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1 Introduction

The particle nature of dark matter (DM) is one of the major unsolved questions in modern particle physics.
There is strong evidence for the existence of a non-luminous form of matter accounting for 85% of the
matter content in the universe from astrophysical measurements, including the rotational speed of stars in
galaxies, precision measurements of the cosmic microwave background [1, 2], and gravitational lensing
measurements [3–5]. The Standard Model of Particle Physics (SM), however, does not contain a particle
whose properties are consistent with those observations.

Searches for DM are being conducted at experiments around the world with complementary experimental
approaches: indirect searches aim to detect DM in the universe via the observation of its annihilation or
decay to SM particles; direct searches are designed to observe the elastic scattering of DM by nuclei and
electrons in a detector; finally, searches at particle colliders target the production of DM from high-energy
collisions of SM particles.

The ATLAS experiment [6] at the Large Hadron Collider (LHC) [7] is a general-purpose detector that allows
for a wide range of DM searches. In the following, the focus will be entirely on the hypothesis that DM is a
weakly interacting massive particle (WIMP) [8] and, more specifically, a Dirac fermion. WIMPs could in
principle interact with the SM sector in different ways. A particular strength of collider searches lies in the
fact that the high-energy collisions of SM particles could not only produce DM directly under controlled
experimental conditions but also provide access to particles mediating the interactions between DM and
the SM sector. A mediator produced in a collision could decay to DM particles, which themselves could
not be detected and would lead to missing transverse momentum (with magnitude Emiss

T ). Alternatively, a
mediator could decay back into SM particles, from which its properties could be reconstructed.

Dark matter searches at the LHC explore both avenues in the quest to solve the puzzle of DM. Invisible
mediator decays can be detected only if the mediator is produced in association with another particle,
for example from initial-state radiation that results in a hadronic jet, leading to a characteristic Emiss

T +jet
signature [9, 10]. Visible mediator decays allow for the reconstruction of the mediator particle from
its decay products, for example in the context of resonance searches, if the mediator is produced in the
s-channel [11–15].

The above-mentioned searches are traditionally interpreted in the context of so-called simplified models of
DM, which rely on a minimal set of new particles and interactions. The most commonly used among these
simplified models postulate the existence of a single fermionic DM particle and a single mediator, which,
depending on the model, could be a vector, axial-vector, scalar, or pseudo-scalar particle [16–18]. The
models are characterised by a minimal set of free parameters, namely the masses of the DM and mediator
particles and the couplings of the mediator to the SM and dark sectors.

In this note, a more complete benchmark model is used. It provides an ultra-violet complete and
renormalisable framework for the interpretation of DM searches. It is built upon the assumption that the
SM Higgs boson is part of an extended Higgs sector with two complex Higgs doublets. This is a key
assumption in many theories extending the SM, such as supersymmetry [19]. The interaction between the
SM sector and DM in this model is mediated by a pseudoscalar particle a. Pseudoscalar mediators are not
strongly constrained by direct-detection experiments because the tree-level amplitude for the DM-nucleon
elastic scattering is suppressed by the momentum transfer in the non-relativistic limit [20]. This renders
collider searches for these processes particularly useful.
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The model, referred to as Two Higgs Doublet Model (2HDM) + pseudoscalar mediator (a), 2HDM+a, is
the simplest and currently only gauge-invariant and UV-complete extension of the simplified model with a
pseudoscalar mediator, and has been first introduced in Ref. [21]. The model is adopted as a common LHC
benchmark model by the LHC Dark Matter Working Group [22], which is a joint forum of theory groups
and the ATLAS, CMS, and LHCb collaborations. This model, unlike the simplified models described above,
predicts a wide variety of detector signatures. Among the most prominent signatures in the parameter space
explored in this note are the production of DM in association with a Higgs boson (Emiss

T +h signatures) or
with a Z boson (Emiss

T +Z signatures). Further signatures are related to DM production in association with
a top quark and a W boson (Emiss

T +Wt), visible decays of the additional heavy Higgs bosons, and invisible
decays of the SM Higgs boson to DM.

