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collision data with two top quarks and missing

energy in the final state
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This paper presents a statistical combination of searches targeting final states with two top
quarks and invisible particles and characterised by the presence of zero, one or two leptons,
at least one jet originating from a 𝑏-quark and missing transverse momentum. The analyses
are performed with the ATLAS detector using 139 fb−1 of 𝑝𝑝 collisions at a centre-of-mass
energy of 13 TeV at the LHC and search for phenomena beyond the Standard Model consistent
with the production of dark matter particles at colliders. The results are interpreted in terms
of simplified dark matter models with a spin-0 scalar or pseudoscalar mediator particle. In
addition, the results are interpreted in terms of upper limits on the Higgs boson invisible
branching ratio, where the Higgs boson is produced according to the Standard Model in
association with a pair of top quarks. For scalar (pseudoscalar) dark matter models, the
statistical combination extends the excluded mass range by 100 (30) GeV with respect to the
best of the individual channels, excluding mediator masses up to 370 GeV for unitary couplings
assumptions. In addition, the statistical combination improves the expected coupling exclusion
reach by 14% (24%), assuming a scalar (pseudoscalar) mediator of 10 GeV. An upper limit
on the Higgs boson invisible branching ratio of 0.40 (0.30+0.13−0.09) is observed (expected) at 95%
confidence level.
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1 Introduction

The existence of a non-luminous component of matter in the universe, dark matter (DM), is supported by
compelling astrophysical evidence [1, 2]. Dark matter abundance has been accurately determined from
global fits of cosmological parameters to a variety of observations [3, 4]. Nevertheless, the nature of DM
remains largely unknown.

In this paper, models where the DM candidate is a weakly interactive massive particle (WIMP) [5] are
considered. At the Large Hadron Collider (LHC), pair-produced WIMP DM does not interact with the
ATLAS detector and it can be detected only if produced in association with Standard Model (SM) particles,
leading to signatures with missing transverse momentum. A wide range of experimental searches are
focused on WIMP candidates at the LHC [6–12]. All recent searches are based on simplified benchmark
models documented in the LPCC Dark Matter Working Group whitepapers [13–16]. Benchmark models
are chosen to have a minimal number of additional parameters with respect to the SM. This paper focuses
on simplified models characterised by the introduction of a spin-0 particle mediator [15–23]. In this case,
fermionic DM particle pairs are produced through the exchange of a colour-neutral scalar or pseudoscalar
mediator (denoted by 𝜙 or 𝑎, respectively). Due to the Minimal Flavour Violation [24] assumption, the
interaction between any new neutral spin-0 state and SM quarks is proportional to the fermion masses via
Yukawa-type couplings and it is also treated as free parameter of the model by means of a multiplicative
factor 𝑔𝑞. Following Ref. [23], couplings to leptons and𝑊 /𝑍 bosons, as well as explicit 𝜙 − ℎ or 𝑎 − ℎ
couplings of dimension four, are set to zero. The coupling of the mediator to the dark sector, 𝑔𝜒, is not taken
to be proportional to the mass of the DM candidates and treated simply as a free parameter. The dominant
production modes for colour-neutral mediators are loop-induced gluon-fusion and associated production
of the mediator with a top quark pair. The associated production of spin-0 mediators with a single top
quark has also a sizeable, albeit non-dominant, cross section [19, 25, 26], especially for higher mediator
masses. The primary signal of interest in this paper is the associated production of a mediator particle with
a pair of top quarks (DM+𝑡𝑡), although sensitivity is retained also in case of single top quark productions
(collectively referred as DM+𝑡). The relevant processes for DM+𝑡𝑡 and DM+𝑡 are shown in Figure 1. The
relative contribution of the two processes depends on the parameter space that is considered [25].
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Figure 1: Representative diagrams for spin-0 mediator associated production with (a) a top quark pair (DM+𝑡𝑡), (b) a
single top quark and a𝑊 boson (DM+𝑡𝑊) or (c) a single top quark and one (or more) jet(s) (DM+𝑡 𝑗).

This paper presents the statistical combination of three searches targeting events with two top quarks and
invisible particles considering either zero- (tt0L [27]), one- (tt1L [28]) or two-lepton (tt2L [29]) final states,
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using 139 fb−1 of 𝑝𝑝 collisions data recorded by the ATLAS detector [30] at a centre-of-mass energy
of

√
𝑠 = 13 TeV. The tt0L analysis is extended and improved with respect to Ref. [27] benefiting from

the Run-2 improvements in the trigger selection of jets containing 𝑏-hadrons (𝑏-jets) in ATLAS [31] that
increases the sensitivity in models with light mediator masses. The three analyses select independent
(orthogonal) datasets which can be statistically combined to boost the sensitivity as they constrain similar
parts of the parameter space. Searches targeting specifically the associated production of a single top
quark and invisible particles [32] are not orthogonal to the searches presented here. They are therefore not
included and their combination is left as future development.

The data are found to be in agreement with the SM background prediction in all selections considered
in this paper. The statistical combination is used to set 95% confidence level (CL) constraints to
simplified DM models. The specific case where the mediator corresponds to the SM 125 GeV Higgs
boson [33] is also considered to interpret the results presented in this paper. It is referred to as 𝐻 → inv
interpretation in the following. In the SM, the invisible Higgs boson branching ratio, B𝐻→inv, is 0.12%
from 𝐻 → 𝑍𝑍 → 4𝜈 decays [34], and higher branching ratios to invisible particles are predicted by
Higgs-dark matter portal models [35–48]. The strongest existing limits on invisible branching ratio are
from the statistical combination of search results, for which ATLAS reported an observed (expected) limit
of 0.26 (0.17) [49] and CMS reported 0.19 (0.15) [50] at 95% CL. Recent updates by the ATLAS and
CMS Collaborations in the vector-boson-fusion channel report improved observed (expected) upper limits
of 0.145 (0.103) [51] and 0.18 (0.10) [52], respectively, using the full Run-2 dataset.

The paper is structured as follows: the experimental dataset and the simulated event samples are presented
in Section 2, the new and previously published searches are introduced in Section 3, their statistical
combination, including the correlation treatment of systematic uncertainties is discussed in Section 4.
Results in terms of exclusion limits are presented in Section 5. Finally, additional details of the extended
0-lepton channel are discussed in Appendix A.

2 Data and simulated event samples

The dataset used in the analyses described in this paper consists of 𝑝𝑝 collisions data recorded by the
ATLAS detector [30] at a centre-of-mass energy of

√
𝑠 = 13 TeV with stable beam conditions. The ATLAS

detector is a multi-purpose particle detector with a forward-backward symmetric cylindrical geometry
and nearly full coverage in solid angle1 It consists of an inner tracking detector surrounded by a thin
superconducting solenoid providing a 2 T axial magnetic field, electromagnetic and hadron calorimeters,
and a muon spectrometer. An extensive software suite [53] is used in the reconstruction and analysis
of real and simulated data, in detector operations, and in the trigger and data acquisition systems of the
experiment. All collision events considered in this paper are required to have at least one reconstructed
interaction vertex with a minimum of two associated tracks each having 𝑝T > 500 MeV. In events with
multiple vertices, the one with the highest sum of squared transverse momenta of associated tracks is
chosen as the primary vertex [54]. Electrons [55], muons [56], 𝜏 [57] leptons and jets are reconstructed
by combining the signals from the different components of the ATLAS detector. Small-radius jets are

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the 𝑧-axis along the beam pipe. The 𝑥-axis points from the IP to the centre of the LHC ring, and the 𝑦-axis points
upward. Cylindrical coordinates (𝑟, 𝜙) are used in the transverse plane, 𝜙 being the azimuthal angle around the 𝑧-axis. The
pseudorapidity is defined in terms of the polar angle 𝜃 as 𝜂 = − ln tan(𝜃/2). The angular distance between two objects in 𝜂 − 𝜙
space is defined by Δ𝑅 ≡

√︃
(Δ𝜂)2 + (Δ𝜙)2.

3



reconstructed from energy deposits in the calorimeters using the anti-𝑘𝑡 jet algorithm [58, 59] and using a
radius parameter of 𝑅 = 0.4. Reclustered large-radius jets are reconstructed with the same algorithm using
small-radius jets as inputs with a radius parameter of 𝑅 = 1.2, unless otherwise specified. Multivariate
algorithms are used to identify small-𝑅 jets with transverse momentum, 𝑝T greater than 20 GeV containing
𝑏-hadrons (𝑏-jets) [60, 61]. This is referred to as 𝑏-tagging. The missing transverse momentum 𝒑missT
(with magnitude 𝐸missT ) is calculated from the negative vector sum of transverse momenta of electrons,
muons and jet candidates and an additional soft term [62] which includes activity in the tracking system
originating from the primary vertex but not associated with any reconstructed object.

