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1 Introduction

The Standard Model (SM) of particle physics is a successful and experimentally validated
theory describing elementary particles and their interactions, culminating with the discovery
in 2012 [1, 2] of a particle consistent with the Higgs boson (h) predicted in the SM. However,
in its current form, the SM does not contain any dark matter (DM) particle candidate,
whose existence is supported by astrophysical observations [3–5]. This provides a strong
motivation for searches for physics beyond the Standard Model (BSM physics), in particular
DM candidates [6].

During the Run 2 data-taking period, the Large Hadron Collider (LHC) experiments
collected a substantial dataset, which can be used to search for signs of DM. There is no
evidence of non-gravitational interactions between the DM and SM particles; this makes
direct observation with general-purpose detectors such as ATLAS [7] or CMS [8] unlikely.
The majority of the candidate DM particles χ would not interact with the material of
the detector, and would escape undetected. One alternative strategy is to focus on the
case of DM particles produced in association with SM particles, focusing on topologies
where a single SM particle X is produced [9]. Such events do not rely on any model-specific
assumptions and are characterised by a transverse-momentum imbalance (Emiss

T ) due to
the DM particle escaping the detector, resulting in “X+Emiss

T ” signatures, also referred to
as “mono-X”.
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Figure 1. Feynman diagrams describing the 2HDM+a scenarios leading to the production of the
mono-Higgs signatures: (a) and (b) gluon-gluon fusion, (c) bb̄ annihilation.

The visible SM particle X can be a jet, a photon, a W or Z boson, a top quark, or a
Higgs boson [10]. Typically, the couplings of such particles to light quarks and gluons of
the SM are much stronger than their coupling to DM particles. The one obvious exception
is a Higgs boson h whose couplings to light quarks and gluons are suppressed. This means
that the mono-Higgs topologies are only significantly sensitive to scenarios in which the
Higgs boson couples directly to some BSM particle participating in DM production. In
such cases the direct SM-BSM interactions are probed, making the mono-Higgs searches a
window into the structure of BSM physics responsible for DM production. In many theories
where the Higgs couplings to BSM particles are enhanced [11], such scenarios are possible,
making mono-Higgs topologies an important tool in LHC DM searches.

The ATLAS and CMS collaborations have performed h + Emiss
T searches where the

Higgs boson decays into a pair of b-quarks [12, 13], τ -leptons1 [14], or photons [15, 16],
or into ZZ or W +W − [17]. This analysis presents a search for DM using the h + Emiss

T

topology with the Higgs boson decaying into two hadronically decaying τ -leptons, using the
139 fb−1 of proton-proton collision data collected by the ATLAS detector in 2015–2018 at√

s = 13 TeV. The presence of tau neutrinos can, in certain topologies, enhance the Emiss
T

signature of the signal and increase the sensitivity to the more challenging models [18].

One of the most straightforward and natural extensions of the SM is the two-Higgs-
doublet model (2HDM) [19], extending the Higgs sector with a second scalar doublet. Such
an extension of the Higgs sector is required in supersymmetric models, but is also of more
general interest [20]. After electroweak symmetry breaking the model has five physical
Higgs states: two neutral scalar states h and H, a pseudoscalar neutral state A, and two
charged scalar states H±. The 2HDM+a model [21] extends the baseline 2HDM by adding
a new pseudoscalar singlet a with Yukawa-like coupling to the DM candidate χ and the
SM fermions. The singlet acts as a mediator between the SM particles and the DM sector.
This is the simplest gauge-invariant and renormalisable extension of pseudoscalar mediator
DM models [22]. The model leads to h + Emiss

T final states through the gluon-gluon fusion
and bb̄ annihilation modes as depicted by the Feynman diagrams of figure 1.

The present analysis considers the 2HDM+a model as a benchmark and uses it to
optimise the search and interpret the results. The model is described by 12 additional

1Direct comparison with the presented search is not possible due to the difference between the models

used for reinterpretation.
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parameters not present in the SM. Following the LHC DM Working Group’s recommenda-
tions [22], two-dimensional parameter scans are performed with the following benchmark
parameter choices:

• Masses of the CP-odd Higgs boson A, CP-even Higgs boson H, and charged Higgs
bosons H± are set to be equal to each other.

• The mass of the fermionic DM particle χ is set to 10 GeV.

• The DM Yukawa coupling yχ to pseudoscalar a is set to 1.

• Mixing angles α and β are constrained to satisfy cos(β −α) = 0, where α is the mixing
angle between CP-even Higgs bosons h and H, and tan β is the ratio of the vacuum
expectation values (VEV) of the two Higgs doublets. In this so-called alignment limit
the properties of the lightest Higgs boson h are very similar to those of the SM Higgs
boson.

• Quartic couplings of the pseudoscalar potentials and Higgs potential λ1P, λ2P and λ3

are all set to 3.

• The mass of the lightest Higgs boson h (similar to the SM Higgs boson) and the value
of EW VEV v are fixed by observations to be mh ≈ 125 GeV [23] and v ≈ 246 GeV [24].

• The mixing angle between the two pseudoscalars, Θ, is required to satisfy sin Θ = 0.35

or sin Θ = 0.7.

The analysis considers two two-dimensional scans in parameter values — the first in
mA and ma, the second in mA and tan β. The kinematic dependence of the signal model
on mA in particular is non-trivial and the analysis is optimised for different ranges of mA

(“low” and “high”).
SM processes can also produce signatures with Emiss

T and two τ -leptons consistent with
the decay products of a Higgs boson. The production of a Higgs boson in association with
a Z boson decaying into neutrinos is of particular importance as, despite the relatively low
cross-section, it can lead to final states indistinguishable from the signal. The production
of a Z boson, a pair of vector bosons, tt̄, or a Higgs boson in association with a W boson
can also lead to final states with Emiss

T and two τ -leptons. Due to the larger cross-sections,
finite detector resolution and acceptance, and the ambiguity introduced by the presence of
two neutrinos, these processes can mimic the potential signal events.

The paper is structured as follows. Section 2 gives a short description of the ATLAS
detector. Section 3 provides information about the dataset and Monte Carlo simulations
used by the analysis. Section 4 describes the various physical objects used in the analysis.
In section 5, the selections applied to the dataset are summarised. Sections 6 and 7 describe
the modelling and systematic uncertainties, respectively, of signal and SM backgrounds.
The results of the analysis and the interpretations are discussed in section 8, with a short
summary given in section 9.

– 3 –
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2 ATLAS detector

The ATLAS experiment [7, 25, 26] is a multipurpose cylindrical particle detector at the
LHC with nearly 4π coverage in solid angle.2

At the centre of the ATLAS detector is the inner tracking detector (ID). It is surrounded
by a thin superconducting solenoid providing a 2 T axial magnetic field. The ID consists of
silicon pixel, silicon microstrip, and transition radiation tracking detectors and covers the
pseudorapidity range |η| < 2.5. The next layer of the ATLAS detector is made of lead/liquid-
argon (LAr) sampling calorimeters that measure the energy and position of electromagnetic
showers with high granularity. In the central region |η| < 1.7 the steel/scintillator-tile
calorimeter is used to provide hadronic energy measurements. In the endcap and forward
regions, LAr calorimeters with copper or tungsten absorbers are used for electromagnetic
and hadronic shower measurements up to |η| = 4.9. The outermost layer of the ATLAS
detector is the muon spectrometer. It consists of separate trigger and high-precision
tracking chambers, operating in a magnetic field generated by three large air-core toroidal
superconducting magnets with eight coils each.

