – ≥ 150

VR = 0 ≥ 9 ≥ 3 ≥ 300 ≥ 0.4 ≥ 1400 – – < 300

Region M2 (Moderate 	m) SR = 0 ≥ 10 ≥ 3 ≥ 500 ≥ 0.4 ≥ 1100 – ≥ 120 ≥ 200

CR = 1 ≥ 9 ≥ 3 ≥ 200 – ≥ 800 < 150 – ≥ 100

VR = 0 ≥ 10 ≥ 3 ≥ 300 ≥ 0.4 ≥ 800 – – < 200

Region C (Compressed, small 	m) SR = 0 ≥ 10 ≥ 4 ≥ 400 ≥ 0.4 ≥ 800 – ≥ 180 ≥ 100

CR = 1 ≥ 9 ≥ 4 ≥ 200 – ≥ 800 < 150 – ≥ 100

VR = 0 ≥ 10 ≥ 4 ≥ 200 ≥ 0.4 ≥ 800 – – < 100

Table 4 Event selection requirements for the CC Gtt 1-lepton SRs
together with the associated t t̄ CRs and VRs, classified according to

the g̃–χ̃0
1 mass splitting (	m) targeted. The thresholds in bold for each

control and validation region ensure orthogonality with the correspond-
ing signal region

Targeted kinematics Type Njet Emiss
T [GeV] meff [GeV] mT [GeV] m

b-jets
T,min [GeV] M


J [GeV]

Region B (boosted, large 	m) SR ≥ 4 ≥ 600 ≥ 2300 ≥ 150 ≥ 120 ≥ 200

CR = 4 ≥ 200 ≥ 1500 < 150 – –

VR1 ≥ 4 ≥ 200 ≥ 1500 ≥ 150 – < 200

VR2 ≥ 5 ≥ 200 ≥ 1200 < 150 ≥ 120 ≥ 200

Region M1 (moderate 	m) SR ≥ 5 ≥ 600 ≥ 2000 ≥ 200 ≥ 120 ≥ 200

CR = 5 ≥ 200 ≥ 1200 < 200 – –

VR1 ≥ 5 ≥ 200 ≥ 1200 ≥ 200 – < 200

VR2 ≥ 6 ≥ 200 ≥ 1000 < 200 ≥ 120 ≥ 100

Region M2 (moderate 	m) SR ≥ 8 ≥ 500 ≥ 1100 ≥ 200 ≥ 120 ≥ 100

CR = 8 ≥ 200 ≥ 800 < 200 – –

VR1 ≥ 8 ≥ 200 ≥ 800 ≥ 200 – < 100

VR2 ≥ 9 ≥ 200 ≥ 800 < 200 ≥ 120 ≥ 100

Region C (compressed, small 	m) SR ≥ 9 ≥ 300 ≥ 800 ≥ 150 ≥ 120 –

CR = 9 ≥ 200 ≥ 800 < 150 – –

VR1 ≥ 9 ≥ 200 ≥ 800 ≥ 150 < 120 –

VR2 ≥ 10 ≥ 200 ≥ 800 < 150 ≥ 120 –

criteria applied to the outputs of the neural network, opti-
mised to maximise the statistical significance of the SUSY
model considered. The neural network input variables are:

• The four-momenta (pT, η, φ, m) of the 10 leading jets,
in decreasing order of pT, and a set of binary variables
indicating which jets are b-tagged;

• The four-momenta of the four leading large-R jets, in
decreasing order of pT;

• The four-momenta of the four leading leptons (e or μ),
in decreasing order of pT;

• The two components of the vector �pmiss
T .

These four-momenta describe the expected final state of a
typical Gtt signal event. If a given event contains fewer jets
or leptons than specified above, the remaining inputs are set to
zero. This procedure enables the analysis to optimally select a
mixture of events with different jet and lepton multiplicities.
The neural network generates three output scores measuring
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Table 5 Event selection requirements for the CC Gbb 0-lepton SRs
together with the associated t t̄ CRs and VRs, classified according to
the g̃–χ̃0

1 mass splitting (	m) targeted. The thresholds in bold for each

control and validation region ensure orthogonality with the correspond-
ing signal region. Nlepton = 0 requires zero baseline leptons, while
Nlepton = 1 requires one signal lepton

Targeted kinematics Type Nlepton pT
jet [GeV] meff [GeV] Emiss

T [GeV] m
b-jets
T,min [GeV] mT [GeV]

Region B (boosted, large 	m) SR = 0 > 65 > 2600 > 550 > 130

CR = 1 > 65 > 2600 > 450 < 150

VR = 0 > 65 < 2400 > 550 > 130

Region M (moderate 	m) SR = 0 > 30 > 2000 > 550 > 130

CR = 1 > 30 > 2000 > 550 < 150

VR = 0 > 30 > 1600 < 500 > 80

Region C (compressed, small 	m) SR = 0 > 30 > 1600 > 550 > 130

CR = 1 > 30 > 1600 > 550 < 150

VR = 0 > 30 > 1500 < 450 > 130

Table 6 Event selection requirements for the CC Gtb 0-lepton SRs
together with the associated t t̄ CRs and VRs, classified according to
the g̃–χ̃0

1 mass splitting (	m) targeted. The thresholds in bold for each

control and validation region ensure orthogonality with the correspond-
ing signal region. Nlepton = 0 requires zero baseline leptons, while
Nlepton = 1 requires one signal lepton

Targeted kinematics Type Nlepton Njet Nb-jets meff [GeV] Emiss
T [GeV] m

b-jets
T,min [GeV] mT [GeV] M


J [GeV]

Region B (boosted, large 	m) SR = 0 ≥ 4 ≥ 3 > 2500 > 550 > 130 > 200

CR = 1 ≥ 4 ≥ 3 > 2200 > 400 < 150 > 200

VR = 0 ≥ 4 ≥ 3 < 2500 > 450 > 130 > 200

Region M (moderate 	m) SR = 0 ≥ 6 ≥ 4 > 2000 > 550 > 130 > 200

CR = 1 ≥ 6 ≥ 4 > 1700 > 300 < 150 > 200

VR = 0 ≥ 6 ≥ 4 > 1600 < 550 > 110 > 200

Region C (compressed, small 	m) SR = 0 ≥ 7 ≥ 4 > 1300 > 500 > 130 > 50

CR = 1 ≥ 7 ≥ 4 > 1300 > 350 < 150 > 50

VR = 0 ≥ 7 ≥ 4 > 1300 < 500 > 80 > 50

the probability of a given event being a signal event (P(Gtt)
or P(Gbb), depending on the signal model targeted), a t t̄

background event (P(t t̄)), or a Z + jets background event
(P(Z)). The output scores for all processes are normalised
such that they sum to unity.

The neural network was trained using the Keras [86]
library with the TensorFlow [87] backend. Training was
performed once for each representative model. The neu-
ral network hyperparameters were optimised with a random
search [88] followed by a line scan of the learning rate. The
number of training epochs was not fixed but instead defined
through an early-stopping strategy using the cross-entropy
loss as a figure of merit. The training samples consisted of a
total of 9.2 × 105 signal events and 5.6 × 105 background
events. Following event preselection, the training samples
for all signal and background processes corresponded to the
same integrated luminosity as that of the data sample used in
the
analysis.

To ensure optimum discrimination power across the Gtt
and Gbb model planes, a parameterised training method [89]

was employed in which the neural network was also given
the (m(g̃), m(χ̃0

1 )) pair of the signal point under considera-
tion as well as a binary variable indicating if discrimination of
background versus Gtt or Gbb is required. Background events
were assigned random parameter values. After training, the
neural network outputs were evaluated by unconditionally
setting the parameters to that of the model point under con-
sideration and processing all MC and data events. To reduce
the large number of potential SRs that could emerge from
such a strategy, i.e. one SR per model point, a set-cover
algorithm [90] was used to iteratively select the SR which
excludes the most as-yet non-excluded model points until all
such points are exhausted. The result is a minimum set of
SRs that are expected to exclude the same number of Gtt or
Gbb models as a more extensive set with one SR for each
model point. The resulting SRs are optimal for excluding
models that are representative of regions of the Gtt or Gbb
model parameter space. The resulting representative models
are specified by the following (m(g̃), m(χ̃0

1 )) mass values (in
GeV):
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• Gtt: (2100, 1), (1800, 1), (2300, 1200), (1900, 1400)
• Gbb: (2800, 1400), (2300, 1000), (2100, 1600), (2000,

1800).