A summary paper including constraints on the 2HDM+a benchmark based on a variety of dark matter
searches using 36 fb−1 data of

√
s = 13 TeV proton-proton collisions has been previously published by the

ATLAS Collaboration [23]. Constraints on the model have also been derived by the CMS Collaboration
using the results from searches in the Emiss

T + h(bb̄) [24] and Emiss
T + Z(`+`−) [25] final states using the

137 fb−1of LHC Run 2 data collected with the CMS detector.

This note updates and extends the constraints on the 2HDM+a compared to Ref. [23] based on a newer and
improved set of individual searches using 139 fb−1 of data. These searches are sensitive to a range of new
phenomena, including but not limited to processes involving DM. This note focuses exclusively on the
interpretation of their results in the context of the 2HDM+a benchmark. Apart from the larger dataset,
this note contains a number of improvements to enhance the sensitivity across a larger model parameter
space. First, results from additional searches and a statistical combination are included in the 2HDM+a
re-interpretation to extend the parameter space coverage:

• A statistical combination of two of the most sensitive searches, Emiss
T + h(bb̄) [26] and Emiss

T +

Z(`+`−) [27]

• The inclusion of two searches not considered in Ref. [23]: a search targeting the Emiss
T + Wt

signature [28], and a re-interpretation of a search for charged Higgs bosons decaying to tb [29].

Second, four additional benchmark parameter scans are included to highlight the complementarity of the
different searches and extend the model coverage. Finally, bb̄-initiated production is now included in the
2HDM+a model interpretations for the Emiss

T +h and Emiss
T +Z signatures, in addition to the gluon-gluon

(gg) initiated production considered in the previous publication. This process is relevant at higher values
of tan β , the ratio of the two vacuum expectation values (VEVs) of the two Higgs doublets.

This note is organised as follows: The benchmark model and the different parameter scans are introduced
in Section 2. The model implementation is described in Section 3. Section 4 provides short explanations
of individual DM searches. The statistical combination is described in Section 5. The results of the
benchmark scans are shown in Section 6.

2 Model overview

The benchmark model in this note is built upon the assumption of the existence of a second complex Higgs
doublet, which is postulated in various ultra-violet-complete (UV-complete) theories with an extended
Higgs sector. The 2HDM sector is assumed to have a CP-conserving potential and a softly broken Z2
symmetry [30]. After electroweak symmetry breaking, the 2HDM contains five Higgs bosons: a lighter CP
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even boson, h, a heavier CP-even boson, H, a CP-odd boson, A, and two charged bosons, H±. The 2HDM
coupling structure is chosen to be of type-II [30] and the alignment and decoupling limit is assumed, so
that the lighter CP-even state h can be identified with the SM Higgs boson.

The 2HDM+a benchmark further postulates the existence of a fermionic DM particle χ and a pseudoscalar
(CP-odd) mediator a with Yukawa-like couplings to both the SM fermions and the Dirac DM particle χ,
thus allowing for interactions between DM and the SM sector. The mediator couples to SM fermions
proportionally to the Higgs Yukawa couplings and mixes with the pseudoscalar A of the 2HDM sector with
mixing angle θ.

The phenomenology of the model is fully determined by 14 independent parameters: the masses of the
Higgs bosons h, H, A, and H±; the mass of the mediator a; the mass of the DM particle χ; the Yukawa
coupling strength between the mediator and the DM particle, gχ; the electroweak VEV, v; the ratio of the
VEVs of the two Higgs doublets, tan β ; the mixing angles of the CP-even and CP-odd weak eigenstates,
α and θ, respectively; and the three quartic couplings between the scalar doublets and the mediator
(λP1, λP2, λ3).