Depending on the analysis channel, events are selected by lepton triggers [63, 64], 𝐸missT triggers [65] or
𝑏-jet triggers [31]. The uncertainty in the combined integrated luminosity is 1.7% [66], obtained using
the LUCID-2 detector [67] for the primary luminosity measurements. Events accepted by lepton and
𝐸
miss
T triggers are required to meet the standard ATLAS data quality assessment criteria [68] to confirm
the normal functionality of all standard sub-detector systems. This leads to the integrated luminosity of
3.2 fb−1, 33.0 fb−1, 44.3 fb−1 and 58.5 fb−1 in 2015, 2016, 2017 and 2018 data-taking, respectively, with a
total luminosity of 139.0 fb−1. Events accepted by 𝑏-jet triggers are required to meet additional criteria
ensuring that the online beamspot position measurement is valid, which leads to the exclusion of the 2015
data and to the reduced integrated luminosity of 24.6 fb−1, 43.7 fb−1 and 57.7 fb−1 in 2016, 2017 and 2018
data-taking, respectively, with a total luminosity of 126.0 fb−1. The 𝑏-jet trigger chains considered in
this paper require at least four jets, among which two jets 𝑏-tagged by the online version of the 𝑏-tagging
boosted decision tree algorithm [61].

Dedicated Monte Carlo (MC) simulated samples are used to aid in the estimation of the background from
SM processes and to model the dark matter signal. All simulated events are processed through an ATLAS
detector simulation [69, 70]. The simulated events are reconstructed with the same algorithms as those
used for data. They contain a realistic modelling of additional 𝑝𝑝 collisions in the same and nearby bunch
crossings (pile-up), obtained by overlaying minimum-bias events simulated using the soft QCD processes
of Pythia 8.186 [71, 72] with the NNPDF2.3 Leading Order (LO) set of parton distribution functions
(PDFs) [73] and the A3 [74] set of tuned parameters.

Standard Model processes involving one or two top quarks in the final states are modelled using
PowhegBox v2 [75–78] and normalised using Next-to-Next-to-Leading order (NNLO) plus Next-to-
Next-to-Leading-Log (NNLL) [79] QCD accuracies. Processes involving the production of one (two)
vector boson(s) are generated using Sherpa 2.2.1 [80–84] (2.2.2) and normalised at NNLO [85] (NLO)
QCD cross section accuracy. Finally, 𝑡𝑡 + 𝑉 (𝑉 = 𝑊, 𝑍, ℎ), 𝑡𝑍 and 𝑡𝑊𝑍 processes are generated using
MadGraph5_aMC@NLO [86] v2.3.3 and normalised at NLO QCD cross section accuracy [86, 87].

Signal samples for dark matter associated production with two top quarks (DM+𝑡𝑡) are generated using a
LO matrix element, with up to one extra parton using the MadGraph5_aMC@NLO [86] v2.6.7 generator
interfaced to Pythia 8.244 and using the CKKW-L merging algorithm [88].

PDFs are provided by the five-flavour scheme NNPDF3.0 NLO [89] PDF set. The top quark decay is
simulated using MadSpin [90]. Signal cross sections for this process are calculated to NLO QCD accuracy
using the same version of MadGraph, as suggested in Ref. [91]. The typical scaling from LO to NLO
of these calculations range between 1.25 and 1.35, depending on the mediator mass and whether it is a
scalar or a pseudoscalar boson. Signal samples for dark matter associated production with a single top
quark are generated using the same settings as the DM+𝑡𝑡 samples. For these signal models the 𝑡𝑊 and the
𝑡 𝑗 processes are generated separately. Each one is normalised to the LO cross section predicted by the
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model and then the samples are combined (added together). No extra partons from the matrix element are
generated in this case.

Signal samples modelling the 125 GeV Higgs invisible decays are generated using PowhegBox v2 [75–77,
92] generator at NLO with the NNPDF3.0NLO [89] PDF set. The Higgs boson decays via 𝑍𝑍∗ to neutrinos,
and the signal samples are normalised using the total 𝑡𝑡𝐻 cross section at NLO QCD and electroweak
accuracy recommended by the LHCHiggs cross section working group [87]. Only the associated production
of the Higgs boson with two top quarks is considered in the simulated samples. Rarer processes such as 𝑡𝐻
and 𝑡𝑊𝐻 are neglected.

For the SM background samples, except those generated using Sherpa, the EvtGen v1.2.0 [93] program is
used to simulate the properties of the 𝑏- and 𝑐-hadron decays and Pythia 8.186 with the A14 tune [94] is
used for the parton showering hadronisation model and underlying event. For the Sherpa generator, the
default Sherpa [80–84] configuration recommended by the Sherpa authors is used. The modeling of the
response of the various ATLAS subdetectors is performed using Geant4 [70] for all the background MC
samples, while all signal MC samples are simulated using a faster simulation based on a parameterisation
of the calorimeter response and Geant4 for the other detector systems [69].

3 Experimental signatures and analysis strategy

All analyses require the presence of at least one 𝑏-tagged jet and 𝐸missT in the event. To further suppress
events where the 𝐸missT is originating from mismeasurements, the ratio of the 𝐸missT over its resolution is
used to construct the missing momentum significance [95], S, of the event.

The tt0L analysis targets decay chains with no leptons in the final state. This analysis is composed of a set
of regions defined in order to obtain maximal significance for target-signal events (referred to as signal
regions, SR) previously published in Ref. [27], dubbed tt0L-high, and uses the 𝐸missT triggers to select
events with large missing transverse momentum and at least one highly energetic, hadronically decaying
top quark candidate. An additional set of SRs, dubbed tt0L-low, is presented in this paper for the first time
and extends the previously published results by relying on a combination of 𝐸missT and 𝑏-tagged jet triggers
to retain events with objects with lower momentum that fail one of the tt0L-high analysis criteria.

The two other analyses considered in this paper target instead leptonic final states. The tt1L analysis [28]
selects events with exactly one lepton (𝑒 or 𝜇) and it is based on the 𝐸missT triggers. The tt2L analysis [29]
targets events with exactly two opposite-charge leptons (𝑒 or 𝜇) in the final states selected with dileptonic
triggers.

Common event-quality criteria and object reconstruction and identification definitions for leptons, jets,
𝑏-tagged jets and 𝐸missT are applied in all analyses considered in the combination. The lepton multiplicity
requirements guarantee that the 0-lepton, 1-lepton and 2-lepton channels are by construction non-overlapping
due to the lepton multiplicity requirements. The specific reconstruction algorithms, working points and
efficiencies can be found in Refs. [27–29] and in Appendix A. For all analyses in this paper, background-
enriched selections (control regions, CR) are defined to aid in the estimation of the dominant SM
backgrounds and validation regions (VR) are used to support the robustness of this estimate. A dedicated
background estimation strategy has been developed for each channel [27–29], using independent control
regions for all dominant SM processes.
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Observed and expected number of events in the signal and control regions are used as Poisson probability
functions to build a likelihood function and combined into a profile likelihood fit. A profile likelihood ratio
statistics is employed to exclude at 95% CL the signal-plus-background hypothesis using the 𝐶𝐿𝑠 method
for the considered signal models [96–99].