There is one SR for each of these eight models. The accep-
tance times efficiency of the SR selections is typically 1–10%
for the representative models that they target. For example,
the acceptance times efficiency of the SR-Gtt-2300-1200
selection for the Gtt (2300, 1200) representative model is
6.4%.

The eight NN SRs are defined in Tables 7 and 8, together
with the associated CRs and VRs. For each SR, a CR is
defined to constrain the t t̄ background (Sect. 5.3). The CRs
are defined by placing requirements on the neural network
outputs orthogonal to those used in the SRs, and placing
additional requirements on meff and M


J to select events
with kinematics similar to those in the corresponding SR. For
the NN Gbb SRs, the Z + jets background process (prin-
cipally Z(→ νν)+ jets) also contributes significantly to the
background yield. Dedicated control regions for this pro-
cess (labelled ‘CRZ’ in Table 9 and thereafter) are therefore
defined for the Gbb SRs only. The CRs are used to normalise
the Z + jets background estimates with the same procedure
as is used for the t t̄ background estimates (Sect. 5.3). These
CRs (Table 9) select Z(→ ℓℓ)+jets events with a require-
ment of two opposite-sign same-flavour (OSSF) signal elec-
trons/muons (both with pT > 30 GeV) with an invariant
mass in the range 60 GeV < mℓℓ < 120 GeV and combined
pT > 70 GeV. The events must pass the lowest-threshold
unprescaled single-lepton triggers used in 2015–2018, which
are well modelled by MC simulation and have approximately
constant efficiency for leptons with offline pT > 27 GeV.
The momenta of the leptons in selected events are added
to �pmiss

T and the leptons discarded, to mimic Z(→ νν)+jets
events, and then the resulting modified value of Emiss

T (Êmiss
T )

is required to exceed 200 GeV, to replicate the SR event pre-
selection criterion. These events are then passed through the
SR neural network and selections are applied to the neural
network outputs that are orthogonal to the SR selection cri-
teria.

VRs are defined for the NN SRs in a similar way to the
CRs, with modified, orthogonal, selections on the neural net-
work outputs and additional selections applied to high-level
kinematic variables including 	φ

4j
min, meff and M


J . These
VRs are defined in Tables 7 and 8 and their relationship to the
SRs and t t̄ CRs is illustrated in Fig. 5. Two VRs are defined
for each NN Gbb SR to validate both the t t̄ and Z + jets
background estimates.

7 Systematic uncertainties

The magnitudes of the post-fit uncertainties in the back-
ground estimates for the various signal regions, obtained fol-

lowing the profile likelihood fit described in Sect. 8.1, are
summarised in Fig. 6. The uncertainties considered include
experimental and theoretical systematic uncertainties, and
statistical uncertainties in data CR yields and MC background
samples.

Detector-related systematic uncertainties affect both the
background estimate and the signal yield. The sources of
the largest experimental uncertainties are related to the jet
energy scale (JES) and resolution (JER) [91], the jet mass
scale (JMS), and the b-tagging efficiencies and mis-tagging
rates [92,93]. The jet energy-related uncertainties are also
propagated to the reclustered large-R jets, which use them
as inputs. Jet mass scales are evaluated by comparing the
masses reconstructed via calorimeter- and track-based mea-
surements [94]. The impact of the JES uncertainties on the
expected background yields is between 0.6 and 38% (with the
largest uncertainty observed in SR-Gbb-2000-1800), while
JER uncertainties affect the background yields by 1–49% in
the various regions (with the largest uncertainty observed
in SR-Gtt-1900-1400). This JER variation is the princi-
pal uncertainty contributing to the large total uncertainty
observed in SR-Gtt-1900-1400 in Fig. 6. The impact of
JMS uncertainties on the expected background yields is 0.3–
41%, depending on the region (with the largest uncertainty
observed in SR-Gtt-2100-1). Uncertainties in the measured
b-tagging efficiencies and mis-tagging rates are 0.3–17%
(with the largest uncertainty observed in SR-Gbb-B).

The experimental uncertainties due to lepton recon-
struction, identification and isolation efficiency differences
between data and simulation [80,95] are also taken into
account, and so are the uncertainties in lepton energy mea-
surements [96]. These uncertainties contribute at most 14%
to the total uncertainty (in SR-Gtt-0L-B). All lepton and jet
measurement uncertainties are propagated to the calculation
of Emiss

T , and additional uncertainties in the scale and reso-
lution of the soft term [82] are included. The overall impact
of the Emiss

T soft-term uncertainties is at most 13% (in SR-
Gtt-0L-B).

Considering theoretical uncertainties, hadronisation and
parton showering model uncertainties of the t t̄ background
are evaluated by comparing two samples generated
with Powheg Box and showered by either Herwig7.04 or
Pythia 8.230 [15]. In addition, systematic uncertainties in
the modelling of initial- and final-state radiation are explored
with Powheg Boxsamples showered with two alternative
settings [97] of Pythia8.230 [98]. The uncertainty due
to the choice of matrix-element event generator is estimated
by comparing the expected yields obtained using t t̄ sam-
ples generated with either MadGraph5_aMC@NLO or
Powheg Box . The total theoretical uncertainty in the t t̄

background estimation is taken as the sum in quadrature of
these individual components, corresponding to an impact of
6–42% (with the largest uncertainty observed in SR-Gbb-
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Table 7 Definitions of the NN Gtt SRs together with the associated
t t̄ CRs and VRs. In the first column, the two numbers separated by
a hyphen specify the values of m(g̃) and m(χ̃0

1 ) in GeV for the tar-
geted representative Gtt model. The third and fourth columns spec-
ify the ranges of probability for the targeted Gtt signal model and t t̄

background, respectively, generated by the selection applied to the NN
output. The fifth and sixth columns specify the values of additional
requirements applied to meff and M


J in the CRs and VRs to select
events with kinematics similar to those in the corresponding SRs

Representative model Region P(Gtt) log10(P(t t̄ )) meff [GeV] M

J [GeV]

Gtt-2100-1 SR ≥ 0.9997 – – –

CR ∈ (0.68, 0.86) ≥ −1.8 ≥ 2000 –

VR ∈ (0.86, 0.9997) – ≥ 2000 –

Gtt-1800-1 SR ≥ 0.9997 – – –

CR ∈ (0.73, 0.89) ≥ −2.0 ≥ 2000 –

VR ∈ (0.89, 0.9997) – ≥ 2000 –

Gtt-2300-1200 SR ≥ 0.9993 – – –

CR ∈ (0.78, 0.83) ≥ −1.6 ≥ 1400 –

VR ∈ (0.83, 0.9993) – ≥ 1800 –

Gtt-1900-1400 SR ≥ 0.9987 – – –

CR ∈ (0.78, 0.8) ≥ −1.4 ≥ 800 < 700

VR ∈ (0.8, 0.9987) – ≥ 800 < 700

Table 8 Definitions of the NN Gbb SRs together with the associated
t t̄ CRs and VRs. In the first column, the two numbers separated by a
hyphen specify the values of m(g̃) and m(χ̃0

1 ) in GeV for the targeted
representative Gbb model. The third, fourth and fifth columns specify
the ranges of probability for the targeted Gbb signal model and the t t̄

or Z+jets background, respectively, generated by the selection applied
to the NN output. The sixth, seventh and eighth columns specify the
values of additional requirements applied to 	φ

4j
min, meff and M


J in
the CRs and VRs to select events with kinematics similar to those in
the corresponding SRs

Rep. model Region P(Gbb) log10(P(t t̄ )) log10(P(Z)) 	φ
4j
min meff [GeV] M


J [GeV]