To select and record interesting events, a two-level trigger system is used. The level-1
trigger is implemented in custom hardware. It uses information from the calorimeters and
the muon spectrometer to reduce the event rate to below 100 kHz. This is followed by the
high-level trigger (HLT), which is fully software-based. It is used to further reduce the
event rate to 1 kHz on average.

An extensive software suite [27] is used in data simulation, in the reconstruction and
analysis of real and simulated data, in detector operations, and in the trigger and data
acquisition systems of the experiment.

3 Data and simulated event samples

The dataset used by the analysis was collected with the ATLAS detector during proton-
proton collisions at a centre-of-mass energy

√
s = 13 TeV during Run 2 of the LHC

(2015–2018). The recorded data correspond to an integrated luminosity of 139 fb−1. A
set of data-quality requirements are applied to the dataset to ensure that the LHC beam
conditions were stable and the ATLAS detector was fully functional [28]. All data events
considered by this analysis are required to pass a combined di-τhad-vis + Emiss

T trigger [29, 30],
where τhad-vis is the visible part of a hadronically decaying τ -lepton.

The analysis uses Monte Carlo (MC) simulation to model 2HDM+a signal events and
the majority of SM the backgrounds. The ATLAS simulation framework [31] was used to
produce all of the MC samples. A full detector-response simulation based on Geant4 [32]
is used. This section describes the technical details of the MC samples, which are also
summarised in table 1.

2ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in

the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre

of the LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, φ) are used in the transverse

plane, φ being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar

angle θ as η = − ln tan(θ/2). Angular distance is measured in units of ∆R ≡

√

(∆η)2 + (∆φ)2.

– 4 –
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Physics process Generator Parton Shower Accuracy Tune PDF (generator) PDF (PS)

Z(→ ℓℓ)+jets Sherpa 2.2.1 [33] Sherpa 2.2.1 [34] NNLO [35] Dedicated NNPDF3.0nnlo [36] NNPDF3.0nnlo [36]

W (→ ℓν)+jets Sherpa 2.2.1 [33] Sherpa 2.2.1 [34] NNLO [35] Dedicated NNPDF3.0nnlo [36] NNPDF3.0nnlo [36]

Diboson Sherpa 2.2.1, 2.2.2 [33] Sherpa 2.2.1, 2.2.2 [34, 37] NLO [38–41] Dedicated NNPDF3.0nnlo [36] NNPDF3.0nnlo [36]

tt̄ Powheg Box v2 [42–45] Pythia 8.230 [46] NNLO+NNLL [47–53] A14 [54] NNPDF3.0nlo [36] NNPDF2.3lo [55]

Single-top:

W t Powheg Box v2 [43–45, 56] Pythia 8.230 [46] NLO+NNLL [57, 58] A14 [54] NNPDF3.0nlo [36] NNPDF2.3lo [55]

s- and t-channels Powheg Box v2 [43–45, 56] Pythia 8.230 [46] NLO [59, 60] A14 [54] NNPDF3.0nlo [36] NNPDF2.3lo [55]

tt̄+H Powheg Box v2 [42–45, 61] Pythia 8.230 [46] NLO [62] A14 [54] NNPDF3.0nlo [36] NNPDF2.3lo [55]

tt̄+V MadGraph5_aMC@NLO 2.3.3 [62] Pythia 8.210 [46] NLO [63] A14 [54] NNPDF3.0nlo [36] NNPDF2.3lo [55]

V H(→ ττ) Powheg Box v2 [43–45, 64–66] Pythia 8.212 [46] NNLO + NLO [67–73] AZNLO [74] NNPDF3.0nlo [36] PDF4LHC15nnlo [75]

Table 1. Summary of the generators used to simulate the background processes considered in the
analysis. The “dedicated” tune refers to the set of tuned parton-shower parameters developed by
the Sherpa authors. The symbol “V ” stands for a vector boson.

For the simulated samples of Z and W bosons produced in association with jets (Z+jets
and W+jets) the Sherpa 2.2.1 [33] generator was employed. Next-to-leading-order (NLO)
matrix elements were used for up to two partons, while leading-order (LO) matrix elements
were used for up to four partons. The Comix [37] and OpenLoops [76–78] libraries
were utilised for their computation. Sherpa parton showers [34] were employed, with
the MEPS@NLO prescription [38–41] used to match the parton showers to the matrix
elements. The NNPDF3.0nnlo set of parton distribution functions (PDFs) [36] was utilised,
and the samples were normalised to next-to-next-to-leading-order (NNLO) cross-section
predictions [35].

Samples of diboson and triboson production were simulated with the Sherpa 2.2.1 or
2.2.2 [33] generator, depending on the process. The matrix elements were matched and
merged with the Sherpa parton showers based on Catani-Seymour dipole factorisation [34,
37] using the MEPS@NLO prescription [38–41]. The OpenLoops library [76–78] was used
to provide the virtual QCD corrections to the matrix elements where relevant. The samples
were generated with the NNPDF3.0nnlo PDF set [36].

All Sherpa-produced samples used a dedicated set of tuned parton-shower parameters
developed by the Sherpa authors [34, 37].

Higgs boson production and decay were simulated using the Powheg Box v2 [43–45, 64–
66] generator interfaced with Pythia 8 [46] for parton showering and non-perturbative effects.
The PDF4LHC15nlo PDF set [75] and the AZNLO tune [74] of Pythia 8 were used. The
gluon-gluon fusion prediction from Powheg was normalised to the next-to-next-to-next-to-
leading-order cross-section in QCD plus electroweak corrections at NLO [63, 79–88]. The
vector-boson fusion prediction was normalised to an approximate-NNLO QCD cross-section
with NLO electroweak corrections [89–91]. The Monte Carlo prediction of Higgs boson
production in association with a vector boson was normalised to cross-sections calculated
at NNLO in QCD with NLO electroweak corrections for qq̄/qg → V H and at NLO and
next-to-leading-logarithm accuracy in QCD for gg → ZH [67–73].

The production of top-antitop quark (tt̄) events was simulated with the Powheg Box v2
[42–45] generator at the NLO accuracy. The NNPDF3.0nlo [36] PDF set was used, mtop

was set to 172.5 GeV, and the hdamp parameter was fixed at 1.5 mtop [92]. Pythia 8.230 [46]
with the A14 tune [54] was used to model the parton shower, hadronisation, and underlying
event. The NNPDF2.3lo [55] PDF set was used.

– 5 –
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Single-top-quark processes were similarly modelled with the Powheg Box v2 [43–45, 56]
generator using the NNPDF3.0nlo set of PDFs [36]. The associated production of a top
quark with a W boson (Wt) and s-channel production utilised the five-flavour scheme,
while the t-channel production used the four-flavour scheme. For Wt processes the diagram
removal scheme [93] was used to remove interference with the tt̄ samples. The events were
then interfaced to Pythia 8.230 [46], which used the A14 tune [54] and the NNPDF2.3lo

set of PDFs [55]. The same configuration also applies to the production of tt̄H events.
The inclusive cross-sections for the previously described top-quark process samples

were corrected to include higher-order effects. For tt̄, the cross-section was calculated to
NNLO in perturbative QCD with the resummation of next-to-next-to-leading logarithmic
(NNLL) soft-gluon terms using the Top++ program [47–53]. For Wt events, the corrections
were to NLO+NNLL accuracy [57, 58], while s- and t-channel production was corrected
to NLO accuracy [59, 60]. The tt̄H cross-section was corrected to NLO QCD+electroweak
accuracy [63].