3.1 Description of analysis channels

The tt0L analysis The experimental signature targeted in this channel consists of at least four jets,
two of which being 𝑏-tagged, and large missing transverse momentum (𝐸missT > 160 GeV). Events with
electrons, muons or 𝜏 leptons are rejected. The tt0L-high selection consists of events with high missing
transverse momentum (𝐸missT trigger, 𝐸missT > 250 GeV,S > 14) where at least one of the jets reconstructed
with large-radius has a mass consistent with having been produced from a hadronic top quark decay.
This selection corresponds to signal region selections SRA and SRB in Ref. [27], which were originally
optimised to be sensitive to high mass supersymmetric top squarks and are divided into three categories
(TT, TW and T0), depending on whether the subleading large-radius jet has an invariant mass consistent
with a top quark, a𝑊 boson or neither. Given the signature and kinematic similarity between the signal
considered in this paper and top squark pairs decaying into a top and a neutralino, these regions can be also
used to constrain DM+𝑡𝑡 models. SRA and SRB are orthogonal thanks to a requirement on the 𝜒2-based
stransverse mass variable, 𝑚T2,𝜒2 , and statistically combined. This stransverse mass [100, 101] variable
aims to reconstruct the mass of two heavy particles produced in an event and decaying symmetrically into
an invisible particle and a top quark, as expected in supersymmetric top quark topologies. It relies on a
𝜒
2-based method to identify the hadronically decaying top quark candidates. The background estimation
of SRA and SRB is aided by means of dedicated control regions for all dominant SM processes: 𝑡𝑡𝑍 ,
𝑍+jets, 𝑡𝑡, single top quark in the 𝑡𝑊 channel, and𝑊+jets. Event yields with updated jet calibrations [102]
were recalculated with respect to [27] and are presented in Figure 2(a). The yield change due to the
new calibration is between 6% and 15% and is reflected on the signal predictions as well. This is due to
the fact that the new calibration decreases the contribution of events with artificially increased missing
transverse momentum due to mismeasured jets in the analysis by reducing the tails of the missing transverse
momentum significance distribution. This translates to a slightly improved signal-over-background ratio in
the tt0L-high SRs.

The tt0L-low selection is newly added in this paper with the aim to improve the sensitivity of the 0-lepton
channel for dark matter models by selecting final states with lower missing transverse momentum and/or
lower momentum objects. To this aim, events are therefore selected by a combination of 𝐸missT triggers
and 𝑏-jet triggers. Events selected with 𝐸missT triggers must fulfil 𝐸missT > 250 GeV to ensure the triggers
are fully efficient. In addition, they are required to have either S < 14 or no large-radius jets consistent
with highly energetic top quark candidates to ensure orthogonality with the tt0L-high selections. Events
selected with 𝑏-jet triggers must fulfil the requirement on missing transverse momentum to be between
160 and 250 GeV. The lower bound suppresses the multi-jets background contamination, while the upper
bound ensures orthogonality with tt0L-high. The online 𝑏-tagged jet candidates must match the offline
𝑏-tagged jet candidates within a cone of Δ𝑅 = 0.2.

The tt0L-low selection is designed to maximise the sensitivity to DM+𝑡𝑡 signals with low mediator masses
(𝑚(𝜙), 𝑚(𝑎) < 100 GeV). Three signal regions are defined, SR0X, SRWX and SRTX, according to the
mass of the large-radius jet with highest mass, which is used to infer the 𝑝T of the most energetic top
quark in the event. SR0X requires the presence of no large-radius jets (0), while in SRWX and SRTX
the mass of the highest mass large-radius jet has to be respectively lower and higher than 130 GeV, i.e.
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in the neighbourhood of the 𝑊 boson (W) or the top quark (T) mass. A smaller radius parameter of
𝑅 = 1.0 in the jet reconstruction procedure with respect to the tt0L-high channel, associated to newly
introduced lower selections on the large-radius jet transverse momentum (𝑝T > 200 GeV) and invariant
mass (𝑚large-radius jet > 40 GeV), are found to increase the separation between signal and background in the
phase space considered in the tt0L-low channel2. Less energetic final states are targeted in the tt0L-low
analysis compared to the tt0L-high analysis, such that the decay products of the top quarks are expected to
be less collimated. Hence no subleading large-radius jet is required (X).

The full list of requirements for the three tt0L-low signal regions is reported in Table 1. Angular separation
variables are used to reduce the contamination from multi-jet events (Δ𝜙min( 𝒑T,1-4, 𝒑

miss
T )), to reduce the

contamination from 𝑏-jets from gluon splitting as present in 𝑍+jets events (Δ𝑅
(
𝑏1, 𝑏2

)
), and to enhance

the fraction of events with hadronic top quarks such as in the signal (Δ𝑅min(large-radius jet, 𝑏-tagged jets)).
The SM background originating from the top quark is reduced using the coshmax variable (Appendix A).
This variable aims to identify events where a leptonically decaying𝑊 boson is the source of the entire 𝐸missT
in the event. It is defined as the maximal value of the hyperbolic cosine of the pseudorapidity difference
between the missed𝑊 boson and each of the two 𝑏-tagged jets selected in the event (𝑏1 and 𝑏2):

coshmax = max{cosh(𝜂𝑊 − 𝜂𝑏1), cosh(𝜂𝑊 − 𝜂𝑏2)}. (1)

The unknown value of the𝑊 boson pseudorapidity, 𝜂𝑊 , is estimated by solving the kinematic of the top
quark decay while assuming that, given the 𝐸missT requirement, 𝑚𝑊 � 𝑝

𝑊
T · cosh 𝜂𝑊 . Events with high

coshmax values are likely to contain a top quark decaying leptonically and excluded from the signal regions.
In addition, a 𝜒2-based variable, 𝜒2𝑡𝑡 , had, is used to identify events with a hadronically decaying top quark
pair as present in the signal (Appendix A). The 𝜒2𝑡𝑡 , had variable is constructed using up to six jets in the
event and using the 𝑏-tagging classification when appropriate to reconstruct the two𝑊 bosons and the two
top quarks in the event. Invariant mass constraints terms for all these particles are used to build the 𝜒2. The
event distributions for the coshmax and the 𝜒

2
𝑡𝑡 , had variables after applying all SR0X selection requirements

except those on the quantity presented in each distribution are shown in Figure 3. Furthermore, the
transverse momentum of the 𝑡𝑡 system (𝑝𝑡𝑡T ) constructed with the 𝜒

2
𝑡𝑡 , had method is compared to the 𝐸

miss
T .

In signal events these two quantities are expected to have similar values, hence, events with 𝑝𝑡𝑡T /𝐸
miss
T

values outside a window centred to unity are excluded to reject further background events.

The main contribution to the SM background in the signal regions originates from single top quark events
in the 𝑡𝑊 channel and 𝑡𝑡 events, with a lepton missed by the reconstruction algorithms, and 𝑍 → 𝜈𝜈 events
(𝑍+jets, 𝑡𝑡 +𝑍). Contrary to the tt0L-high SRs, 𝑡𝑡 is the dominant contribution in the tt0L-low selections,
due to the lower 𝐸missT requirements. Dedicated control regions are used to aid the background estimation
of the signal regions for all dominant processes and follow a similar approach to the tt0L-high analysis
for single top quark in the 𝑡𝑊 channel, 𝑍+jets and 𝑡𝑡 +𝑍 . No 𝑊+jets control regions are defined since
it represents less than 5% of the total background across all three tt0L-low signal regions. Due to the
importance of the 𝑡𝑡 background in the tt0L-low selections, 𝑡𝑡 events with extra 𝑏-hadrons (𝑡𝑡 +𝑏) are
treated separately from 𝑡𝑡 events without extra jets or events with extra light flavour jets (referred to as
other) in the tt0L-low analysis, and distinct control regions for each of the two components are defined.
This is justified by the fact that 𝑡𝑡+𝑏 events are more likely to pass the signal region selections than 𝑡𝑡
(other) events due to the presence of extra 𝑏-jets which makes it more difficult to isolate and reconstruct
the 𝑡𝑡 system. In practice, this results in a significant shape difference in the coshmax variable between 𝑡𝑡

2 To ensure orthogonality between the two analyses, the selection on large-radius jets based on the definition used in the tt0L-high
analysis (𝑅 = 1.2) is used for vetoing the events.
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Figure 2: (a) Final signal region yields for the tt0L-high and the tt0L-low analyses. The bottom panel shows the
statistical significance [103] of the difference between the SM prediction and the observed data in each region. The
definition of SRAT0, SRATW, SRATT, SRBT0, SRBTW and SRBTT can be found in Ref. [27]. Representative
post-fit distributions are presented for (b) the tt1L and (c) the tt2L analyses: each bin of such distributions, starting
from the red arrow in (c), corresponds to a single SR included in the fit. In the tt0L-low analysis, ‘𝑡𝑡 (other)’ represents
𝑡𝑡 events without extra jets or events with extra light flavour jets. In the tt2L analysis, ‘FNP’ includes contribution
from fake/non-prompt lepton background arising from jets (mainly 𝜋/𝐾, heavy flavour hadron decays and photon
conversion) misidentified as leptons, estimated in a pure data-driven way. ‘Other’ includes contributions from 𝑡𝑡 +𝑊 ,
𝑡𝑍 and 𝑡𝑊𝑍 processes, and additionally 𝑡𝑡 (semi-leptonic) for the tt1L analysis. The total uncertainty on the SM
expectation is represented with hashed bands and the expected distributions for selected signal models are also shown
as dashed lines.
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Figure 3: (a) coshmax and (b) 𝜒
2
𝑡𝑡 , had distributions in SR0X passing all the SR requirements except those on the

variable being presented (which are indicated by the arrows). The contributions from all SM backgrounds are
shown after the profile likelihood simultaneous fit to all tt0L-low CRs, with the hashed bands representing the total
uncertainty. ‘𝑡𝑡 (other)’ represents 𝑡𝑡 events without extra jets or events with extra light flavour jets. ‘Other’ includes
contributions from 𝑡𝑡 +𝑊 , 𝑡𝑍 and 𝑡𝑊𝑍 processes. The expected distributions for selected signal models are also
shown as dashed lines. The underflow (overflow) events are covered in the first (last) bin. The bottom panels show
the ratio of the observed data to the total SM background prediction, with the hatched area representing the total
uncertainty in the background prediction.