Gbb-2800-1400 SR ≥ 0.999 – – ≥ 0.6 – –

CR ∈ (0.43, 0.76) ≥ −0.7 – ≥ 0.5 ≥ 1400 < 800

VR1 ∈ (0.76, 0.999) – < −1.7 ≥ 0.5 ≥ 2500 < 800

VR2 ∈ (0.76, 0.999) – ≥ −1.7 ≥ 0.5 – –

Gbb-2300-1000 SR ≥ 0.9994 – – ≥ 0.6 – –

CR ∈ (0.52, 0.77) ≥ −0.8 – ≥ 0.5 ≥ 1400 < 800

VR1 ∈ (0.77, 0.9994) – < −1.3 ≥ 0.5 ≥ 2400 < 800

VR2 ∈ (0.77, 0.9994) – ≥ −1.3 ≥ 0.5 – –

Gbb-2100-1600 SR ≥ 0.9993 – – ≥ 0.4 – –

CR ∈ (0.88, 0.91) ≥ −1.3 – ≥ 0.4 ≥ 800 < 500

VR1 ∈ (0.91, 0.9993) – < −1.4 ≥ 0.4 ≥ 800 < 500

VR2 ∈ (0.91, 0.9993) – ≥ −1.4 ≥ 0.4 – –

Gbb-2000-1800 SR ≥ 0.997 – – ≥ 0.4 – –

CR ∈ (0.92, 0.93) ≥ −1.9 – ≥ 0.4 ≥ 400 < 400

VR1 ∈ (0.93, 0.997) – < −1.4 ≥ 0.4 ≥ 400 < 400

VR2 ∈ (0.93, 0.997) – ≥ −1.4 ≥ 0.4 – –
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Table 9 Definitions of the NN Gbb Z+ jets CRs (CRZ). The first seven
rows specify the event selection criteria. The final three rows specify
the ranges of probability for the targeted Gbb signal model and the t t̄

or Z+ jets background, respectively, generated by the selection applied
to the NN output. Nlepton = 2 requires two signal leptons

Gbb-2800-1400 Gbb-2300-1000 Gbb-2100-1600 Gbb-2000-1800

Nlepton (pT(ℓ) > 30 GeV) = 2

mℓ(1),ℓ(2) [GeV] ∈ [60, 120]
pT(ℓ(1), ℓ(2)) [GeV] > 70

Êmiss
T [GeV] > 200

p(ℓ(1)), p(ℓ(2)) Set to zero after adding to Emiss
T

Njet ≥ 4

Nb-jets ≥ 3

P(Gbb) ≥ 0.6 ≥ 0.8 ≥ 0.9 ≥ 0.9

log10(P(t t̄ )) < −1.3 < −1.3 < −1.7 < −2.2

log10(P(Z)) ≥ −3.0 ≥ −2.7 ≥ −4.9 ≥ −3.7

Fig. 5 Schematic diagram of
the inter-relationship of the SRs,
t t̄ CRs and VRs used in the NN
analysis for the Gtt (left) and
Gbb (right) SRs. The t t̄ CRs and
VRs apply additional selections
to 	φ

4j
min, meff and M


J beyond
those used in the SRs

Fig. 6 A summary of the
uncertainties in the background
estimates for each of the signal
regions of the CC (top) and NN
(bottom) analyses. The
individual experimental and
theoretical uncertainties are
assumed to be uncorrelated and
are combined by adding in
quadrature
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Fig. 7 Pre-fit event yield in
control regions and related
background normalisation
factors after the
background-only fit for the CC
(top) and NN (bottom) analyses.
The upper panel shows the
observed number of events and
the MC background yield before
the fit. The uncertainty bands
include both the experimental
and theoretical systematic
uncertainties. The background
category ‘t t̄ + X ’ includes
t t̄W/Z , t t̄ H and t t̄ t t̄ events.
The background normalisation
factors obtained from the fit are
displayed in the bottom panels,
with the error bars representing
the combined
statistical + systematic
uncertainty of each
normalisation factor, obtained
from the background-only fit.
Red (blue) points correspond to
the t t̄ (Z + jets) CRs

2000-1800). Moreover, an additional uncertainty of 30% is
assigned to the fraction of t t̄ events produced in association
with additional heavy-flavour jets [15,99] (i.e. t t̄ + ≥ 1b

and t t̄ + ≥ 1c), which has an impact of at most 10%.
Modelling uncertainties affecting single-top processes

arise especially from the interference between the t t̄ and
W t processes. This uncertainty is estimated using inclusive
W W bb events, generated using MadGraph5_aMC@NLO,
which are compared with the sum of t t̄ and W t events. Fur-
thermore, as in the t t̄ modelling uncertainties, variations of
Pythia8.230 settings increasing or decreasing the amount of
radiation are also used. An additional uncertainty is included
in the cross-section of single-top processes [48], and is
at most 5%. Overall, the modelling uncertainties affecting
single-top processes lead to changes of 4–19% in total yields
in the various regions (with the largest uncertainty observed
in SR-Gbb-2800-1400).

Uncertainties related to factorisation and renormalisation
scales and affecting the matching procedure between the

matrix element and parton shower in the W/Z + jets back-
grounds are also taken into account [15]. The resulting uncer-
tainties in the total yield range up to 53% in the various
regions (with the largest uncertainty in SR-Gbb-2100-1600).
A constant 30% uncertainty in the heavy-flavour content of
W/Z+jets is assumed, motivated by Ref. [100], which con-
tributes at most 8% (with the largest uncertainty observed in
SR-Gtt-0L-B). Furthermore, a 50% uncertainty is assigned to
t t̄ +W/Z/H, t t̄ t t̄ and diboson backgrounds, and is assumed
to be uncorrelated across all regions. It is found to have no
significant impact on the sensitivity of this analysis, and con-
tributes at most 15% (with the largest uncertainty observed
in SR-Gtt-2100-1) to the total background uncertainty. The
effect of the uncertainties related to the parton distribution
functions affect the background yields by less than 2%, and
therefore are neglected here. Uncertainties due to the limited
number of events in the MC background samples are included
and can reach 30% in regions targeting moderate/large mass-
splittings.
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Fig. 8 Data and fitted
background yields in the VRs
for the CC (top) and NN
(bottom) analyses. The upper
panels show the observed
numbers of events and the
expected background yields
obtained from the
background-only fits. The
uncertainty bands include both
the experimental and theoretical
systematic uncertainties. The
background category ‘t t̄ + X ’
includes t t̄W/Z , t t̄ H and t t̄ t t̄

events. The bottom panels show
the Gaussian significance
(nobs − npred)/σtot of the
deviation of the observed yield
(nobs) from the background
expectation (npred) in each VR,
obtained using the combined
statistical + systematic
background uncertainty (σtot)

Systematic uncertainties are also assigned to the kinematic
reweighting procedure, by propagating the statistical uncer-
tainties in the parameters of the exponential fits (Sect. 5.2). In
addition, the changes in estimated background yield obtained
by omitting the reweighting procedure are added in quadra-
ture to conservatively assess the impact of the procedure on
the final results, which was observed to contribute to total
yield variations of 0–49% across all regions (with the largest
observed in SR-Gtt-1L-B). These uncertainties are applied to
all simulated background events containing at least one signal
lepton. The uncertainties are treated as nuisance parameters
in the fits, in the same way as the other uncertainties.

The uncertainties in the cross-sections of signal pro-
cesses are determined from different cross-section predic-
tions extracted using alternative event generators and parton
shower variations, as described in Sect. 3. These are at most
30% in all SRs.