The tt̄V (V = Z, W ) samples were produced with the MadGraph5_aMC@NLO 2.3.3
[62] generator at NLO accuracy using the NNPDF3.0nlo [36] PDF set. The matrix elements
were interfaced with Pythia 8.210 [46]. The A14 tune [54] and the NNPDF2.3lo [36]
PDF set were used.

Decays of bottom and charm hadrons for top-quark processes, including tt̄H, were
performed by EvtGen 1.6.0 [94].

For the 2HDM+a samples, the matrix elements were generated with MadGraph5_

aMC@NLO 2.6.5 [62] at LO. Pythia 8.240 [46] with the A14 tune [54] was used to
model the parton shower, hadronisation and underlying event. The CKKW-L merging
procedure [95, 96] was employed to match the matrix element to the parton showers. Signal
Monte Carlo samples were generated with the NNPDF3.0nlo PDF set [55] and processed
with a fast simulation that relies on a parameterisation of the calorimeter response [31].
Both the gluon-gluon fusion and bb̄ annihilation signal production processes were considered.

The 2HDM+a samples were generated with different choices of signal model parameters,
varying two parameters at a time. In the first parameter scan, the pseudoscalar singlet mass
ma was varied in the range [100, 400] GeV while the mass of the pseudoscalar Higgs boson
mA was varied in the range [300, 1400] GeV. The requirements tan β = 1 and sin Θ = 0.35

were applied. In the second parameter scan, mA was varied in the range [500, 1300] GeV
with tan β taking values from 0.3 to 20. In this scan, constant values of ma = 250 GeV and
sin Θ = 0.7 were used. The particular parameter choices are based on the recommendations
from the LHC DM Working Group [22].

For all simulated samples, the effect of multiple interactions in the same and neighbour-
ing bunch crossings (pileup) was modelled by overlaying each simulated hard-scattering
event with inelastic proton-proton events generated with Pythia 8.186 [97] using the
NNPDF2.3lo set of PDFs [55] and the A3 tune [98].

To compensate for differences between data and simulation, dedicated per-object
correction factors derived from data are applied to jets, b-jets, τ -leptons, electrons, and
muons. Additional per-event correction factors are applied to account for differences in
trigger efficiency between data and simulation.

– 6 –
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4 Event reconstruction

An event is considered to have a primary vertex if at least two ID tracks with pT > 500 MeV
can be associated with it [99]. If there are several such vertices, the candidate with the
highest sum of the squared transverse momenta of associated tracks, Σp2

T, is considered as
the hard-scattering vertex.

Jet candidates are reconstructed from particle-flow objects [100] using the anti-kt

algorithm [101] with a distance parameter of R = 0.4. First, the calorimeter cells are
grouped into topological clusters, with the energy measured at the electromagnetic scale to
which all ATLAS calorimeters are calibrated. The energy deposited by the charged particles
is then subtracted from the clusters and replaced by the momenta of matching tracks. The
jet energy scale (JES) [102] calibration is applied to the jet candidates, restoring the energy
to that measured at particle level. The jets are required to have a transverse momentum
larger than 20 GeV and |η| < 2.5. In addition, jets with pT < 60 GeV are required to
pass the tight working point of the jet-vertex-tagger (JVT) algorithm [103] to suppress
background from pileup interactions.

The analysis aims for a selection orthogonal to that of the mono-Higgs search with b-
jets [12], so robust b-tagging with the same selection efficiency is important. Jets containing
b-hadrons are identified as b-jets using the classification algorithm DL1r [104] based on
deep-learning techniques. The DL1r tagger uses secondary-vertex displacement information
and kinematic properties of tracks to select b-jets and reject jets originating from charm or
light quarks. The b-tagging working point used for the analysis has an efficiency of 77%,
as measured in an inclusive tt̄ sample, while providing rejection factors of 4.9, 14 and 130

against c-jets, τ -jets, and light-flavour jets, respectively [105].
Electrons are reconstructed from energy deposits in the electromagnetic calorimeter

that are matched to an ID track. Electron candidates are required to satisfy the loose

identification criteria [106, 107], and to have pT > 10 GeV and |η| < 2.47, providing
selection efficiency of 93%. Additionally, the longitudinal impact parameter z0 has to satisfy
|z0 sin θ| < 0.5 mm to discard electron candidates not associated with the primary vertex.
The objects meeting these selection criteria are called baseline electrons and participate in
the computation of the missing transverse momentum and in the overlap-removal procedure,
as described later. Baseline electrons that also satisfy pT > 25 GeV, fulfil the loose isolation
criteria and the tight identification criteria, and satisfy the condition |d0|/σ(d0) < 5 on the
transverse impact parameter d0 and its uncertainty σ(d0) are henceforth simply referred to
as electrons.

Muons are reconstructed from tracks in the muon spectrometer that are matched
to tracks in the ID. Muon candidates are required to satisfy the medium identification
criteria [108, 109] and to have pT > 10 GeV and |η| < 2.7. This working point has
an efficiency of 97%. Additionally, the longitudinal impact parameter has to satisfy
|z0 sin θ| < 0.5 mm. The objects meeting these selection criteria are called baseline muons
and participate in the computation of the missing transverse momentum and in the overlap-
removal procedure. Baseline muons that also satisfy pT > 25 GeV, fulfil the loose isolation
criteria, and satisfy the condition |d0|/σ(d0) < 3 are henceforth simply referred to as muons.

– 7 –
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Reconstruction of the visible part of a hadronically decaying τ -lepton [110] is seeded by
anti-kt jets with a distance parameter R = 0.4. The seed jet is built from topological clusters,
calibrated with a hadronic weighting scheme [111], and is required to have pT > 10 GeV and
|η| < 2.5. The τhad-vis candidate is then built from tracks and clusters within ∆R = 0.2 of
the seed jet’s axis. Only candidates with one or three charged tracks with a sum of ±1 are
considered. τhad-vis candidates are required to have pT > 20 GeV and |η| < 2.5. Candidates
in the transition region between the barrel and endcap calorimeters, 1.37 < |η| < 1.52, are
excluded. The τhad-vis object’s energy is calibrated with a boosted regression tree using
information from the calorimeter and the particle-flow reconstruction, as well as the number
of pileup interactions [112], as input. To suppress electron background, a boosted decision
tree is used to reject events with electrons misidentified as τhad-vis. It is trained using
tracking detector and calorimeter information as well as variables related to the ratio of the
energy deposited in the calorimeter and the visible momentum of the reconstructed tracks.

To further discriminate hadronically decaying τ -leptons from background jets, a recur-
rent neural network (RNN) algorithm is used [113]. The algorithm uses tracking and calorime-
ter measurement information, as well as individual track and cluster information, as input.
The analysis makes use of three different ways to define τ -lepton objects using the RNN algo-
rithm. The first type of object (baseline τ -lepton) is required to pass the very loose identifi-
cation working point. These objects are used in the overlap-removal procedure. The baseline
τ -leptons that also pass the medium identification working point are simply referred to as
τ -leptons. The last type of object considered by the analysis consists of τ -lepton candidates
that do not pass the medium identification working point. Such objects are referred to as
anti-ID τ -leptons and are used by the analysis to estimate the contribution of fake τ -leptons.

The missing transverse momentum Emiss
T is a measure of the transverse-momentum

imbalance in the detector and is computed as the magnitude of the missing transverse
momentum vector ~p miss

T [114]. The latter is calculated as the negative vector sum of the
transverse momenta of electrons, muons, τ -leptons and jets. Tracks that are associated
with the primary vertex but not with any reconstructed object are also included in the
calculation as the so-called “soft term”.