Table 1: Selection criteria for the signal regions used in the tt0L-low analysis.

Variables SR0X SRWX SRTX

Nlepton = 0

Orthogonalisation 𝐸
miss
T < 250 GeV or S < 14 or 𝑚

𝑅=1.2
large-radius jet < 120 GeV

𝐸
miss
T [GeV] > 160

< 250, when passing 𝑏-jet triggers

S > 10

Δ𝜙min (𝒑T,1-4, 𝒑
miss
T ) > 1.0 > 0.5

Δ𝑅
(
𝑏1, 𝑏2

)
> 1.2

Nlarge-radius jet = 0 > 0

𝑚large-radius jet [GeV] — (40, 130) ≥ 130

Δ𝑅min(large-radius jet, 𝑏-tagged jets) — < 1.2

coshmax < 0.5 < 0.6 < 0.7

𝜒
2
𝑡𝑡, had < 4 < 6 < 8

𝑝
𝑡𝑡
T /𝐸

miss
T (0.7, 1.2) (0.5, 1.2)
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(other) and 𝑡𝑡 +𝑏 events. Moreover, a larger simulation mismodelling for the 𝑡𝑡 +𝑏 events with respect to 𝑡𝑡
(other) events is observed and can be corrected by splitting the two components.

The background estimates are validated in dedicated, non-overlapping, validation regions, which require no
lepton, while being orthogonal to the signal region selections. In such regions, the background prediction
agrees with the data within 1 𝜎. More details are given in Appendix A.

The expected number of events is estimated using a profile likelihood simultaneous fit to all tt0L-low CRs
and is presented in Table 2. The observed data is compatible within two sigma with the prediction.

The results presented in this paper show the final tt0L combination between the tt0L-low and the tt0L-high.
The details of this combination and the single-channel individual limits are discussed Appendix A.

Table 2: Expected and observed numbers of events in SR0X, SRWX and SRTX. The background yields and
uncertainties are shown after the profile likelihood simultaneous fit to all tt0L-low CRs. ‘𝑡𝑡 (other)’ represents 𝑡𝑡
events without extra jets or events with extra light flavour jets. ‘Other’ includes contributions from 𝑡𝑡 +𝑊 , 𝑡𝑍 and
𝑡𝑊𝑍 processes. The quoted background uncertainties include both the statistical and systematic contributions, while
the signal uncertainties are purely statistical.

Process SR0X SRWX SRTX

Observed data 60 74 36

Expected SM events 45 ± 8 59 ± 6 28 ± 5

𝑡𝑡 (other) 14 ± 4 15 ± 4 9.4 ± 3.5

𝑡𝑡 + 𝑏 10 ± 7 15.0 ± 3.1 7.2 ± 2.8

Single-top 3.8 ± 3.0 4.3 ± 2.6 1.9 ± 1.5

𝑍+jets 8.0 ± 1.6 12.1 ± 2.3 3.1 ± 0.8

𝑊 +jets 1.6 ± 1.1 2.7 ± 2.1 0.6 ± 0.6

𝑡𝑡 + 𝑍 5.9 ± 1.0 7.8 ± 1.3 5.3 ± 1.1

Diboson 0.28 ± 0.20 0.7 ± 0.4 0.30 ± 0.19

Other 0.55 ± 0.15 0.88 ± 0.24 0.70 ± 0.22

Pre-fit 𝑡𝑡 15 17 9.8

Pre-fit 𝑡𝑡 + 𝑏 7 11.5 5.6

Pre-fit Single-top 7.1 8.2 3.6

Pre-fit 𝑍+jets 6.1 9.2 2.3

Pre-fit 𝑡𝑡 + 𝑍 5.9 7.9 5.4

Benchmark signal models

DM 𝑚(𝜙, 𝜒) = (10, 1) GeV 27.4 ± 2.4 33.2 ± 2.2 27.5 ± 2.2

DM 𝑚(𝑎, 𝜒) = (50, 1) GeV 18.8 ± 1.3 22.6 ± 1.5 10.6 ± 1.0

𝐻 → inv (B =100%) 10.52 ± 0.34 17.1 ± 0.4 12.1 ± 0.4

The tt1L analysis This analysis requires exactly one lepton (𝑒 or 𝜇), at least four jets, two of which must
be 𝑏-tagged, and 𝐸missT > 230 GeV, and was specifically designed to target spin-0 DM models. The S is
required to be above 15 and, only for this analysis, it is defined only considering jets and leptons in the
events and their resolution, as described in Ref. [104]. A recursive reclustering jet algorithm with variable
radius [105] is used to identify at least one large-variable-radius jet loosely consistent with a top quark
(𝑚topreclustered > 150 GeV). The use of a variable-radius algorithm instead of a fixed one helps increasing the
acceptance of both highly boosted and less boosted events when no explicit categorisation is performed, as
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in this analysis. In addition, a requirement on the topness likelihood variable [106] selects events which are
not consistent with the dileptonic decay of the SM 𝑡𝑡 process. 𝐸missT triggers were used to select data that
then populates this SR. This region is further split into four disjoint regions according to the azimuthal
distance between the 𝐸missT and the lepton momentum, Δ𝜙( 𝒑missT , ℓ), which are presented in Figure 2(b).
An additional requirement of Δ𝜙( 𝒑missT , ℓ) > 1.1 is applied. The dominant backgrounds, 𝑡𝑡 and 𝑡𝑡𝑍 , are
estimated by means of dedicated CRs.

The tt2L analysis The last analysis considers events with two opposite-charge leptons (𝑒 or 𝜇), at
least one 𝑏-tagged jet and significant 𝐸missT (S > 12), exploiting events collected with dileptonic triggers.
Events are then split depending on whether the two leptons have the same or different flavour, and in
the same-flavour selection the additional requirement of |𝑚ℓℓ − 𝑚𝑍 | > 20 GeV is added to suppress the
𝑍+jets background. In this selection, the main discriminating variable is the leptonic stransverse mass
𝑚T2 [100, 101], which is used to bound the individual masses of a pair of particles that are each presumed
to have decayed into one visible and one invisible particle. This quantitiy is used to bound dileptonic top
pair decays. To maximise the search sensitivity, the 𝑚T2 spectrum is divided into six bins, starting from
110 GeV. The 𝑚T2 distribution for events selected with two leptons with the same flavour is presented
in Figure 2(c). In this search, the main backgrounds are 𝑡𝑡, 𝑡𝑡𝑍 , single top quark in the 𝑡𝑊 channel,
𝑍+jets, and diboson processes. Those backgrounds are estimated with MC simulations, constrained with
data in orthogonal CRs for the dominant contributions (𝑡𝑡 and 𝑡𝑡𝑍), while the background arising from
fake/non-prompt leptons (FNP) is estimated in a pure data-driven way.

3.2 Orthogonalisation

In order to combine the results of the different searches, those are requested to be statistically independent
and any possible overlap in term of kinematic regions have been investigated and removed. All analysis
channels are disjoint thanks to the requirement on the lepton multiplicity. The tt0L-high and tt0L-low
channels are kept orthogonal by the requirements on the large-radius jet as well as on the 𝐸missT and the S.
In addition, one of the 𝑍+jets CRs in the tt0L-high analysis, denoted as CRZAB-T0 in Ref. [27], is not
considered and a single control region, CRZAB-TTTW, is used to normalise the 𝑍+jets process in all SRs
of the tt0L-high analysis. This has a negligible impact on the tt0L-high analysis results and it is done to
ensure orthogonality between the 𝑍+jets CRs of the tt0L-high and tt0L-low analyses. To the same end, the
𝑍+jets CR of the tt0L-low analysis only selects events either with Nlarge-radius jet < 2 or with the subleading
large-radius jet mass < 60 GeV.