8 Results and interpretation

8.1 Results

The SM background yields are estimated separately for each
SR with a profile likelihood fit [101] implemented in the Hist-
Fitter framework [102], referred to as a background-only fit.
The fit (one for each SR) uses the observed event yield in the
associated CR(s) to adjust the t t̄ normalisation (and Z+ jets
normalisation for the NN Gbb regions), assuming that no
signal contributes to this yield, and applies that normalisa-
tion factor to the number of background events predicted by
simulation for the equivalent process in the SR. The normal-
isation factors are allowed to vary freely, without application
of constraints derived from uncertainties in theoretical cross-
sections. The mean yields predicted by simulation in the SR
and CR(s) are used for all background processes. The num-
bers of events observed in each region are described by Pois-
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Fig. 9 Data and fitted
background yields in the SRs for
the CC (top) and NN (bottom)
analyses. The upper panels show
the observed numbers of events
and the expected background
yields obtained from the
background-only fits. Bins
without data-points correspond
to zero observed events. The
uncertainty bands include both
the experimental and theoretical
systematic uncertainties. The
background category ‘t t̄ + X ’
includes t t̄W/Z , t t̄ H and t t̄ t t̄

events. The bottom panels show
the Gaussian significance
(nobs − npred)/σtot of the
deviation of the observed yield
(nobs) from the background
expectation (npred) in each SR,
obtained using the combined
statistical + systematic
background uncertainty (σtot)

son probability density functions. The systematic uncertain-
ties in the expected values are included in the fit as nuisance
parameters. They are constrained by Gaussian distributions
with widths corresponding to the sizes of the uncertainties
and are treated as correlated, when appropriate, between the
various regions. The product of the various probability den-
sity functions forms the likelihood, which the fit maximises
by adjusting the t t̄ (and, in the NN Gbb regions, the Z+ jets)
normalisation and the nuisance parameters. The values of
the normalisation factors range from 0.8 to 1.9 depending on
the CRs (Fig. 7). The normalisation factors are broadly con-
sistent with unity within uncertainties, with the largest pull
across the 26 CRs being 2.3σ (for the t t̄ normalisation factor
in CC SR Gtt-0L-M2).

The results of the background-only fits are extrapolated to
the VRs, following the definitions of Sect. 6. A comparison
of the observed and expected yields in the VRs after the fit
is shown in Fig. 8 for the CC and NN analyses. The largest
yield differences in the CC and NN VRs are observed for

VR2-Gtt-1L-C (1.3σ across 18 VRs) and VR2-Gbb-2000-
1800 (1.8σ across 12 VRs) respectively. The MC reweighting
gives better agreement between the observed and expected
yields in the VRs; in the CC analysis the change in the pre-
dicted yields due to the MC reweighting, which is applied
to events containing exactly one signal lepton, is on average
5% and 10% for the 0-lepton and 1-lepton channels, respec-
tively. This reweighting affects the CC 0-lepton channels,
which require exactly zero signal leptons, via the t t̄ normali-
sation factors obtained from CRs requiring exactly one signal
lepton.

The observed and expected event yields in the SRs for the
CC and NN analyses are shown in Fig. 9 and Tables 10, 11
and 12. The significances of the deviations of the observed
data from the background expectations, evaluated using a
model-independent fit (described in Sect. 8.2) with pseudo-
experiments, are presented in the lower panels of Fig. 9, and
in Table 13. No statistically significant deviation from the
background expectation is found for any of the presented SRs
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Table 10 Post-fit results of the background-only fit extrapolated to the
Gtt 0-lepton and Gtt 1-lepton SRs in the CC analysis, for both the total
expected background yields and the main contributing background pro-
cesses. The quoted uncertainties include both the experimental and the-
oretical systematic uncertainties. The data in the SRs are not included
in the fit. The background category ‘t t̄ + X ’ includes t t̄W/Z , t t̄ H and

t t̄ t t̄ events. The row ‘Pre-fit background’ provides the total background
prediction when the t t̄ normalisation is obtained from a theoretical cal-
culation [46], taking into account the kinematic weights described in
Sect. 5.2. Yields are obtained for the large 	m (‘B’), moderate 	m

(‘M1’ and ‘M2’) and small 	m (‘C’) scenarios

Region SR-Gtt-0L

B M1 M2 C

Observed events 3 3 5 5

Fitted background 0.81 ± 0.32 1.3 ± 0.6 3.0 ± 1.3 1.7 ± 0.8

t t̄ 0.34 ± 0.21 0.8 ± 0.5 2.0 ± 1.2 1.2 ± 0.8

Single top 0.11 ± 0.10 0.16 ± 0.10 0.38 ± 0.23 0.16 ± 0.11

t t̄ + X 0.04+0.05
−0.04 0.09+0.13

−0.09 0.32 ± 0.20 0.23 ± 0.16

Z + jets 0.13 ± 0.08 0.16 ± 0.08 0.25 ± 0.14 0.03+0.08
−0.03

W + jets 0.15 ± 0.11 0.10 ± 0.09 0.08 ± 0.05 0.03 ± 0.02

Diboson < 0.01 < 0.01 < 0.01 < 0.01

Multijet 0.03+0.20
−0.03 0.06+0.25

−0.06 < 0.01 < 0.01

Pre-fit background 0.87 1.3 2.7 1.4

Region SR-Gtt-1L

B M1 M2 C

Observed events 1 0 0 2

Fitted background 0.6 ± 0.4 0.56 ± 0.27 1.0 ± 0.4 4.0 ± 2.0

t t̄ 0.5 ± 0.4 0.37 ± 0.23 0.63 ± 0.34 2.9 ± 1.8

Single top 0.11 ± 0.08 0.08 ± 0.07 0.12 ± 0.08 0.23 ± 0.15

t t̄ + X 0.05 ± 0.04 0.10 ± 0.06 0.23 ± 0.15 0.8 ± 0.5

Z + jets < 0.01 < 0.01 < 0.01 < 0.01

W + jets 0.013+0.021
−0.013 < 0.01 < 0.01 0.052 ± 0.034

Diboson < 0.01 < 0.01 < 0.01 < 0.01

Multijet < 0.01 < 0.01 < 0.01 < 0.01

Pre-fit background 0.55 0.55 1.0 3.7

or analysis methodologies. The largest deviation across the
22 SRs is observed in SR-Gtb-B, with a significance of 2.3σ.

In some cases the SR event selections are not orthogonal and
hence the significances can be correlated between regions.

8.2 Interpretation

In the absence of any significant excess over the expected
background from SM processes, the data are used to derive
one-sided upper limits at 95% confidence level (CL). Two
levels of interpretation are provided in this paper: model-
independent exclusion limits and model-dependent exclusion
limits set on the Gtt, Gbb and Gtb models. Exclusion limits
are evaluated using pseudo-experiments.

To set upper limits on the number of ‘beyond the Stan-
dard Model’ (BSM) signal events in each SR, a model-
independent fit is used [102]. This fit proceeds in the same

way as the background-only fit, where yields in the CRs are
used to constrain the predictions of backgrounds in each SR,
while the SR yield is also used in the likelihood function
with an additional parameter-of-interest describing potential
signal contributions. The observed and expected upper limits
at 95% CL on the number of events from BSM phenomena
for each signal region (S95

obs and S95
exp) are derived using the

CLs prescription [103], neglecting any possible signal con-
tamination in the CRs. These limits, when normalised by the
integrated luminosity of the data sample, may be interpreted
as upper limits on the visible cross-section of BSM physics
(σ 95

vis), where the visible cross-section is defined as the prod-
uct of production cross-section, acceptance and efficiency.
All SRs from both the CC and NN analyses are considered,
to aid in the reinterpretation of the results of this analysis. The
results of the model-independent fit are presented in Table 13.
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Table 11 Post-fit results of the background-only fit extrapolated to the
Gbb and Gtb SRs in the CC analysis, for both the total expected back-
ground yields and the main contributing background processes. The
quoted uncertainties include both the experimental and theoretical sys-
tematic uncertainties. The data in the SRs are not included in the fit. The
background category ‘t t̄ + X ’ includes t t̄W/Z , t t̄ H and t t̄ t t̄ events.