The reconstructed objects are not exclusive, e.g. a single energy deposit in the calorimeter
can be used in the reconstruction of several final-state objects. In order to resolve this
ambiguity, an overlap-removal procedure is applied [115] so that at most one reconstructed
object is associated with a detector signal:

• If two baseline electrons share a track, only the baseline electron with the higher
transverse momentum is considered.

• A baseline τ -lepton is discarded if it is closer than ∆R = 0.2 to a baseline electron or
a muon.

• If a baseline muon and a baseline electron share an ID track the baseline electron is
discarded. The only exception is when the baseline muon is calorimeter-tagged (i.e. a
track in the ID matched to an energy deposit in the calorimeter compatible with a
minimum-ionizing particle [108, 109]), then the baseline muon is discarded instead.

– 8 –
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• If a jet is closer than ∆R = 0.2 to a baseline electron or muon, it is discarded. The
only exception is if the jet has three or more associated tracks, in which case it is kept
instead of the baseline muon. This suppresses FSR and bremsstrahlung signatures
that can be reconstructed as jets with low number of tracks.

• If any of the remaining baseline electrons or muons are closer than ∆R = 0.4 to the
remaining jets, they are discarded.

• If any of the remaining jets is closer than ∆R = 0.2 to any of the remaining baseline
τ -leptons, the jet is discarded.

For anti-ID τ -lepton candidates the overlap-removal procedure is performed in the same
way, replacing the baseline τ -lepton identification criterion with that for anti-ID τ -leptons.
However, two additional corrections are needed for the overlap-removal procedure compared
to the one applied to baseline τ -leptons. First, the jets that do not pass the tight JVT
working point selection requirements are given a priority over anti-ID τ -leptons not meeting
the very loose identification criterion. This is done so that such jets are not masked by
being treated as anti-ID τ -lepton candidates and can be vetoed successfully. The second
correction is to give the same priority to b-jets. Otherwise, anti-ID τ -leptons can mask
b-jets, whereas the analysis relies on an accurate counting of the number of b-jets.

5 Event selection

Data and simulated events are categorised in regions based on the properties of the
reconstructed objects. The analysis uses three types of regions — control, validation, and
signal regions. Signal regions (SRs) are regions where the sensitivity to the BSM signal model
is maximised. Control regions (CRs) are regions enriched in particular background processes
and are kinematically close to the SRs. A background-only fit of the simulated background
processes to the data is performed in CRs using the HistFitter framework [116]. In
this fit the normalisation of the dominant background processes is determined. The fitted
normalisations are then propagated to the validation regions (VRs) and SRs. VRs are
defined so that they lie between the SRs and CRs and serve to validate the extrapolation of
background normalisation from the CRs to the SRs. The results of the background-only fit
are discussed further in section 8.

Events used by the analysis are required to have a primary vertex. The events are also
required to pass a jet quality criterion to reject events containing jets not originating from
proton-proton collisions [117], but from beam-induced backgrounds or cosmic-ray showers.

Events are required to have exactly two τ -lepton objects that geometrically match the
objects activating the di-τhad-vis part of the triggers. Both the Emiss

T and the di-τhad-vis

parts of the trigger evolved during Run 2 to implement more efficient algorithms and adapt
them to the data-taking conditions. While the HLT Emiss

T trigger requirement was kept
constant at 50 GeV, the level-1 threshold was increased from 35 to 40 GeV in 2018. The
HLT threshold for the leading-τhad-vis pT was increased from 35 GeV to 60 GeV in 2018,
while the sub-leading-τhad-vis pT threshold remained constant at 25 GeV. The HLT τhad-vis
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Observable Selection

Year 2015–2017 2018

pτ1
T > 40 GeV > 65 GeV

pτ2
T > 30 GeV

Emiss
T > 150 GeV

Nτ 2

Ne 0

Nµ 0

Nb-jet ≤ 1

Table 2. Summary of the common analysis preselection. The upper part contains requirements
related to optimising the trigger efficiency while the lower part contains analysis signature-related
requirements.

identification algorithms were improved during Run 2, resulting in increased rejection power.
The leading τ -lepton is required to have pT > 40(65) GeV when matched to the HLT τhad-vis

object passing the trigger’s 35(60) GeV threshold. The sub-leading τ -lepton is required to
have pT > 30 GeV. The events also have to satisfy the Emiss

T > 150 GeV requirement at
which the trigger is operating at maximum efficiency.

Events containing an electron or a muon are vetoed. Events are required to have at
most one b-jet. The common analysis preselection is summarised in table 2, defining the
analysis phase space. In the following, the analysis objects in an event are assumed to
be ordered by decreasing transverse momentum with indices “1” and “2” referring to the
leading and sub-leading objects respectively.

In order to improve the sensitivity to the 2HDM+a signal models considered, two SRs
are defined. This is done in two steps. First, a set of common SR preselection requirements
is applied to suppress the dominant SM processes. After the common preselection, two
non-orthogonal SRs are designed to target signal model parameter configurations with high
and low masses of the heavy pseudoscalar Higgs boson A, as these yield signal events with
different kinematic properties. The combination of the results from the two SRs is described
in section 8.

The common SR preselection includes a veto on events with b-jets and a requirement
that the two τ -leptons have opposite electric charges. The invariant mass of the two τhad-vis,
or “visible invariant mass” mvis(τ1, τ2), is constrained to be between 40 GeV and 125 GeV
to ensure compatibility with a Higgs boson decay. The angular distance between the two
τ -leptons is required to satisfy ∆R < 2, suppressing background events in which the two
τ -leptons do not originate from a resonant decay (such as tt̄ and W+jets). Two kinematic
variables combining Emiss

T and the τ -leptons’ pT are used to suppress Z+jets events. The
event-level mtot

T is defined as

mtot
T =

√

(pτ1
T + pτ2

T + pmiss
T )2 − (pτ1

x + pτ2
x + pmiss

x )2 − (pτ1
y + pτ2

y + pmiss
y )2 ,
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Common SR Preselection

∆R(τ1, τ2) < 2

mtot
T > 50 GeV

mvis(τ1, τ2) ∈ [40, 125] GeV
mτ1

T + mτ2
T > 100 GeV

Charge(τ1, τ2) q(τ1) × q(τ2) = −1

Nb-jet 0

LowmA
SR HighmA

SR

∆R(τ1, τ2) ∈ [0.6, 1.9] < 2

mtot
T — > 400 GeV

mτ1
T > 50 GeV —

mτ2
T > 25 GeV —

mvis(τ1, τ2) > 75 GeV ∈ [40, 125] GeV
mτ1

T + mτ2
T binning [100, 250, 400, 550, ∞] GeV [400, 750, ∞] GeV

Table 3. Summary of the selection requirements used to define the signal regions. The upper part
of the table describes the common SR preselection while the lower part of the table describes specific
selections to define the LowmA

and HighmA
SRs. These are applied in addition to the common

analysis preselection described in table 2.

where pmiss
x and pmiss

y correspond to the x and y components of the missing transverse
momentum vector. An event is required to have mtot

T > 50 GeV to pass the common
SR preselection, while mtot

T < 50 GeV selection is used for trigger efficiency studies. The
transverse mass of a τ -lepton is a per-object variable defined as

mτi

T =
√

2pτi

TEmiss
T (1 − cos ∆φ(τi, pmiss

T )) .

The sum mτ1
T + mτ2

T is required to be larger than 100 GeV to suppress events in which Emiss
T

is collinear with the two-τ -lepton system, as this is typical for Z boson event topologies. A
summary of the common SR preselection is presented in the upper part of table 3.