An overlap is present in the definition of the CRs for the constrain of the 𝑡𝑡𝑍 background. For this process,
the analyses adopted a similar strategy and constrained the 𝑡𝑡𝑍 (with 𝑍 → 𝜈𝜈) populating their SRs with
events with three leptons where the purity of 𝑡𝑡𝑍 (with 𝑍 → ℓℓ) is maximised. Such regions differ only
by minor selections adapted to the SR of each specific channel. In the combination, the 𝑡𝑡𝑍 estimation
is harmonised by using the most inclusive CR𝑡𝑡𝑍 from the tt2L analysis [29] as common CR across all
channels. The fitted normalisation parameter obtained in the combination is consistent with the one
published in Ref [28] within 1%.
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4 Statistical combination and uncertainties

The statistical combination of the analyses considered in this paper consists of maximising a profile
likelihood ratio [97] constructed from the product of the individual analyses likelihoods:

Λ(𝛼; 𝜃) =
𝐿

(
𝛼, ˆ̂𝜃 (𝛼)

)
𝐿

(
𝛼̂, 𝜃

) .

The 𝛼 and 𝜃 parameters represent respectively the parameter of interest and the nuisance parameters.
In the numerator, the nuisance parameters are set to their profiled values ˆ̂𝜃 (𝛼), which maximise the
likelihood function for fixed values of the parameter of interest 𝛼. In the denominator, both the parameter
of interest and the nuisance parameters are set to the values that jointly maximise the likelihood: 𝛼̂ and 𝜃,
respectively.

For the DM signal model interpretations, upper limits on the signal cross section are provided following the
𝐶𝐿𝑠 formalism using the profile likelihood ratio as a test statistic. The overall signal strength, defined as a
scale factor multiplying the cross section predicted by the signal hypothesis, is the parameter of interest and
it is bounded from below at zero. The final result is provided in terms of ratio between the lowest excluded
signal cross section and the predicted cross section for unitary couplings. For the 𝐻 → inv signal model
interpretation, the B𝐻→inv is consider as parameter of interest 𝛼, following the implementation described
in Ref. [107, 108].

As described in Section 3, for each channel the estimation of the dominant SM backgrounds is aided by
means of dedicated control regions that constrain free floating normalisation factors for each of these
backgrounds.

Systematic uncertainties are modelled in the likelihood function as nuisance parameters 𝜃 constrained by
Gaussian or log-normal probability density functions [109].

Three sources of systematic uncertainties are considered: detector-related (experimental) uncertainties,
uncertainties related to the modelling of SM background processes and uncertainties related to the modelling
of the signal processes. Regarding the experimental and SM modelling uncertainties, all details are given
in Refs. [27–29], respectively for the zero-, one- and two-lepton channels. The tt0L-low channel considers
the same uncertainties as the tt0L-high one and, in addition, uncertainties associated to the 𝑏-jet triggers
efficiency. The typical size of these uncertainties is a few percent. All analyses use common event-quality
criteria and object reconstruction and identification definitions. For this reason, all experimental systematic
uncertainties are treated as correlated across channels in the statistical combination. The dominant sources
of experimental systematic uncertainties in the combination are the uncertainties related to the jet energy
and resolution, followed either by flavour tagging uncertainties or uncertainties related to the missing
transverse momentum, depending on the analysis channel.

Uncertainties in the modelling of the SM background processes in MC simulation and their theoretical cross
section uncertainties are also taken into account. All modelling uncertainties are treated as uncorrelated
across different channels as they probe different corners of the available phase space.

Uncertainties related to the MC modelling of the DM signals include fragmentation and renormalisation
scales, and the uncertainties related to the modelling of the parton shower. The impact of these uncertainties
varies from 10% up to 25%. Uncertainties related to the 𝑡𝑡𝐻 with 𝐻 → inv signal modelling also include
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Figure 4: Summary of the total uncertainties on the background predictions of each SR of the tt0L-low, tt0L-high,
tt1L, tt2L analysis channels in the statistical combination. Their dominant contributions are also indicated by
individual lines. Individual uncertainties can be correlated, and do not necessarily add up in quadrature to the total
background uncertainty.

fragmentation and renormalisation scale uncertainties, parton shower uncertainties and PDF uncertainties.
Among these, scale uncertainties, which are evaluated with a particular focus on the impact on the simplified
template cross sections formalism [34], are the dominant contribution and range between 7% to 17%.
Signal modelling uncertainties are treated as fully correlated across analysis channels.

All sources of uncertainties on the SM backgrounds are visually summarised in Figure 4. In most of the SRs,
the dominant systematic uncertainties are the ones related to theory predictions and MC modelling, while
jet uncertainties are dominating between the experimental ones. No significant difference is observed in
either the composition or the value of the total uncertainty presented in the published individual analyses.

5 Exclusion limits

Exclusion limits at 95% CL are presented in Figure 5(a) and 5(b) for DM models with a spin-0 scalar
or pseudoscalar mediator particle, respectively. The three individual channels are also presented for
comparison. The tt0L limits are the result of the statistical combination of the tt0L-low and tt0L-high SRs.
The tt0L-low selection improves the expected scalar (pseudoscalar) mediator standalone cross section limit
of the tt0L-high by up to 15% (5%) and it is strongest for mediator masses values around 10 GeV. Details
of the comparison can be found in Appendix A.3.

The signal generation considered in these results includes both top quark pair final states (DM+𝑡𝑡) and single
top quark final states (DM+𝑡𝑊 and DM+𝑡 𝑗). The limits are expressed in terms of the ratio of the excluded
cross section to the nominal cross section for a coupling assumption of 𝑔 = 𝑔𝑞 = 𝑔𝜒 = 1. Under these
assumptions, scalar DM models are characterised by a higher cross section with respect to pseudoscalar
DM models at low mediator masses [20], while the two models have very similar cross sections beyond
the top decay threshold (𝑚(𝜙)/𝑚(𝑎) ∼ 2 · 𝑚𝑡 ). A DM particle mass of 1 GeV is considered, although
the results are valid as long as the mass of the mediator is larger than twice the mass of the DM. The
solid (dashed) lines show the observed (expected) exclusion limits for each individual analysis and their
statistical combination. For scalar (pseudoscalar) DM models, the combination extends the excluded mass
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range by 100 (30) GeV with respect to the best of the individual analyses, excluding mediator masses up to
370 GeV. In addition, the combination improves the expected cross section limit by 14% and 24%, for
low mass scalar and pseudoscalar DM mediators, respectively. This directly converts into more stringent
excluded couplings. When only the associated production of DM and two top quarks is considered in
the interpretation of the results, the excluded scalar (pseudoscalar) mediator mass range obtained from
the combination is reduced by 70 (20) GeV with respect to the sensitivity of the combination as reported
in Figures 5(a) and 5(b). As the associated production of DM and single top quark processes mostly
contributes for higher masses in the scalar mediator models [25], the impact of this process for masses
below 50 GeV is negligible. For the pseudoscalar mediator models, the ratio between the single top quark
channel and the 𝑡𝑡 channel cross sections is instead relatively constant [25]. When considering only the 𝑡𝑡
plus DM associated production, the cross section upper limit is worsened by about 18% throughout the
whole mass range.
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Figure 5: Exclusion limits for colour-neutral (a) scalar or (b) pseudoscalar mediator dark matter models as a function
of the mediator mass 𝑚(𝜙) or 𝑚(𝑎) for a DM mass 𝑚𝜒 = 1 GeV. Associated production of DM with both single
top quarks (𝑡𝑊 and 𝑡 𝑗 channels) and top quark pairs are considered. The limits are calculated at 95% CL and are
expressed in terms of the ratio of the excluded cross section to the nominal cross section for a coupling assumption of
𝑔 = 𝑔𝑞 = 𝑔𝜒 = 1. The solid (dashed) lines show the observed (expected) exclusion limits for each individual channel
and their statistical combination.