The row ‘Pre-fit background’ provides the total background prediction
when the t t̄ normalisation is obtained from a theoretical calculation [46],
taking into account the kinematic weights described in Sect. 5.2. Yields
are obtained for the large 	m (‘B’), moderate 	m (‘M’) and small 	m

(‘C’) scenarios

Region SR-Gbb

B M C

Observed events 7 18 32

Fitted background 3.9 ± 1.4 13 ± 4 33 ± 9

t t̄ 1.6 ± 1.0 4.3 ± 3.0 12 ± 7

Single top 0.7 ± 0.4 2.7 ± 1.4 6.3 ± 3.4

t t̄ + X 0.27 ± 0.16 0.9 ± 0.5 3.0 ± 1.5

Z + jets 0.61 ± 0.26 3.0 ± 1.0 6.9 ± 2.3

W + jets 0.43 ± 0.21 1.8 ± 1.2 3.1 ± 1.6

Diboson 0.3+0.4
−0.3 0.5 ± 0.4 1.3 ± 0.8

Multijet < 0.01 < 0.01 < 0.01

Pre-fit background 3.5 14 33

Region SR-Gtb

B M C

Observed events 8 1 4

Fitted background 2.8 ± 0.9 1.2 ± 0.6 6.0 ± 2.2

t t̄ 0.9 ± 0.6 0.8 ± 0.5 3.6 ± 2.1

Single top 0.62 ± 0.35 0.23 ± 0.12 0.9 ± 0.5

t t̄ + X 0.25 ± 0.15 0.06 ± 0.04 0.8 ± 0.4

Z + jets 0.52 ± 0.26 0.10 ± 0.10 0.46 ± 0.17

W + jets 0.43 ± 0.23 0.02+0.07
−0.02 0.21 ± 0.11

Diboson < 0.01 0.06+0.16
−0.06 0.06+0.16

−0.06

Multijet < 0.01 < 0.01 0.01+0.64
−0.01

Pre-fit background 3.0 1.3 5.8

Model-dependent fits [102] in all the SRs are used to set
limits in the mass or branching ratio planes of the Gtt, Gbb
and Gtb models. Such a fit proceeds in the same way as the
model-independent fit, except that both the signal yield in
the SR and the signal contamination in the CR(s) are taken
into account. Correlations between signal and background
systematic uncertainties are taken into account where appro-
priate. Systematic uncertainties in the assumed signal yields
due to detector effects and the theoretical uncertainties in the
signal acceptance are included in the fit. The NN analysis SRs
provide the higher expected exclusion sensitivity for the Gtt
and Gbb models and hence are used to obtain the exclusion
limits for these models. For the Gtb models, for which the
NN analysis SRs were not optimised, the CC analysis SRs
are used. In all cases, at each model point the result obtained
from the SR with the best expected CLs value is used. For the
CC analysis applied to the Gtb models, all CC SRs are con-

sidered in this optimisation. The Gtt or Gbb SRs are found
to be optimal for Gtb models in which the gluino branching
ratio is dominated respectively by g̃ → t t̄ χ̃

0
1 or g̃ → bb̄χ̃0

1 ,

while the Gtb SRs are found to be optimal otherwise. All
the fits for the various model points and parameter spaces
considered give fitted SUSY signal cross-sections consistent
with zero within uncertainties.

The 95% CL observed and expected exclusion limits for
the Gtt and Gbb models, obtained from the NN analysis, are
shown in the g̃–χ̃0

1 mass plane in Fig. 10. The ±1σ SUSY
theory

lines around the observed limits are obtained by changing
the SUSY production cross-section by one standard devia-
tion (±1σ), as described in Sect. 3. The yellow band around
the expected limit shows the ±1σ uncertainty, including all
statistical and systematic uncertainties except the theoretical
uncertainties in the SUSY cross-section. The expected lim-
its on the gluino mass, assuming a massless neutralino LSP,
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Table 12 Post-fit results of the background-only fit extrapolated to
the SRs in the NN analysis, for both the total expected background
yields and the main contributing background processes. The quoted
uncertainties include both the experimental and theoretical systematic
uncertainties. The data in the SRs are not included in the fit. The back-

ground category ‘t t̄ + X ’ includes t t̄W/Z , t t̄ H and t t̄ t t̄ events. The
row ‘Pre-fit background’ provides the total background prediction when
the t t̄ and Z+jets normalisations are obtained from theoretical calcu-
lation [46,53], taking into account the kinematic weights described in
Sect. 5.2

Region SR-Gtt

2100-1 1800-1 2300-1200 1900-1400

Observed events 0 0 1 1

Fitted background 0.6 ± 0.4 0.52 ± 0.27 0.9 ± 0.5 1.0 ± 1.0

t t̄ 0.32 ± 0.24 0.22 ± 0.15 0.51 ± 0.34 0.8 ± 0.8

Single top 0.14 ± 0.12 0.17 ± 0.13 0.20 ± 0.14 0.10+0.23
−0.10

t t̄ + X 0.19+0.24
−0.19 0.14 ± 0.14 0.11+0.21

−0.11 0.13+0.22
−0.13

Z + jets < 0.01 < 0.01 0.01+0.07
−0.01 < 0.01

W + jets < 0.01 < 0.01 < 0.01 < 0.01

Diboson < 0.01 < 0.01 0.041 ± 0.023 < 0.01

Multijet < 0.01 < 0.01 < 0.01 < 0.01

Pre-fit background 0.56 0.50 0.7 0.7

Region SR-Gbb

2800-1400 2300-1000 2100-1600 2000-1800

Observed events 1 1 0 1

Fitted background 1.4 ± 0.6 1.2 ± 0.6 1.8 ± 1.3 0.6 ± 0.5

t t̄ 0.17+0.21
−0.17 0.19+0.21

−0.19 0.24 ± 0.21 0.5 ± 0.5

Single top 0.51 ± 0.31 0.45 ± 0.28 0.18+0.20
−0.18 0.06 ± 0.05

t t̄ + X 0.11+0.12
−0.11 0.10 ± 0.10 0.09+0.11

−0.09 0.01+0.04
−0.01

Z + jets 0.29 ± 0.19 0.23 ± 0.17 1.2 ± 1.2 0.017+0.035
−0.017

W + jets 0.22+0.27
−0.22 0.17+0.20

−0.17 < 0.01 < 0.01

Diboson < 0.01 < 0.01 0.15 ± 0.31 < 0.01

Multijet 0.09+0.19
−0.09 0.06+0.12

−0.06 < 0.01 < 0.01

Pre-fit background 1.3 1.1 1.3 0.4

obtained from the CC analysis are ∼150 GeV and ∼50 GeV
lower for the Gtt and Gbb models, respectively. Compared
to the previous results [15], the expected limits on the gluino
mass from the current search (assuming a massless χ̃0

1 ) have
improved by 280 GeV and 330 GeV for the Gtt and Gbb
models, respectively. Gluinos with masses below 2.44 TeV
(2.35 TeV) are excluded at 95% CL for massless neutralinos
in the Gtt (Gbb) models. The most stringent exclusion lim-
its on the neutralino mass are approximately 1.35 TeV and
1.65 TeV for the Gtt and Gbb models, obtained for a gluino
mass of approximately 2.20 TeV and 2.10 TeV, respectively.

The 95% CL observed and expected exclusion limits for
the Gtb model, with m(χ̃0

1 ) set to 1 GeV, are shown in Fig. 11.
The results, which are obtained from the CC analysis, are
presented as limits on the mass of the gluino as a function of
the branching ratios for g̃ → t t̄ χ̃

0
1 and g̃ → bb̄χ̃0

1 . The sum
of these branching ratios with that for the decays g̃ → t b̄χ̃−

1

and g̃ → t̄bχ̃+
1 (which are set to be equal in the simulation) is

set to unity. The exclusion limits are strongest when B(g̃ →
bb̄χ̃0

1 ) or B(g̃ → t t̄ χ̃
0
1 ) saturate the total branching ratio (top-

left and bottom-right corners of the figures), and weakest
when B(g̃ → t b̄χ̃−

1 /g̃ → t̄bχ̃+
1 ) saturates. Similar results

are obtained for m(χ̃0
1 ) = 600 GeV (Fig. 12) and m(χ̃0

1 ) =
1000 GeV (Fig. 13).