A “LowmA
” SR is defined on top of the common SR preselection to target signal models

with mA ≤ 800 GeV. The angular distance between the two τ -leptons is tightened to be
0.6 < ∆R(τ1, τ2) < 1.9 and the visible invariant mass of the two τ -leptons is required to
be larger than 75 GeV. The transverse masses of the leading and sub-leading τ -leptons are
required to be mτ1

T > 50 GeV and mτ2
T > 25 GeV. The SR is divided into four mτ1

T + mτ2
T

bins: < 250 GeV, [250, 400] GeV, [400, 550] GeV, and > 550 GeV.

A “HighmA
” SR is constructed to improve the sensitivity to models with high mA

masses, leading to signal events with higher Emiss
T and boosted Higgs bosons. In addition to

the common SR preselection, this SR requires mtot
T > 400 GeV and mτ1

T + mτ2
T > 400 GeV.

Similarly to the LowmA
SR, the events in the HighmA

SR are separated in two mτ1
T + mτ2

T

bins, above and below 750 GeV.
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Figure 2. Kinematic distributions of some of the variables used to construct the SRs, shown in the
common SR preselection region: (a) ∆R(τ1, τ2), (b) mvis(τ1, τ2), (c) mtot

T
, (d) mτ1

T
. Predictions for

four benchmark parameter configurations of the 2HDM+a model are also shown for the parameter
values given in the legend. The value tan(β) = 1 is assumed for all parameter configurations. The
total statistical and systematic uncertainty of the SM background is shown by the hatched band.
The leftmost and rightmost bins include the underflow and overflow entries respectively. The ratio
of the observed yield to the expected yield is shown in the lower panel.

A summary of the HighmA
and LowmA

SRs’ requirements is presented in the lower
part of table 3. Examples of kinematic distributions of the important variables (∆R(τ1, τ2),
mvis(τ1, τ2), mtot

T , mτ1
T ) after applying the common SR preselection are shown in figure 2.

The way the SM background estimations are performed is described in section 6. Predictions
from four benchmark parameter configurations of the 2HDM+a model normalised to the
theoretical cross-section and the integrated luminosity of the data are also shown in figure 2.
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The combined acceptance and efficiency of the LowmA
SR bins varies from 0.0013 to

3 · 10−6 over all of the parameter configurations of the 2HDM+a model considered by
the analysis for gluon-gluon fusion production. For the HighmA

SR bins the combined
acceptance and efficiency varies from 0.0023 to 0 because the HighmA

SR is only designed
to be sensitive to a subset of all the parameter configurations.

6 Background estimation

Two sources of events are distinguished to perform the SM background estimation — those
with both reconstructed τhad-vis objects originating from the hadronic decays of prompt
τ -leptons (true τ -leptons), and events with at least one of the reconstructed τhad-vis objects
being a non-τ -lepton object that satisfied the selection criteria, also referred to as a fake
τ -lepton. Events from Z boson and multiboson production, and the majority of tt̄ events,
tend to have two true τ -leptons in the analysis phase space. Events from both W boson
and multijet production, as well as approximately 25% of tt̄ events, are expected to have at
least one fake τ -lepton.

SM background processes are modelled using a combination of simulated events and
data-driven methods. Events with only true τ -leptons are modelled using simulation
normalised to the data in the dedicated CRs. In the following, when referring to the tt̄

background modelling, for example, it is only the events with two true τ -leptons that are
being addressed. Events with at least one fake τ -lepton are estimated in a data-driven way.
Such events are referred to as fake τ -leptons or “Fake Taus” background regardless of the
underlying physical process.

The normalisation of Z boson production and various processes including top-quark
production (tt̄ production, single-top-quark production, tt̄ production in association with
Z/W ) is fitted to the data in dedicated control regions. Other SM background contribu-
tions are normalised according to the theoretical predictions. For the derivation of the
normalisation scale factors all top-quark-related processes are treated as one common “Top”
background.

The contribution of fake τ -lepton events (i.e. events with at least one fake τ -lepton) in
the control, validation and signal regions is estimated with the fake factor method [118].
The assumption is that the probability that a non-τ -lepton object (such as a jet) meets
the τ -lepton identification criteria depends purely on the object’s properties, such as its pT,
η, number of charged-particle tracks, and origin (i.e. quark/gluon), and not on event-level
variables such as Emiss

T or number of τ -leptons. The ratio of the number of objects that pass
the medium identification working point requirement to the number of objects that do not,
but instead pass the much looser anti-ID τ -lepton selection, is called the fake factor. The
fake factors were measured as a function of τ -lepton’s pT, |η|, number of charged-particle
tracks, and origin in regions enriched with fake τ -leptons and extrapolated to the analysis
phase space. In the analysis regions with the τ -lepton selection requirement replaced by
that for anti-ID τ -leptons, the fake factors are applied to the anti-ID τ -leptons to obtain a
prediction of the fake τ -lepton background.
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Variable Z CR Z VR Fake Tau VR Top CR Comb VR Diboson VR

Charge(τ1, τ2) OS OS SS OS OS OS

Nb-jet 0 0 0 1 0 0

∆R(τ1, τ2) < 2 < 2 > 2 > 1 > 2 < 2

mvis(τ1, τ2) < 40 GeV [40, 75] GeV — — > 125 GeV [40, 75] GeV

mtot
T > 50 GeV > 50 GeV — — — [50, 400] GeV

mτ1
T — — — — — > 60 GeV

mτ2
T — — — — — > 20 GeV

mτ1
T + mτ2

T — < 100 GeV — — — > 140 GeV

pτ1+τ2
T — — — — < 125 GeV —

Table 4. Definitions of control and validation regions used by the analysis. The requirements
are applied on top of the preselection described in table 2. Entries in boldface indicate selections
ensuring orthogonality to other regions. A dash is used when no requirements are placed on a
variable. OS and SS stand for opposite-sign and same-sign τ -leptons respectively. “Comb VR” refers
to an inclusive validation region containing several important backgrounds.

The Fake Tau VR is used to validate the modelling of fake τ -leptons. The events are
required to have been recorded by the di-τ + Emiss

T trigger, to pass the common analysis
preselection as described in table 2, and to have no b-jets. To increase the fake τ -lepton
purity of this VR, the two τ -leptons are required to have the same charge. The two τ -leptons
are also required to have ∆R(τ1, τ2) < 2 to remain kinematically close to the SRs. This
selection ensures that the Fake Tau VR has a purity of over 85%.

Two CRs are defined by inverting or relaxing some of the common SR requirements
(see table 3) such that they are kinematically close to the SRs, suppress a potential signal
contribution, and are enriched in Z boson and tt̄ backgrounds respectively. Additionally, the
analysis uses four VRs. Kinematically, the VRs are defined to be between the CRs and SRs
and serve to validate the extrapolation of the modelling from the CRs to the SRs. The defi-
nitions of CRs and VRs are summarised in table 4 and are further discussed in the following.

Figure 3 shows examples of kinematic distributions from the Top and Z CRs. The
predicted background yields are shown without performing the fit and applying the resulting
normalisation factors to the SM backgrounds (as described earlier in section 5). Good
agreement between the predicted and observed yields is seen in all plots.