The negative logarithmic profile likelihood ratios −2Δln(Λ) (B𝐻→inv; 𝜃) as a function of B𝐻→inv of the
individual analyses and of their combination are shown in Figure 6. Expected results are obtained using the
Asimov dataset technique [97]. The best-fit values of B𝐻→inv for the individual analyses are compatible
within one standard deviation. Their statistical combination yields a best-fit value of 0.08+0.16−0.15, consistent
with the SM prediction of 0.12%. The combined observed 95% CL upper limit on B𝐻→inv is 0.40 while
the expected value is 0.30+0.13−0.09. The individual analysis results are presented in Table 3, while the details of
the tt0L combination are reported in Appendix A.3. The overall uncertainty is dominated by the limited
statistics of the data and, to a smaller extent, by systematic uncertainties associated with the modelling of
the SM processes and jet-related uncertainties. The Higgs boson invisible decays represent a specific case
of the DM simplified models considered in the previous section, where the mass of the scalar mediator
is assumed to be 125 GeV. The two results are consistent with each other, when taking into account the
different accuracy used for the generation of the 𝐻 → inv model.
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Figure 6: (a) The expected negative logarithmic profile likelihood ratios −2Δln(Λ) as a function of B𝐻→inv for the
each of the three channels and their statistical combination. (b) Shown are the same distributions for the observed
curves.

Table 3: Summary of results from direct searches for invisible decays of the 125 GeV Higgs boson in the 𝑡𝑡𝐻
topology using 139 fb−1 of Run 2 data, and their statistical combination. Shown are the best-fit values of B𝐻→inv,
computed considering the parameter of interest not bounded at zero, for consistency with previous results [109].
Observed and expected upper limits on B𝐻→inv at the 95% CL are computed with the 𝐶𝐿𝑠 method and are a new
result with respect to the individual analysis papers quoted in the last table column. The corresponding Asimov
datasets for the expected results are constructed using nuisance parameter values from a fit to data with B𝐻→inv = 0,
and the quoted uncertainty corresponds to the 68% confidence interval.

Analysis Best fit Observed Expected ReferenceB𝐻→inv upper limit upper limit

tt0L 0.48+0.27−0.27 0.95 0.52+0.23−0.16 [27], this document

tt1L −0.04+0.35−0.29 0.74 0.80+0.40−0.26 [28], this document

tt2L −0.09+0.22−0.20 0.39 0.42+0.18−0.12 [29], this document

𝑡𝑡𝐻 comb. 0.08+0.16−0.15 0.40 0.30+0.13−0.09 This document

6 Conclusion

In summary, a statistical combination of three analyses using 139 fb−1 of 𝑝𝑝 collisions delivered by the
LHC at a centre-of-mass energy of 13 TeV and collected by the ATLAS detector has been presented. The
three analyses all select events with two top quarks and invisible particles and consider all possible light
lepton multiplicities arising from the decays of the two top quarks.

The statistical combination is used to set 95% confidence level constraints to spin-0 simplified dark matter
models. All production modes with top quarks in the final state (DM+𝑡𝑡, DM+𝑡) are considered. For scalar
(pseudoscalar) dark matter models, the combination extends the excluded mass range by 100 (30) GeV
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with respect to the best of the individual channels, excluding mediator masses up to 370 GeV for unitary
couplings assumptions. In addition, the combination improves the observed coupling exclusion limit by
24%, assuming a pseudoscalar mediator of 10 GeV.

The specific case where the mediator corresponds to the SM 125 GeV Higgs boson is also considered to
interpret the results presented in this paper. An upper limit on the Higgs boson invisible branching ratio of
0.40 (0.30+0.13−0.09) is observed (expected) at 95% confidence level.
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Appendix

A The tt0L-low analysis

The tt0L-low analysis aims to enhance the sensitivity to DM+𝑡𝑡 signals with low mediator masses
(𝑚(𝜙), 𝑚(𝑎) < 100 GeV). Two main discriminating variables, coshmax and 𝜒

2
𝑡𝑡 , had, are defined to reduce

the most dominant top quark backgrounds. Angular separations between 𝑏-tagged jets, 𝐸missT or large-
radius jets are used to further reduce the contamination from the Standard Model processes. To ensure
orthogonality with the tt0L-high selections, additional orthogonalisation requirements are also applied, as
detailed in Section 3.1.

A.1 Discriminating variables

The full event selections performed in the signal regions can be found in Table 1. The discriminating
variables are described in more detail below.

coshmax

The coshmax variable is designed to discriminate signal events against single-top events in the 𝑡𝑊 channel
and 𝑡𝑡 events with a lepton missed by the reconstruction algorithms (top with lost lepton), which are
among the main backgrounds in the analysis. Such events may enter the signal regions due to high 𝐸missT
originating from the 𝑡 → 𝑏𝑊 → 𝑏𝑙𝜈 decay, and the lost lepton.

The reconstruction of events containing a top quark with a lost lepton is attempted under the assumption
that 𝐸missT is equal to the 𝑝T of the leptonically decaying𝑊 boson with lost lepton, 𝐸

miss
T ∼ 𝑝

𝑊
T .

The top with lost lepton can then be reconstructed by combining the missing transverse momentum with the
correct 𝑏-tagged jet (𝑡 → 𝑏𝑊). In practice, a four-vector with 𝑝T and 𝜙 corresponding to the 𝒑

miss
T vector

and its mass equal to the𝑊 boson mass is built, while its pseudo-rapidity 𝜂𝑊 (or equivalently 𝑝
𝑊
𝑧 ) remains

unknown. Choosing the 𝑥-axis to be in the direction of 𝑝𝑊T and adopting (𝐸, 𝑝𝑥 , 𝑝𝑦 , 𝑝𝑧) coordinates:

𝒑𝑊 =

(√︃
(𝑝𝑊T )2 + (𝑝𝑊𝑧 )2 + 𝑚2𝑊 , 𝑝

𝑊
T , 0, 𝑝

𝑊
𝑧

)
, (2)

𝒑𝑏 =

(√︃
(𝑝𝑏T)

2 + (𝑝𝑏𝑧 )
2 + 𝑚2𝑏, 𝑝

𝑏
T · cos(𝜙𝑊 − 𝜙𝑏), 𝑝

𝑏
T · sin(𝜙𝑊 − 𝜙𝑏), 𝑝

𝑏
𝑧

)
, (3)

𝑚
2
𝑡 = ( 𝒑𝑊 + 𝒑𝑏)

2
, (4)

where the 𝑏 superscript and subscript refer to one of the selected 𝑏-tagged jet. Replacing Equations (2) and
(3) in (4), and assuming the massless limit for the 𝑏-tagged jet, the equivalence below is formed:

17



√√√
1 +

(
𝑚𝑊

𝑝
𝑊
T · cosh 𝜂𝑊

)2
· cosh 𝜂𝑊 · cosh 𝜂𝑏 − sinh 𝜂𝑊 · sinh 𝜂𝑏 =

𝑚
2
𝑡 − 𝑚

2
𝑊

2𝑝𝑊T 𝑝
𝑏
T

+ cos(𝜙𝑊 − 𝜙𝑏), (5)

where 𝜂𝑊 is unknown. Given that 𝐸
miss
T ∼ 𝑝

𝑊
T > 160 GeV in the signal regions and cosh 𝜂𝑊 ≥ 1, one can

assume 𝑚𝑊 ∼ 80 GeV � 𝑝
𝑊
T · cosh 𝜂𝑊 , such that:

√√√
1 +

(
𝑚𝑊

𝑝
𝑊
T · cosh 𝜂𝑊

)2
∼ 1. (6)

Equation (5) can be thus simplified:

cosh(𝜂𝑊 − 𝜂𝑏) ∼
𝑚
2
𝑡 − 𝑚

2
𝑊

2𝑝𝑊T 𝑝
𝑏
T

+ cos(𝜙𝑊 − 𝜙𝑏) (7)

∼
𝑚
2
𝑡 − 𝑚

2
𝑊

2𝐸missT 𝑝
𝑏
T
+ cos(𝜙

𝐸
miss
T

− 𝜙𝑏).

By definition, cosh(𝑥) ≥ 1 so that one expects the right part of Equation (7) to be larger than 1 in case of a
successful leptonic top reconstruction. Therefore, the discriminating observable coshmax is finally defined
as:

coshmax = max{cosh(𝜂𝑊 − 𝜂𝑏1), cosh(𝜂𝑊 − 𝜂𝑏2)}, (8)

where 𝑏1 and 𝑏2 represent the leading two 𝑏-tagged jets selected in the event. Events with high coshmax
values are likely to contain a top quark with lost lepton and excluded from the signal regions.