9 Conclusion

This paper has discussed a search for supersymmetry involv-
ing the pair production of gluinos decaying via off-shell
third-generation squarks into a lightest neutralino LSP. The
analysis exploits proton–proton collision data at a centre-of-
mass energy

√
s = 13 TeV with an integrated luminosity of

139 fb−1 collected with the ATLAS detector at the LHC from
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Table 13 Summary of compatibility of SR observations with back-
ground expectations in the CC and NN SRs. The second column shows
the p0-values of the background-only hypothesis together with the
equivalent Gaussian significances Z . Also shown are the resulting 95%
CL upper limits on the visible cross-section (σ 95

vis), and the observed and
expected 95% CL upper limits on the number of beyond the Standard
Model signal events (S95

obs and S95
exp). The p0-values are capped at 0.5

Signal region p0 (Z ) σ 95
vis [fb] S95

obs S95
exp

SR-Gtt-0L-B 0.03 (1.82) 0.05 6.4 3.7+1.2
−0.4

SR-Gtt-0L-M1 0.13 (1.13) 0.04 6.1 4.3+1.6
−1.0

SR-Gtt-0L-M2 0.18 (0.91) 0.06 7.7 5.7+2.2
−1.2

SR-Gtt-0L-C 0.03 (1.83) 0.06 8.5 4.9+2.0
−1.0

SR-Gtt-1L-B 0.29 (0.56) 0.03 3.9 3.3+1.2
−0.2

SR-Gtt-1L-M1 0.5 (0.0) 0.02 3.0 3.1+1.2
−0.1

SR-Gtt-1L-M2 0.5 (0.0) 0.02 3.0 3.4+1.3
−0.4

SR-Gtt-1L-C 0.5 (0.0) 0.03 4.6 5.3+2.2
−1.5

SR-Gbb-B 0.11 (1.22) 0.07 9.5 6.2+2.6
−1.4

SR-Gbb-M 0.18 (0.93) 0.11 16.0 11.4+5.0
−2.7

SR-Gbb-C 0.5 (0.0) 0.14 19.4 19.5+5.5
−4.6

SR-Gtb-B 0.01 (2.30) 0.08 11.3 5.4+2.2
−1.3

SR-Gtb-M 0.5 (0.0) 0.03 3.7 3.8+1.5
−0.5

SR-Gtb-C 0.5 (0.0) 0.04 5.7 6.7+2.6
−1.8

SR-Gtt-2100-1 0.5 (0.0) 0.02 3.0 3.1+1.1
−0.2

SR-Gtt-1800-1 0.5 (0.0) 0.02 3.0 3.0+1.1
−0.1

SR-Gtt-2300-1200 0.40 (0.26) 0.03 3.8 3.5+1.4
−0.3

SR-Gtt-1900-1400 0.5 (0.0) 0.03 4.2 4.1+1.5
−1.1

SR-Gbb-2800-1400 0.5 (0.0) 0.03 3.7 3.9+1.4
−0.8

SR-Gbb-2300-1000 0.5 (0.0) 0.03 3.8 3.8+1.3
−0.7

SR-Gbb-2100-1600 0.36 (0.35) 0.02 3.0 3.2+1.3
−0.1

SR-Gbb-2000-1800 0.29 (0.55) 0.03 4.0 3.4+1.2
−0.6

2015 to 2018. The search uses events containing large miss-
ing transverse momentum, zero or one electrons or muons,
and several energetic jets, at least three of which must be iden-
tified as containing b-hadrons. Two analysis methodologies
are used: one applying selections independently to a series
of kinematic observables in multiple signal regions sensitive
to a broad range of SUSY models, and one targeting spe-
cific signal models using a deep neural-network to further
exploit correlations between observables constructed from
the four-vectors of the reconstructed final-state particles. The
latter methodology, which also combines events with dif-
fering numbers of final-state electrons or muons, provides
enhanced discovery and exclusion power for the specific sig-
nals targeted. No significant excess is found with respect
to the predicted background. Model-independent limits are

Fig. 10 Exclusion limits in the g̃–χ̃0
1 mass plane for the Gtt (top) and

Gbb (bottom) models obtained from the NN analysis. The dashed and
solid bold lines show the 95% CL expected and observed limits, respec-
tively. The shaded bands around the expected limits show the impact of
the experimental and background uncertainties. The dotted lines show
the impact on the observed limit of the variation of the nominal signal
cross-section by ±1σ of its theoretical uncertainty. The blue contours
indicate the exclusion limits from the previous published result [15]

set on the visible cross-section for new physics processes.
Exclusion limits are set on the gluino and neutralino LSP
masses in two simplified models where the gluino decays
exclusively as g̃ → t t̄ χ̃

0
1 or g̃ → bb̄χ̃0

1 . For a massless neu-
tralino, gluino masses of less than 2.44 TeV or 2.35 TeV are
excluded at 95% CL in these two scenarios. The results are
also interpreted in a model with variable gluino branching
ratios to bb̄χ̃0

1 , t t̄ χ̃0
1 and t b̄χ̃−

1 /t̄bχ̃+
1 . These limits represent

a substantial increase in performance over previous ATLAS
analyses exploiting smaller datasets collected at the LHC.
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Fig. 11 The observed (left) and expected (right) 95% CL exclusion
limits on the gluino mass as a function of B(g̃ → bb̄χ̃0

1 ) (vertical) and
B(g̃ → t t̄ χ̃

0
1 ) (horizontal) for Gtb models with m(χ̃0

1 ) = 1 GeV,

obtained from the CC analysis. The shading indicates the highest
excluded gluino mass for each point in the plane. The white line indi-
cates the contour of fixed m(g̃) = 2150 GeV

Fig. 12 The observed (left) and expected (right) 95% CL exclusion
limits on the gluino mass as a function of B(g̃ → bb̄χ̃0

1 ) (vertical) and
B(g̃ → t t̄ χ̃

0
1 ) (horizontal) for Gtb models with m(χ̃0

1 ) = 600 GeV,

obtained from the CC analysis. The shading indicates the highest
excluded gluino mass for each point in the plane. The white line indi-
cates the contour of fixed m(g̃) = 2200 GeV
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Fig. 13 The observed (left) and expected (right) 95% CL exclusion
limits on the gluino mass as a function of B(g̃ → bb̄χ̃0

1 ) (vertical) and
B(g̃ → t t̄ χ̃

0
1 ) (horizontal) for Gtb models with m(χ̃0

1 ) = 1000 GeV,

obtained from the CC analysis. The shading indicates the highest
excluded gluino mass for each point in the plane. The white line indi-
cates the contour of fixed m(g̃) = 2100 GeV
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D. A. Maximov37 , R. Mazini147 , I. Maznas151,e , M. Mazza106 , S. M. Mazza135 , C. Mc Ginn29 ,
J. P. Mc Gowan103 , S. P. Mc Kee105 , W. P. McCormack17a , E. F. McDonald104 , A. E. McDougall113 ,
J. A. Mcfayden145 , G. Mchedlidze148b , R. P. Mckenzie33g , T. C. Mclachlan48 , D. J. Mclaughlin95 ,
K. D. McLean163 , S. J. McMahon133 , P. C. McNamara104 , C. M. Mcpartland91 , R. A. McPherson163,x ,
T. Megy40 , S. Mehlhase108 , A. Mehta91 , B. Meirose45 , D. Melini149 , B. R. Mellado Garcia33g , A. H. Melo55 ,
F. Meloni48 , E. D. Mendes Gouveia129a , A. M. Mendes Jacques Da Costa20 , H. Y. Meng154 , L. Meng90 ,