In the analysis phase space, approximately 80% of background events with a top
quark arise from tt̄ processes; the remaining events come from single-top processes. Events
in the Top CR are selected using the di-τ + Emiss

T triggers and are required to pass the
common analysis preselection summarised in table 2. To define a region enriched in tt̄ while
suppressing other common background processes such as Z+jets, the b-jet veto common
to all other regions used in the analysis is relaxed and the events are required to have
exactly one b-jet instead. The angular distance between the two τ -leptons is required to
be ∆R(τ1, τ2) > 1 to suppress Z boson background and to enhance the Top background
purity of this CR. The two τ -leptons are also required to have opposite charges to suppress
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Figure 3. Kinematic distributions of some of the variables used to construct SRs are shown in the
Top and Z CRs: (a) mvis(τ1, τ2) in Top CR, (b) mτ2

T
in Top CR, (c) ∆R(τ1, τ2) in Z CR, (d) mτ1

T

in Z CR. The total statistical and systematic uncertainty of the SM background is shown by the
hatched band. The ‘Other’ contribution includes all the background processes not explicitly listed
in the legend (V +jets except Z(ττ)). The leftmost and rightmost bins include the underflow and
overflow entries respectively. The ratio of the observed yield to the expected yield is shown in the
lower panel.

contributions from fake τ -leptons. The resulting Top CR has a top-quark background purity
of over 90%, based on information from MC simulation, with over 70% of events containing
two true τ -leptons. From simulation studies the majority of Top background events in
the SRs (which all have a b-jet veto) are expected to have one jet that originated from a
b-hadron but is not identified as such by the b-tagging algorithm. Similarly, the Top events
in the Top CR are expected to have one or more jets originating from a b-hadron. Thus,
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the extrapolation from the Top CR to the SRs is physically meaningful because the same
underlying processes are being considered.

Events from Z boson production constitute the largest background in the analysis
phase space, and a high-purity region is straightforward to define. Events in the Z

CR were recorded using the same trigger as in the SRs. The events are required to
pass the common analysis preselection described in table 2, and to have no b-jets. The
two τ -leptons are required to have opposite charges and to satisfy ∆R(τ1, τ2) < 2 and
mvis(τ1, τ2) < 40 GeV to improve the Z background purity. The events are also required
to pass the mtot

T > 50 GeV requirement. This results in the Z CR having 90% purity in Z

boson background events.

While the SRs require mvis(τ1, τ2) > 40 GeV, the Z CR demands mvis(τ1, τ2) < 40 GeV.
To validate the extrapolation to higher values of the di-τ visible invariant mass a Z VR is
defined. The selection is similar to that of the Z CR, but the visible invariant mass must
satisfy 40 GeV < mvis(τ1, τ2) < 75 GeV. To ensure orthogonality to the SRs, mτ1

T + mτ2
T is

required to be less than 100 GeV. The simulated events in the Z VR are affected by large
theoretical systematic uncertainties. This is expected to be the case at large Z pT, which is
the regime where this analysis operates. Systematic uncertainties related to the estimation
of Z events are discussed in section 7.

The ∆R(τ1, τ2) > 2 part of the analysis phase space has reasonably large expected Top
and fake τ -lepton event yields. These two background processes are closely intertwined,
considering that some of the fake τ -leptons originate from top-quark decays, and separating
them is not practical. Instead, an inclusive validation region Comb VR is defined, containing
Top, Fake Tau, Z boson, and diboson background processes. The Comb VR is defined by
requiring that events are selected by the same trigger as used in the SRs, pass the common
analysis preselection and have ∆R(τ1, τ2) > 2. The charges of the two τ -leptons are required
to be opposite and a b-jet veto is applied. The Comb VR also requires mvis(τ1, τ2) > 125 GeV
and pτ1+τ2

T < 125 GeV in order to suppress potential signal contamination.

Diboson production is an important background process in the SRs. However, the
overall event yields from diboson processes in the analysis phase space are too low to
allow the construction of a statistically significant CR that wouldn’t also be sensitive to
potential signal contributions. Instead, a validation region is defined in order to validate
the normalisation of the diboson backgrounds according to their cross-sections. The events
in the Diboson VR are required to pass the common SR preselection described in the upper
part of table 3. The events are also required to have mτ1

T > 60 GeV, mτ2
T > 20 GeV, and

mτ1
T + mτ2

T > 140 GeV to increase the diboson purity of this VR. To keep the Diboson VR
orthogonal to the SRs, mvis(τ1, τ2) < 75 GeV and mtot

T < 400 GeV are required.

Figure 4 shows examples of kinematic distributions from the four VRs used by the anal-
ysis. The predicted background yields are shown without the derivation and extrapolation
of normalisation factors in the CRs (as described in section 5). The maximum contribution
from potential signal models with the parameter choices considered by the analysis does
not exceed 1% in the CRs and 10% in the VRs. The only exception is the Diboson VR,
where the potential signal contribution can reach 35% of the total yield.
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Figure 4. Kinematic distributions of some of the variables used to construct SRs are shown in
the four VRs: (a) mvis(τ1, τ2) in Fake Tau VR, (b) mτ2

T
in Fake Tau VR, (c) Emiss

T
in Z VR, (d)

mtot

T
in Comb VR, (e) mτ1

T
in Comb VR, (f) mτ1

T
+ mτ2

T
in Diboson VR. The total statistical and

systematic uncertainty of the SM background is shown by the hatched band. The leftmost and
rightmost bins include the underflow and overflow entries respectively. The ratio of the observed
yield to the expected yield is shown in the lower panel.
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7 Systematic uncertainties

The analysis considers theoretical, experimental and statistical uncertainties in signal and
SM background modelling. The uncertainties are included in the likelihood fits as nui-
sance parameters with Gaussian probability densities. Theoretical uncertainties comprise
generator-modelling-related uncertainties, cross-section uncertainties, and uncertainties
related to the choice of PDF set. Such uncertainties are assumed to be uncorrelated between
background processes. Systematic uncertainties in the reconstruction, identification, correc-
tions and calibrations of various analysis objects are referred to as experimental uncertanties.
These uncertainties are assumed to be correlated across processes and analysis regions.

Jet-related experimental uncertainties include uncertainties in the energy scale [119]
and resolution [102], as well as jet-vertex-tagging uncertainties [120] and flavour-tagging
uncertainties [105, 121, 122]. The experimental uncertainties related to τ -leptons include
uncertainties from the reconstruction and identification algorithms as well as energy scale
and electron veto uncertainties [110, 112]. Uncertainties related to electrons [107] and
muons [108] are negligible. Uncertainties in the Emiss

T are estimated by taking into account
the uncertainties related to the energy or momentum of calibrated objects as well as the
uncertainties affecting the soft-term contributions [114].

The uncertainty in the combined Run 2 integrated luminosity is 1.7% [123], obtained
from luminosity measurements with the LUCID-2 detector [124]. The pileup reweighting
applied to simulated events to match the observed conditions in data is assigned systematic
uncertainties, reaching at most 6.4%. Uncertainties related to the trigger efficiency correction
factors are at most 4% depending on the Emiss

T of the event. All of the mentioned systematic
uncertainties are applied to all simulated samples.

Systematic uncertainties related to the fake-τ modelling consist of uncertainties in the
number of events in the regions used to measure the fake factors and in the regions where
they are applied, the statistical and systematic uncertainties of the MC samples in the
regions where fake factors are applied, and the uncertainties from the extrapolation and
application of fake factors. Based on a comparison of different correlation schemes the
correlation effects are found to be negligible and these uncertainties are considered to be
uncorrelated across regions.

Theoretical uncertainties related to variations of the PDFs are computed for all back-
ground and signal samples. The effect of using the nominal PDF and 100 variations is
represented by a set of generator weights. The standard deviation of all the variations
is computed and used as the PDF uncertainty. The uncertainties related to the value of
the strong coupling constant αs are estimated by halving the difference of two PDF sets
evaluated with αs = 0.117 and αs = 0.119. The PDF and αs systematic uncertainties are
then combined in quadrature, following the PDF4LHC recommendations [75]. To estimate
the uncertainties due to missing higher-order corrections, the values of renormalisation and
factorisation scales µr and µf [125] are varied independently by a factor of 2, requiring
0.5 ≤ µr/µf ≤ 2. The envelope of the effects of these scale variations is used to estimate the
effect of the scale uncertainty. The cross-section uncertainty is applied to all background
processes that are not normalised to data in the likelihood fits.