Figure 7 illustrates the modelling of the shape of coshmax in SRWX and SRTX. The coshmax distribution in
SR0X is shown in Figure 3.

𝝌2
𝒕𝒕 , had

The 𝜒2𝑡𝑡 , had observable attempts to quantify how likely an event is to include two hadronically decaying top
quarks. It is therefore used primarily to reject backgrounds containing no hadronic top quarks, such as
𝑍+jets events. It is defined as follows:
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Figure 7: coshmax distributions in (a) SRWX and (b) SRTX passing all the SR requirements except those on coshmax
itself (which are indicated by the arrows). The contributions from all SM backgrounds are shown after the profile
likelihood simultaneous fit to all tt0L-low CRs, with the hashed bands representing the total uncertainty. ‘𝑡𝑡 (other)’
represents 𝑡𝑡 events without extra jets or events with extra light flavour jets. ‘Other’ includes contributions from
𝑡𝑡 +𝑊 , 𝑡𝑍 and 𝑡𝑊𝑍 processes. The expected distributions for selected signal models are also shown as dashed lines.
The underflow (overflow) events are covered in the first (last) bin. The bottom panels show the ratio of the observed
data to the total SM background prediction, with the hatched area representing the total uncertainty in the background
prediction and the red arrows marking data outside the vertical-axis range.

𝜒
2
𝑡𝑡 , had =

(
𝑚𝑊1

− 𝑚𝑊ref

𝜎𝑚𝑊

)2
(9)

+
(
(𝑚𝑡1

− 𝑚𝑊1
) − (𝑚𝑡ref

− 𝑚𝑊ref
)

𝜎𝑚𝑡−𝑚𝑊

)2
+

(
(𝑚𝑡2

− 𝑚𝑊2
) − (𝑚𝑡ref

− 𝑚𝑊ref
)

𝜎𝑚𝑡−𝑚𝑊

)2
.

Up to seven jets, including the two selected 𝑏-tagged jets, are considered in the calculation. The first𝑊
boson candidate,𝑊1, is built from two non 𝑏-tagged jets, while the first top quark candidate, 𝑡1, combines
𝑊1 and one of the 𝑏-tagged jets, 𝑏1, such that 𝑡1 → 𝑊1𝑏1. According to Monte Carlo simulations, the
second𝑊 boson candidate, 𝑊2, is in more than 50% of the cases too soft to lead to two individual jets
passing reconstruction criteria. Hence it is built from a single non 𝑏-tagged jet to which the mass of
𝑊 boson is attributed. As a result, the second top quark candidate, 𝑡2 → 𝑊2𝑏2, contains only one non
𝑏-tagged and the remaining 𝑏-tagged jet 𝑏2.

The first term in Equation (9) corresponds to the invariant mass constraint from𝑊1. The values 𝑚𝑊ref
and

𝜎𝑚𝑊
are respectively the mean and the standard deviation of the experimental invariant mass distribution

expected for hadronically decaying 𝑊 bosons. The second and third terms correspond to the invariant
mass constraints from 𝑡1 and 𝑡2. As 𝑚𝑊1

and 𝑚𝑡1
(𝑚𝑊2

and 𝑚𝑡2
) are strongly correlated, the𝑊 boson is

subtracted from the top mass to decouple these two terms from the first one. The values 𝑚𝑡ref
and 𝜎𝑚𝑡−𝑚𝑊
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are respectively the mean of the experimental invariant top mass distribution, and the standard deviation of
the 𝑚𝑡 − 𝑚𝑊 distribution expected for reconstructed hadronic top quarks. The values of 𝑚𝑊ref

, 𝜎𝑚𝑊
, 𝑚𝑡ref

and 𝜎𝑚𝑡−𝑚𝑊
are taken from [110]:

• 𝑚𝑊ref
= 80.51 GeV, 𝜎𝑚𝑊

= 12.07 GeV,

• 𝑚𝑡ref
− 𝑚𝑊ref

= 85.17 GeV, 𝜎𝑚𝑡−𝑚𝑊
= 16.05 GeV.

The 𝜒2 is recomputed for each possible jet combinations and the final 𝜒2𝑡𝑡 , had corresponds to the minimum
value obtained. Events with high 𝜒2𝑡𝑡 , had values are less likely to contain two hadronic tops and therefore
excluded from the signal regions.

Figure 8 illustrates the modelling of the shape of 𝜒2𝑡𝑡 , had in SRWX and SRTX. The 𝜒
2
𝑡𝑡 , had distribution in

SR0X is shown in Figure 3.
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Figure 8: 𝜒2𝑡𝑡 , had distributions in (a) SRWX and (b) SRTX passing all the SR requirements except those on 𝜒
2
𝑡𝑡 , had

itself (which are indicated by the arrows). The contributions from all SM backgrounds are shown after the profile
likelihood simultaneous fit to all tt0L-low CRs, with the hashed bands representing the total uncertainty. ‘𝑡𝑡 (other)’
represents 𝑡𝑡 events without extra jets or events with extra light flavour jets. ‘Other’ includes contributions from
𝑡𝑡 +𝑊 , 𝑡𝑍 and 𝑡𝑊𝑍 processes. The expected distributions for selected signal models are also shown as dashed lines.
The underflow (overflow) events are covered in the first (last) bin. The bottom panels show the ratio of the observed
data to the total SM background prediction, with the hatched area representing the total uncertainty in the background
prediction and the red arrows marking data outside the vertical-axis range.

A.2 Background estimation

The event topologies in the signal and the control regions are kept as similar as possible to reduce any bias
originating from differences in the kinematic phase space. For this purpose, control regions with lepton(s)
in the final state are divided according to the mass of the large-radius jet with highest mass, as it is done
for the signal regions, while all 𝐸missT related variables are recalculated by treating the selected leptons as
invisible, denoted by the subscript ‘no lepton’ in the variable names.

One of the most prominent sources of backgrounds in the signals regions is the semi-leptonic 𝑡𝑡 decay where
the lepton is misreconstructed or out of detector acceptance, while the contribution from the dileptonic
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𝑡𝑡 decay is negligible. Control regions selecting events with exactly one lepton (𝑒 or 𝜇) are defined to
estimate the background originating from a top quark decay with a lost lepton, which includes single-top
events in the 𝑡𝑊 channel, 𝑡𝑡 +𝑏 and 𝑡𝑡 (other) events.

A 𝜒2 based observable [111], 𝜒2𝑡𝑡 , lep, taking into account the kinematic properties of 𝐸
miss
T , lepton, jets and

the 𝑏-tagging information, is used to reconstruct semi-leptonic 𝑡𝑡 events and separate them from 𝑡𝑊 and 𝑡𝑡
+𝑏 events. It follows a similar approach than the 𝜒2𝑡𝑡 , had variables by putting constraints on the masses of
the hadronically decaying𝑊 boson, the hadronically decaying top quark and the leptonically decaying
top quark. The presence of extra 𝑏-tagged jets is used to select 𝑡𝑡 + 𝑏 over single-top processes. Tighter
coshmax, no lepton selections are required in the single-top control regions to reduce the contamination from
semi-leptonic 𝑡𝑡 events failing the 𝜒2𝑡𝑡 , lep reconstruction and reach a high purity in 𝑡𝑊 events. Table 4
presents the full event selections applied to define the top with lost lepton control regions.