123

http://orcid.org/0000-0003-3384-5053
http://orcid.org/0000-0003-1012-4675
http://orcid.org/0000-0002-6614-108X
http://orcid.org/0000-0003-0083-274X
http://orcid.org/0000-0001-6568-2047
http://orcid.org/0000-0003-0294-3953
http://orcid.org/0000-0002-7314-0990
http://orcid.org/0000-0001-6226-8385
http://orcid.org/0000-0003-4724-9017
http://orcid.org/0000-0002-8625-5586
http://orcid.org/0000-0002-7580-384X
http://orcid.org/0000-0002-0296-5899
http://orcid.org/0000-0002-7440-0520
http://orcid.org/0000-0002-6468-1381
http://orcid.org/0000-0003-4487-6365
http://orcid.org/0000-0003-0546-1634
http://orcid.org/0000-0002-8515-1355
http://orcid.org/0000-0002-1739-6596
http://orcid.org/0000-0001-9958-949X
http://orcid.org/0000-0001-6169-0517
http://orcid.org/0000-0001-9062-2257
http://orcid.org/0000-0001-6408-2648
http://orcid.org/0000-0001-9873-0228
http://orcid.org/0000-0003-1808-0259
http://orcid.org/0000-0001-6215-3326
http://orcid.org/0000-0002-0964-6815
http://orcid.org/0000-0001-9395-3430
http://orcid.org/0000-0003-2116-4592
http://orcid.org/0000-0001-8287-3961
http://orcid.org/0000-0001-5791-0345
http://orcid.org/0000-0002-1214-9262
http://orcid.org/0000-0002-3664-2465
http://orcid.org/0000-0002-0116-5494
http://orcid.org/0000-0003-4087-1575
http://orcid.org/0000-0001-9087-6230
http://orcid.org/0000-0001-5270-0920
http://orcid.org/0000-0002-1473-350X
http://orcid.org/0000-0003-4387-8756
http://orcid.org/0000-0002-3036-5575
http://orcid.org/0000-0002-3065-326X
http://orcid.org/0000-0003-3681-1588
http://orcid.org/0000-0001-9174-6200
http://orcid.org/0000-0003-3692-1410
http://orcid.org/0000-0002-6042-8776
http://orcid.org/0000-0002-7540-0012
http://orcid.org/0000-0003-3932-016X
http://orcid.org/0000-0001-9392-3936
http://orcid.org/0000-0002-1281-8462
http://orcid.org/0000-0001-7924-1517
http://orcid.org/0000-0001-8858-8440
http://orcid.org/0000-0001-7243-0227
http://orcid.org/0000-0001-5973-8729
http://orcid.org/0000-0001-8717-4449
http://orcid.org/0000-0002-0820-9998
http://orcid.org/0000-0002-8523-5954
http://orcid.org/0000-0001-6578-8618
http://orcid.org/0000-0002-2623-6252
http://orcid.org/0000-0003-4588-8325
http://orcid.org/0000-0002-7183-8607
http://orcid.org/0000-0002-1590-194X
http://orcid.org/0000-0002-3707-9010
http://orcid.org/0000-0001-6206-8148
http://orcid.org/0000-0002-4209-4194
http://orcid.org/0000-0001-7509-7765
http://orcid.org/0000-0002-9898-9253
http://orcid.org/0000-0002-4357-7649
http://orcid.org/0000-0003-0953-559X
http://orcid.org/0000-0002-5606-4164
http://orcid.org/0000-0003-2958-986X
http://orcid.org/0000-0002-2337-0958
http://orcid.org/0000-0001-9782-9920
http://orcid.org/0000-0001-6212-5261
http://orcid.org/0000-0002-0225-187X
http://orcid.org/0000-0002-8222-2066
http://orcid.org/0000-0001-6828-9769
http://orcid.org/0000-0001-9954-7898
http://orcid.org/0000-0001-6595-1382
http://orcid.org/0000-0001-8057-4351
http://orcid.org/0000-0002-7197-9645
http://orcid.org/0000-0002-0729-6487
http://orcid.org/0000-0003-4980-6032
http://orcid.org/0000-0001-6246-6787
http://orcid.org/0000-0002-4815-5314
http://orcid.org/0000-0002-1388-869X
http://orcid.org/0000-0001-6068-4473
http://orcid.org/0000-0002-9541-0592
http://orcid.org/0000-0001-9591-5622
http://orcid.org/0000-0001-7110-7823
http://orcid.org/0000-0001-6098-0555
http://orcid.org/0000-0002-2575-0743
http://orcid.org/0000-0003-3211-067X
http://orcid.org/0000-0002-9035-9679
http://orcid.org/0000-0002-4094-1273
http://orcid.org/0000-0003-1501-7262
http://orcid.org/0000-0002-9566-1850
http://orcid.org/0000-0001-5977-6418
http://orcid.org/0000-0002-9450-6568
http://orcid.org/0000-0001-9398-1909
http://orcid.org/0000-0002-5968-6954
http://orcid.org/0000-0002-5590-335X
http://orcid.org/0000-0002-3353-2658
http://orcid.org/0000-0003-0836-416X
http://orcid.org/0000-0001-7232-6315
http://orcid.org/0000-0002-3365-6781
http://orcid.org/0000-0002-7394-2408
http://orcid.org/0000-0002-5560-0586
http://orcid.org/0000-0002-9299-9020
http://orcid.org/0000-0002-8590-8231
http://orcid.org/0000-0001-9045-7853
http://orcid.org/0000-0003-1406-1413
http://orcid.org/0000-0002-2968-7841
http://orcid.org/0000-0002-8126-3958
http://orcid.org/0000-0003-0392-3663
http://orcid.org/0000-0002-0335-503X
http://orcid.org/0000-0002-2994-2187
http://orcid.org/0000-0002-1525-2695
http://orcid.org/0000-0002-9560-1778
http://orcid.org/0000-0001-6222-9642
http://orcid.org/0000-0002-7241-2114
http://orcid.org/0000-0001-9415-7903
http://orcid.org/0000-0003-3105-7045
http://orcid.org/0000-0002-8875-1399
http://orcid.org/0000-0001-5770-4883
http://orcid.org/0000-0002-5495-0656
http://orcid.org/0000-0002-0244-4743
http://orcid.org/0000-0003-0512-0856
http://orcid.org/0000-0003-4679-0485
http://orcid.org/0000-0002-8972-3066
http://orcid.org/0000-0002-7814-8596
http://orcid.org/0000-0003-4317-3342
http://orcid.org/0000-0002-1974-2229
http://orcid.org/0000-0003-3495-7778
http://orcid.org/0000-0002-1081-2032
http://orcid.org/0000-0002-4732-5633
http://orcid.org/0000-0002-2459-9068
http://orcid.org/0000-0001-9346-6982
http://orcid.org/0000-0003-4776-4123
http://orcid.org/0000-0002-2545-0329
http://orcid.org/0000-0001-6411-6107
http://orcid.org/0000-0003-4317-3203
http://orcid.org/0000-0001-6066-195X
http://orcid.org/0000-0003-1673-2794
http://orcid.org/0000-0001-7879-3272
http://orcid.org/0000-0001-7775-4300
http://orcid.org/0000-0001-6975-102X
http://orcid.org/0000-0003-1189-3505
http://orcid.org/0000-0001-9800-2626
http://orcid.org/0000-0001-7096-2158
http://orcid.org/0000-0002-0139-0149
http://orcid.org/0000-0003-1561-3435
http://orcid.org/0000-0003-0629-2131
http://orcid.org/0000-0002-8444-8827
http://orcid.org/0000-0002-6011-2851
http://orcid.org/0000-0002-5779-5989
http://orcid.org/0000-0003-0642-9169
http://orcid.org/0000-0002-2269-3632
http://orcid.org/0000-0002-4593-0602
http://orcid.org/0000-0002-2342-1452
http://orcid.org/0000-0001-9490-7276
http://orcid.org/0000-0002-3961-5016
http://orcid.org/0000-0001-5982-7326
http://orcid.org/0000-0002-8759-8564
http://orcid.org/0000-0002-1552-3651
http://orcid.org/0000-0002-9372-0730
http://orcid.org/0000-0003-2823-9307
http://orcid.org/0000-0002-0721-8331
http://orcid.org/0000-0002-0065-5221
http://orcid.org/0000-0003-3259-8775
http://orcid.org/0000-0001-5359-4541