– 18 –



J
H
E
P
0
9
(
2
0
2
3
)
1
8
9

Region LowmA
LowmA

LowmA
LowmA

HighmA
HighmA

mτ1
T + mτ2

T [GeV] ∈ [100, 250] ∈ [250, 400] ∈ [400, 550] > 550 ∈ [400, 750] > 750

Theoretical 15.9% 20.9% 15.4% 13.3% 14.2% 21.7%

Fake τ -leptons 6.2% 19.1% 6.0% 3.0% 4.0% 13.2%

Jets 6.2% 7.9% 5.2% 11.0% 3.4% 7.9%

True τ -leptons 1.6% 3.1% 7.0% 10.6% 4.8% 5.0%

Normalisation 4.5% 4.0% 4.8% 8.1% 4.8% 6.1%

MC statistical 7.6% 13.2% 9.3% 15.6% 9.2% 22.2%

Cross-section 2.7% 4.7% 10.0% 9.8% 11.3% 8.5%

Other 4.1% 2.7% 5.3% 6.3% 4.9% 4.5%

Total 20.8% 32.8% 23.8% 28.3% 22.2% 36.3%

Table 5. Systematic uncertainties in the post-fit SM background prediction in the six SR bins. The
normalisation uncertainty includes the effect of keeping the normalisation factors as free-floating
parameters in the fit. “Other” includes the uncertainties arising from trigger efficiency corrections,
electrons, muons, modelling of pileup, and the Emiss

T
computation. The individual uncertainties can

be correlated and do not necessarily add in quadrature to equal the total uncertainty.

For the simulated Z and W boson samples, additional uncertainties are estimated
by varying the resummation and CKKW matching scales [40, 41]. For the Z(ττ)+jets
and diboson backgrounds, comparisons of the nominal Sherpa-produced samples with
MadGraph5_aMC@NLO+Pythia-produced samples are used to estimate the uncer-
tainties. For the tt̄ and single-top-quark production processes, comparisons of the nominal
Powheg+Pythia samples with MadGraph5_aMC@NLO+Pythia samples are used to
estimate uncertainties related to hard scattering. Similarly, parton showering uncertainties
are evaluated by comparing the Powheg+Pythia samples with Powheg+Herwig 7
samples. Uncertainties related to initial-state and final-state radiation are also considered
for tt̄ and single-top-quark production. Finally, for single-top-quark production samples,
the effect of the diagram removal scheme [93] is compared with the effect of the diagram
subtraction scheme [92, 93] to parameterise the uncertainty in the treatment of the Wt/tt̄

interference.

For the 2HDM+a model signal samples the theoretical uncertainties related to the
PDFs and renormalisation and factorisation scales are considered. Additional experimental
uncertainties account for the use of the simplified parameterised calorimeter response instead
of the full Geant4-based detector simulation.

A breakdown of the different sources of uncertainty in the SRs is presented in table 5.
The largest contribution comes from a combination of various theoretical uncertainties —
comparisons with alternative generators for diboson, Z boson, and tt̄ production processes,
as well as PDF and scale variations. Other significant sources of uncertainty are the limited
number of MC events and uncertainties in the modelling of fake τ -leptons.

– 19 –



J
H
E
P
0
9
(
2
0
2
3
)
1
8
9

Figure 5. A comparison of the observed and expected yields in each of the two control regions
and four validation regions used by the analysis is shown in the upper panel. The lower panel
shows the statistical significance of the observation given the number of predicted events. The
‘Other’ contribution includes all the background processes not explicitly listed in the legend (V +jets
except Z(ττ)). The top-quark and Z(ττ) background predictions are normalised according to the
background-only fit. The total statistical and systematic uncertainty of the SM background is shown
by the hatched band.

8 Results

Figure 5 summarises the observed and expected yields in all CRs and VRs used by the
analysis. The normalisation factors determined by the background-only fit to the data in
the CRs and propagated to the VRs and SRs to apply corrections to the SM backgrounds
are ωtop = 0.82 ± 0.15 and ωZ = 1.04 ± 0.22. All four validation regions show agreement
within one standard deviation between the SM prediction and the data, signifying good
modelling of the SM backgrounds.

The yields in each bin of the LowmA
SR are summarised in table 6. Comparisons

of observed and predicted yields and the corresponding statistical significances [126] are
shown in figure 6 together with the benchmark parameter configurations of the signal
model predictions. These signal benchmarks represent different kinematic regimes that the
LowmA

SR is sensitive to. The yields in the HighmA
SR bins are summarised in table 7 and

figure 7 together with the corresponding statistical significances and benchmark parameter
configurations of the signal model. No significant excess of data over the predicted SM
backgrounds is observed in any of the bins.

For every signal model parameter configuration considered by the analysis a signal-
plus-background fit is performed. The fit includes the CRs, and the LowmA

or HighmA

SR. The contribution from the signal model is included as a free-floating parameter. The
fit is performed simultaneously over all the CRs and SR bins. The probability that the
observed yields in the LowmA

SR or HighmA
SR are compatible with the signal-plus-

background hypotheses are computed. A one-sided profile-likelihood-ratio test statistic as
implemented in the HistFitter framework is used. The results are obtained using the
CLs prescription [127] and presented as exclusion contours at 95% confidence level (CL) in
the two-dimensional parameter spaces.
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mτ1
T + mτ2

T ∈ [100, 250] GeV ∈ [250, 400] GeV ∈ [400, 550] GeV > 550 GeV

Observed events 20 9 13 4

Fitted background events 28.3 ± 5.9 6.3 ± 2.1 10.1 ± 2.4 4.8 ± 1.3

Diboson 5.7 ± 2.4 2.0 ± 0.7 6.5 ± 2.1 2.8 ± 1.1

Z(ττ) 12.3 ± 3.8 0.8+1.0
−0.8 0.1+0.2

−0.1 0.1+0.2
−0.1

tt̄ 4.4 ± 2.7 0.3+0.8
−0.3 0.0 ± 0.0 0.0 ± 0.0

Single-top 0.2+0.4
−0.2 0.2+0.3

−0.2 0.0 ± 0.0 0.0 ± 0.0

tt̄V 0.1 ± 0.0 0.1 ± 0.1 0.1 ± 0.0 0.1 ± 0.0

Higgs 0.4 ± 0.1 0.4 ± 0.1 2.0 ± 0.4 1.5 ± 0.4

Fake tau 5.3 ± 1.8 2.6 ± 1.3 1.4 ± 0.6 0.3 ± 0.2

ma = 150 GeV, sin Θ = 0.35
4.1 ± 0.6 9.6 ± 1.2 1.9 ± 0.4 0.1 ± 0.0

mA = 400 GeV, tan β = 1

ma = 250 GeV, sin Θ = 0.7
0.4 ± 0.1 2.0 ± 0.3 12.3 ± 1.3 4.3 ± 0.6

mA = 600 GeV, tan β = 1

ma = 300 GeV, sin Θ = 0.35
0.2 ± 0.0 0.5 ± 0.1 3.1 ± 0.4 6.8 ± 0.9

mA = 800 GeV, tan β = 1

Table 6. Observed and expected yields in the LowmA
SR bins after the background-only fit. The

upper part of the table describes the breakdown of predicted SM backgrounds. The lower part of
the table shows predicted yields of three signal model benchmark parameter configurations.