Table 4: Selection criteria for the top with lost lepton control regions used in the tt0L-low analysis.

shared selections

Variables CR0X CRWX CRTX

Nlepton = 1

𝐸
miss
T, no lepton [GeV] > 160

𝐸
miss
T [GeV] < 250, when passing 𝑏-jet triggers

Sno lepton > 10

Δ𝜙min (𝒑T,1-4, 𝒑
miss
T,no lepton) > 1.0 > 0.5

Δ𝑅
(
𝑏1, 𝑏2

)
> 1.2

Nlarge-radius jet = 0 > 0

𝑚large-radius jet [GeV] — (40, 130) ≥ 130

Δ𝑅min(large-radius jet, 𝑏-tagged jets) — < 1.2

coshmax, no lepton < 0.9 < 0.95 < 1.0

𝜒
2
𝑡𝑡, had < 10 < 20 < 40

𝑝
𝑡𝑡
T /𝐸

miss
T, no lepton (0.7, 1.2) (0.5, 1.2)

𝑡𝑡 (other) enriched selections
Variables CR0X𝑡𝑡 CRWX𝑡𝑡 CRTX𝑡𝑡

𝜒
2
𝑡𝑡, lep < 6

𝑡𝑡 + 𝑏 enriched selections

Variables CR0X𝑡𝑡+𝑏 CRWX𝑡𝑡+𝑏 CRTX𝑡𝑡+𝑏

𝜒
2
𝑡𝑡, lep ≥ 6

Nextra 𝑏-tagged jet ≥ 1

single-top enriched selections

Variables CR0Xsingle-top CRWXsingle-top CRTXsingle-top
𝜒
2
𝑡𝑡, lep ≥ 30

Nextra 𝑏-tagged jet = 0

coshmax, no lepton < 0.5 < 0.6 < 0.7

Another major background component in the signal regions contains 𝑍 → 𝜈𝜈 produced in association to
jets. Control regions selecting events with two leptons with opposite charge and same flavour (𝑒𝑒 or 𝜇𝜇)
are defined to estimate the 𝑍 (𝜈𝜈)+jets background. The invariant mass and transverse momentum of the
dilepton system, 𝑚𝑙𝑙 and 𝑝

𝑙𝑙
T respectively, and the missing transverse momentum significance S serve as

the major discriminants to suppress the contamination from dileptonic 𝑡𝑡 events. Several selections applied
in the signal regions are not considered to ensure sufficient statistics in the CRs. Table 5 presents the full
event selections applied to define the 𝑍+jets control regions.

Validation regions are not included in the statistical model and only serve to validate the extrapolation over
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Table 5: Selection criteria for the 𝑍+jets control regions used in the tt0L-low analysis.

Variables CR0X𝑍+jets CRWX𝑍+jets CRTX𝑍+jets

Nlepton = 2

Orthogonalisation N𝑅=1.2
large-radius jet < 2 or 𝑚

𝑅=1.2
subleading large-radius jet < 60 GeV

𝐸
miss
T, no lepton [GeV] > 160

Sno lepton > 8

Δ𝜙min (𝒑T,1-4, 𝒑
miss
T ) > 0.5

Nlarge-radius jet = 0 > 0

𝑚large-radius jet [GeV] — (40, 130) ≥ 130

𝑚𝑙𝑙 [GeV] (80, 100)

𝑝
𝑙𝑙
T [GeV] > 160

S < 5

the lepton multiplicity when going from the control to the signal regions. The event selections performed in
the validation regions therefore require no lepton, while being orthogonal to the signal region selections.

In the 𝑡𝑡-enriched validation regions, 𝑡𝑡 events are selected by inverting the tight coshmax requirement
applied in the signal regions and adding a looser upper threshold. The validation regions for 𝑡𝑡 + 𝑏,
single-top and 𝑍+jets are merged into single 𝑡𝑡-suppressed validations regions due to the limited number of
events in the 0-lepton phase space. In these regions the 𝜒2𝑡𝑡 , had selection applied in the signal regions is
inverted. The 𝑝𝑡𝑡T /𝐸

miss
T requirements are discarded as they become irrelevant when the value of 𝜒2𝑡𝑡 , had is

too large. Tight Δ𝑅
(
𝑏1, 𝑏2

)
selections are required to minimise the contamination from𝑊+jets events,

with their thresholds optimised in each region to provide a similar number of events with respect to the 𝑡𝑡
enriched VRs. All the background predictions in the VRs agree with the data within 1𝜎.

A.3 Results

All tt0L-low signal and control regions are included in a statistical model based on the combined likelihood
fit. The normalisation of the 𝑡𝑡 +𝑏, 𝑡𝑡 (other), single-top and 𝑍+jets background processes are free-floating.
For the 𝑡𝑡 background, the normalisation factors are decorrelated in the three kinematic regimes (CR0X,
CRWX and CRTX) to account for a possible top quark 𝑝T dependence of the normalisation factor. The
yield results have been presented in Table 2.

Figure 9 shows the 𝐸missT distributions in the three tt0L-low signal regions. The background contributions
are obtained from the profile likelihood simultaneous fit to all tt0L-low CRs with a background-only
hypothesis.

Exclusion limits at 95% CL are presented in Figure 10(a) and 10(b) for DM models with a spin-0 scalar or
pseudoscalar mediator particle, respectively. The tt0L-low analysis, the tt0L-high analysis and the full tt0L
combination are presented separately in order to quantify the improvement of the tt0L-low channel to the
tt0L search. As per design, the tt0L-low signal regions extend the sensitivity to low mass mediator models,
with an improvement up to about 15% for scalar mediator particles.

In addition, the negative logarithmic profile likelihood ratios −2Δln(Λ) (B𝐻→inv; 𝜃) as a function of
B𝐻→inv for the tt0L-low and tt0L-high analyses, and their combination are illustrated in Figure 11. Table 6
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Figure 9: 𝐸missT distributions in (a) SR0X, (b) SRWX and (c) SRTX passing all the SR requirements. The contributions
from all SM backgrounds are shown after the profile likelihood simultaneous fit to all tt0L-low CRs, with the hashed
bands representing the total uncertainty. ‘𝑡𝑡 (other)’ represents 𝑡𝑡 events without extra jets or events with extra light
flavour jets. ‘Other’ includes contributions from 𝑡𝑡 +𝑊 , 𝑡𝑍 and 𝑡𝑊𝑍 processes. The expected distributions for
selected signal models are also shown as dashed lines. The overflow events are covered in the last bin. The bottom
panels show the ratio of the observed data to the total SM background prediction, with the hatched area representing
the total uncertainty in the background prediction and the red arrows marking data outside the vertical-axis range.
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Figure 10: Exclusion limits for colour-neutral (a) scalar or (b) pseudoscalar mediator dark matter models as a function
of the mediator mass 𝑚(𝜙) or 𝑚(𝑎) for a DM mass 𝑚𝜒 = 1 GeV. Associated production of DM with both single
top quarks (𝑡𝑊 and 𝑡 𝑗 channels) and top quark pairs are considered. The limits are calculated at 95% CL and are
expressed in terms of the ratio of the excluded cross section to the nominal cross section for a coupling assumption
of 𝑔 = 𝑔𝑞 = 𝑔𝜒 = 1. The solid (dashed) lines show the observed (expected) exclusion limits for the tt0L-high and
tt0L-low analyses and their statistical combination.

presents the best-fit value, the observed and expected upper limits on B𝐻→inv at the 95% CL for the
tt0L-low analysis, the tt0L-high analysis and their statistical combination. As the tt0L-low selection was
designed to target low mediator masses, the improvement in the expected upper limit at the Higgs boson
mass is found to be relatively small.

Table 6: Results from the tt0L-low and tt0L-high searches for invisible decays of the 125 GeV Higgs boson in the 𝑡𝑡𝐻
topology using 139 fb−1 of Run 2 data, and their statistical combination. Shown are the best-fit values of B𝐻→inv, as
well as observed and expected upper limits on B𝐻→inv at the 95% CL. The corresponding Asimov datasets for the
expected results are constructed using nuisance parameter values from a fit to data with B𝐻→inv = 0, and the quoted
uncertainty corresponds to the 68% confidence interval.

Analysis Best fit Observed Expected ReferenceB𝐻→inv upper limit upper limit

tt0L-low 0.88+0.48−0.46 1.80 1.09+0.50−0.26 this document

tt0L-high 0.27+0.28−0.27 0.80 0.59+0.29−0.18 [27], this document

tt0L comb. 0.48+0.27−0.27 0.95 0.52+0.23−0.16 [27], this document

24



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 inv→H B
0

1

2

3

4

5

6

7

8

9

10)
Λ

 ln
(

∆
-2

 

tt0L-high
tt0L-low
tt0L combination

ATLAS Preliminary
-1=13 TeV, 139 fbs

Expected

σ1

σ2

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 inv→H B
0

1

2

3

4

5

6

7

8

9

10)
Λ

 ln
(

∆
-2

 

tt0L-high
tt0L-low
tt0L combination

ATLAS Preliminary
-1=13 TeV, 139 fbs

Observed

σ1

σ2

(b)

Figure 11: (a) The expected negative logarithmic profile likelihood ratios −2Δln(Λ) as a function of B𝐻→inv for the
each of the two tt0L analyses and their statistical combination. (b) Shown are the same distributions for the observed
curves.
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