http://orcid.org/0000-0001-5807-0501
http://orcid.org/0000-0003-0056-7296
http://orcid.org/0000-0002-0236-5404
http://orcid.org/0000-0002-9815-8898
http://orcid.org/0000-0001-5248-4391
http://orcid.org/0000-0003-1366-5530
http://orcid.org/0000-0003-3615-2332
http://orcid.org/0000-0001-9190-4547
http://orcid.org/0000-0003-4448-4679
http://orcid.org/0000-0002-5877-0062
http://orcid.org/0000-0003-0027-7969
http://orcid.org/0000-0002-5073-2264
http://orcid.org/0000-0001-9012-3431
http://orcid.org/0000-0002-2005-671X
http://orcid.org/0000-0003-2516-5015
http://orcid.org/0000-0002-9751-7633
http://orcid.org/0000-0003-1833-9160
http://orcid.org/0000-0001-8929-1243
http://orcid.org/0000-0002-2115-9382
http://orcid.org/0000-0002-0352-2854
http://orcid.org/0000-0002-2357-7043
http://orcid.org/0000-0003-3984-6452
http://orcid.org/0000-0002-4300-7064
http://orcid.org/0000-0002-0511-4766
http://orcid.org/0000-0001-6530-1873
http://orcid.org/0000-0002-7857-7606
http://orcid.org/0000-0001-9657-0910
http://orcid.org/0000-0002-8309-5548
http://orcid.org/0000-0003-0867-2189
http://orcid.org/0000-0003-4066-2087
http://orcid.org/0000-0001-7743-3849
http://orcid.org/0000-0002-7803-6674
http://orcid.org/0000-0003-0613-140X
http://orcid.org/0000-0001-8133-3533
http://orcid.org/0000-0001-7610-3952
http://orcid.org/0000-0002-8814-1670
http://orcid.org/0000-0002-2497-0509
http://orcid.org/0000-0002-9285-7452
http://orcid.org/0000-0001-7464-304X
http://orcid.org/0000-0002-1626-6255
http://orcid.org/0000-0002-5992-0640
http://orcid.org/0000-0001-8721-6901
http://orcid.org/0000-0001-5028-3342
http://orcid.org/0000-0002-3265-8371
http://orcid.org/0009-0004-1439-5151
http://orcid.org/0000-0003-3867-0336
http://orcid.org/0000-0001-6527-0253
http://orcid.org/0000-0003-4515-0224
http://orcid.org/0000-0002-9634-542X
http://orcid.org/0000-0003-2990-1673
http://orcid.org/0000-0002-8141-3995
http://orcid.org/0000-0002-7611-3728
http://orcid.org/0000-0003-0136-233X
http://orcid.org/0000-0001-8329-7994
http://orcid.org/0000-0002-8916-6220
http://orcid.org/0000-0001-9717-1508
http://orcid.org/0000-0002-3577-9347
http://orcid.org/0000-0001-5533-6300
http://orcid.org/0000-0002-7234-9522
http://orcid.org/0000-0002-3150-3124
http://orcid.org/0000-0002-6875-6408
http://orcid.org/0000-0003-4276-1046
http://orcid.org/0000-0002-9084-3305
http://orcid.org/0000-0003-0901-1817
http://orcid.org/0000-0002-3773-8573
http://orcid.org/0000-0001-6218-4309
http://orcid.org/0000-0002-2640-5941
http://orcid.org/0000-0001-9099-0009
http://orcid.org/0000-0003-4819-9226
http://orcid.org/0000-0001-8857-5770
http://orcid.org/0000-0002-6871-3395
http://orcid.org/0000-0001-5124-904X
http://orcid.org/0000-0001-9418-3941
http://orcid.org/0000-0002-8813-3830
http://orcid.org/0000-0001-8183-0468
http://orcid.org/0000-0003-1028-8602
http://orcid.org/0000-0002-0948-5775
http://orcid.org/0000-0002-3996-4662
http://orcid.org/0000-0001-7934-1649
http://orcid.org/0000-0003-4325-7378
http://orcid.org/0000-0002-3203-4243
http://orcid.org/0000-0001-6158-2751
http://orcid.org/0000-0002-9909-1111
http://orcid.org/0000-0001-5038-5154
http://orcid.org/0000-0002-0131-7523
http://orcid.org/0000-0003-1792-6793
http://orcid.org/0000-0002-4362-0088
http://orcid.org/0000-0001-7551-0169
http://orcid.org/0000-0003-3896-5222
http://orcid.org/0000-0002-5708-0510
http://orcid.org/0000-0002-8497-9038
http://orcid.org/0000-0001-5945-5518
http://orcid.org/0000-0002-2488-0511
http://orcid.org/0000-0002-7020-4098
http://orcid.org/0000-0003-2655-7643
http://orcid.org/0000-0003-0860-7897
http://orcid.org/0000-0002-9889-8271
http://orcid.org/0000-0002-4588-3578
http://orcid.org/0000-0002-4468-0154
http://orcid.org/0000-0003-3662-4694
http://orcid.org/0000-0003-0786-2570
http://orcid.org/0000-0002-3897-6223
http://orcid.org/0000-0002-1477-1645
http://orcid.org/0000-0003-3053-8146
http://orcid.org/0000-0003-3420-2105
http://orcid.org/0000-0002-4466-3864
http://orcid.org/0000-0002-3135-945X
http://orcid.org/0000-0001-8925-9518
http://orcid.org/0000-0001-7102-6388
http://orcid.org/0000-0001-6914-1168
http://orcid.org/0000-0001-9457-1928
http://orcid.org/0000-0002-4963-9441
http://orcid.org/0000-0001-9080-2944
http://orcid.org/0000-0003-4364-4351
http://orcid.org/0000-0003-0917-1618
http://orcid.org/0000-0001-8660-9893
http://orcid.org/0000-0002-0038-5372
http://orcid.org/0000-0001-5333-6016
http://orcid.org/0000-0002-6813-8423
http://orcid.org/0000-0002-4234-3111
http://orcid.org/0000-0002-3735-7762
http://orcid.org/0000-0002-9335-9690
http://orcid.org/0000-0002-9853-0194
http://orcid.org/0000-0002-8933-9494
http://orcid.org/0000-0001-9984-8009
http://orcid.org/0000-0002-6248-953X
http://orcid.org/0000-0002-5162-3713
http://orcid.org/0000-0002-1449-0317
http://orcid.org/0000-0001-8783-3758
http://orcid.org/0000-0003-0954-0970
http://orcid.org/0000-0001-8420-3742
http://orcid.org/0000-0002-8273-9532
http://orcid.org/0000-0003-3865-730X
http://orcid.org/0000-0003-1281-0193
http://orcid.org/0000-0001-7551-3386
http://orcid.org/0000-0002-4551-4502
http://orcid.org/0000-0002-0768-1959
http://orcid.org/0000-0002-8092-5331
http://orcid.org/0000-0002-2489-2598
http://orcid.org/0000-0001-9273-2564
http://orcid.org/0000-0003-3534-4164
http://orcid.org/0000-0001-9618-3689
http://orcid.org/0000-0002-0930-5340
http://orcid.org/0000-0003-2424-5697
http://orcid.org/0000-0001-5475-2521
http://orcid.org/0000-0002-3599-9075
http://orcid.org/0000-0002-0676-324X
http://orcid.org/0000-0003-1477-1407
http://orcid.org/0000-0001-9211-7019
http://orcid.org/0000-0001-8569-7094
http://orcid.org/0000-0002-1281-2060
http://orcid.org/0000-0003-2619-9743
http://orcid.org/0000-0003-0032-7022
http://orcid.org/0000-0002-7018-682X
http://orcid.org/0000-0003-4838-1546
http://orcid.org/0000-0002-3964-6736
http://orcid.org/0000-0001-7075-2214
http://orcid.org/0000-0002-7785-2047
http://orcid.org/0000-0001-6305-8400
http://orcid.org/0000-0002-7234-8351
http://orcid.org/0000-0002-2901-6589


Eur. Phys. J. C           (2023) 83:561 Page 33 of 41   561 

S. Menke109 , M. Mentink36 , E. Meoni43a,43b , C. Merlassino125 , L. Merola71a,71b , C. Meroni70a ,
G. Merz105, O. Meshkov37 , J. Metcalfe6 , A. S. Mete6 , C. Meyer67 , J.-P. Meyer134 , M. Michetti18 ,
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