Figure 6. A comparison of the observed and expected yields in the four bins of the LowmA
SR

region used in the analysis is shown in the upper panel. The lower panel shows the statistical
significance of the observation given the predicted number of events. The top-quark and Z(ττ)

background predictions are normalised according to the background-only fit. The total statistical
and systematic uncertainty of the SM background is shown by the hatched band.
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mτ1
T + mτ2

T ∈ [400, 750] GeV > 750 GeV

Observed events 9 3

Fitted background events 11.8 ± 2.6 2.2 ± 0.8

Diboson 8.9 ± 2.4 1.1 ± 0.6

Z(ττ) 0.4+0.5
−0.4 0.0+0.1

−0.0

tt̄V 0.1 ± 0.0 0.1 ± 0.0

Higgs 1.5 ± 0.3 0.7 ± 0.2

Fake tau 0.9 ± 0.5 0.4 ± 0.3

ma = 150 GeV, sin Θ = 0.35
4.0 ± 0.5 4.6 ± 0.6

mA = 1000 GeV, tan β = 1

ma = 250 GeV, sin Θ = 0.7
4.9 ± 0.7 0.2 ± 0.1

mA = 600 GeV, tan β = 1

ma = 300 GeV, sin Θ = 0.35
6.4 ± 0.8 1.4 ± 0.3

mA = 800 GeV, tan β = 1

Table 7. Observed and expected yields in the HighmA
SR bins after the background-only fit. The

upper part of the table describes the breakdown of predicted SM backgrounds. The lower part of
the table shows predicted yields of three signal model benchmark parameter configurations.

Figure 7. A comparison of the observed and expected yields in the two bins of the HighmA
SR

region used in the analysis is shown in the upper panel. The lower panel shows the statistical
significance of the observation given the predicted number of events. The top-quark and Z(ττ)

background predictions are normalised according to the background-only fit. The total statistical
and systematic uncertainty of the SM background is shown by the hatched band.
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Figure 8. Observed and expected exclusion contours at 95% CL (a) as a function of ma and mA

with tan β = 1 and sin Θ = 0.35, and (b) as a function of mA and tan β with ma = 250 GeV and
sin Θ = 0.7. The excluded area in (a) is to the left of the solid line, and in (b) below the solid line.

The first parameter space is defined by setting tan β = 1 and sin Θ = 0.35, while varying
the values of ma ∈ [100, 400] GeV and mA ∈ [300, 1200] GeV. The LowmA

SR is sensitive to
models with mA ≤ 800 GeV, while the HighmA

SR is more sensitive to the mA ≥ 1000 GeV
part of the parameter space. For the LowmA

SR, computations of CLs rely on the asymptotic
properties of the profile-likelihood ratio [128]. For the HighmA

SR however, the asymptotic
approximation is not valid because of the low yields in one of the regions, so Monte Carlo
pseudo-experiments are used instead. The exclusion contours are derived for the LowmA

SR and HighmA
SR separately and then combined using a method based on expected CLs

values, as the two SRs are not statistically independent. The observed data yields are higher
than the predicted SM backgrounds in the mτ1

T + mτ2
T ∈ [250, 550] GeV bins of the LowmA

SR, resulting in the observed limits being weaker than the expected limits. Pseudoscalar
singlets a with masses up to 300 GeV are excluded for mA = 800 GeV. The combined
exclusion contour is shown in figure 8(a).

The second two-dimensional parameter space considered by the analysis spans mA ∈
[500, 1300] GeV and tan β ∈ [0.3, 20] with the parameters ma and sin Θ fixed to the values
of 250 GeV and 0.7 respectively. Only the LowmA

SR has significant sensitivity to the
signal model with these parameter value choices. Monte Carlo pseudo-experiments are used
for the computation of the exclusion limits because the asymptotic approximation is not
appropriate for all parameter configurations of the signal model. Since in the LowmA

SR the
data yields are higher than expected in the mτ1

T + mτ2
T ∈ [250, 550] GeV bins, the observed

limits are less stringent than the expected ones for the parameter configurations of the
signal model that these bins are sensitive to. This corresponds to models with lower values
of mA. Signal points in the parameter space with tan β ≤ 1 are excluded for mA < 900 GeV.
The exclusion contour is shown in figure 8(b).

For each of the four bins in the LowmA
SR and two bins in the HighmA

SR, model-
independent upper limits are set on the cross-sections of potential BSM processes. A
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Signal region σvis [fb] S95
obs S95

exp CLb p0 (Z)

LowmA
SR

mτ1
T + mτ2

T

[100, 250] GeV 0.08 10.7 12.5+5.2
−3.5 0.27 0.86 (−1.07)

[250, 400] GeV 0.07 9.1 7.6+3.1
−1.6 0.72 0.30 (0.53)

[400, 550] GeV 0.08 10.8 8.9+3.4
−2.3 0.75 0.26 (0.65)

> 550 GeV 0.04 5.8 6.0+2.6
−1.6 0.42 0.61 (−0.29)

HighmA
SR

mτ1
T + mτ2

T

[400, 750] GeV 0.05 7.6 8.8+3.1
−2.4 0.34 0.85 (−1.03)

> 750 GeV 0.04 5.4 4.6+1.8
−0.8 0.67 0.34 (0.42)

Table 8. Upper limits at 95% CL on the visible cross-section σvis, on the number of signal events
(S95

obs), and on the number of signal events given the expected number (and ±1σ excursions of the
expectation) of background events (S95

exp). The last two columns indicate the CLb value (i.e. the
confidence level observed for the background-only hypothesis), the discovery p-value (p0), and its
associated significance Z.

signal-plus-background fit over all the CRs and the selected SR bin is performed. A generic
signal contribution with free-floating normalisation is assumed in the SR, but not in the CRs.
The profile-likelihood-ratio test statistic is evaluated using the HistFitter framework.
Upper limits of 0.4−0.8 fb are placed on the visible cross-section σvis at 95% CL. Upper
limits on the number of signal events given the observed number of events and predicted
number of background events, confidence levels for the background-only hypotheses, the
discovery p-value, and the associated significances in all of the SR bins are summarised
in table 8.

9 Conclusion

This paper presents a search for dark matter produced in association with a Higgs boson in
final states with two hadronically decaying τ -leptons and large missing transverse momentum.
The search is based on a 139 fb−1 dataset of

√
s = 13 TeV proton-proton collisions recorded

by the ATLAS experiment at the LHC during 2015–2018. The analysis utilises two different
signal regions which in turn are divided into four and two mτ1

T + mτ2
T bins, respectively, to

target different parts of the parameter space. No significant deviations from the Standard
Model prediction is found.

The results are interpreted in the context of the 2HDM+a model where parameters
are varied to set 95% CL limits in the ma–mA and mA–tan β planes. Model-independent
upper limits are set on the visible cross-section σvis for eventual beyond the Standard Model
physics processes producing a large missing transverse energy in association with a Higgs
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boson decaying to τ -leptons. These 95% CL limits vary between 0.04 and 0.08 fb depending
on which of the signal region bins is considered.

The presented work is the first exploration of the mono-Higgs signature with the Higgs
boson decaying into a pair of hadronically decaying τ -leptons with the ATLAS experiment.
Compared to the h+Emiss

T search with the Higgs boson decaying into a pair of b-quarks [12],
this search offers sensitivity to the low tan β region of the mA–tan β plane. In the ma–mA

plane this search has comparable sensitivity in the low mA region with an orthogonal
selection, allowing for a combination of the two results.
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