The values of some of these parameters are heavily constrained by both electroweak and flavour measure-
ments as well as phenomenological considerations, such as the requirement that the Higgs potential is
stable. Further parameter choices are driven by the desire to simplify the phenomenology of the model
and reduce the space of independent parameters to be scanned by experimental searches. A summary of
the parameter choices and the benchmark scans shown in this note is given in the following. A detailed
description of the 2HDM+a benchmark scans recommended by the LHC Dark Matter Working Group is
given in Ref. [22].

The following parameter settings are common to all benchmark scans shown in Section 6. The coupling gχ
is set to unity with a negligible effect on the shapes of the kinematic distributions of interest. As mentioned
above, the alignment limit (cos(β − α) = 0) is assumed, and hence mh = 125 GeV and v = 246 GeV. The
quartic coupling λ3 = 3 is chosen to ensure the stability of the Higgs potential for our choice of the masses
of the heavy Higgs bosons which are themselves fixed to the same value (mA = mH = mH±) to simplify
the phenomenology and evade the constraints from electroweak precision measurements [21]. The other
quartic couplings are also set to 3 in order to maximise the trilinear couplings between the CP-odd and the
CP-even neutral states.

After these considerations, five free parameters remain: the heavy Higgs mass mA = mH = mH± ; the
pseudoscalar mediator mass ma; the DM mass mχ; the mixing angle sin θ between the two CP-odd states a
and A; and VEV ratio tan β .

The constraints on the model are evalulated with regard to a number of representative benchmark scans, in
which one or two of the free parameters are varied while the others are kept at fixed values:

• Scan 1: two 2D scans in (ma,mA) assuming tan β = 1.0 and

a. sin θ = 0.35

b. sin θ = 0.7.

• Scan 2: two 2D scans in (mA, tan β ) assuming ma = 250 GeV and

a. sin θ = 0.35

b. sin θ = 0.7.
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• Scan 3: two 2D scans in (ma, tan β ) assuming mA = 0.6 TeV and

a. sin θ = 0.35

b. sin θ = 0.7.

• Scan 4: two 1D scans in sin θ with tan β = 1.0 and

a. mA = 0.6 TeV, ma = 200 GeV (low-mass scan)

b. mA = 1 TeV, ma = 350 GeV (high-mass scan)

• Scan 5: a 1D scan in mχ assuming mA = 0.6 TeV, ma = 250 GeV, tan β = 1.0 and sin θ = 0.35.

Five parameter scans, namely scans 1a, 3a, 4a, 4b, and 5 are recommended by the LHC Dark Matter
Working Group [22], and have been used in previous ATLAS publications, most notably Ref. [23]. The
additional scans, 1b, 2, and 3b, are motivated by the studies in Refs. [22, 31] and are shown for the first
time in this note to further highlight the rich phenomenology of the model. In particular, the choice of
sin θ = 0.7 ≈ 1/

√
2 (θ = π/4) corresponds to maximal mixing in the pseudoscalar sector and is particularly

interesting, for example, for the newly introduced Emiss
T +Wt search [31].

In all scans other than the DM mass scan, mχ = 10 GeV is chosen. The choice of mχ has a negligible
impact on the Emiss

T +X signatures for ma > 2 · mχ. The chosen value ensures a sizeable branching ratio for
the decay a→ χ χ̄ for all values of ma > 100 GeV that are considered in this note.

Another improvement introduced in this note concerns the production modes of the various Higgs bosons
and the pseudoscalar mediator. In Ref. [23], only gg-initiated production was considered. The dominant
production modes involving gluon initial states for all four Emiss

T + X signatures discussed in Section 4 are
summarised in Figure 1.

In this note, bb̄-initiated production is also included, which is particularly relevant for the Emiss
T +Z and

Emiss
T +h signatures at large values of tan β , as shown in Section 6. The leading Feynman diagrams for

bb̄-initiated production of these two signatures are shown in Figure 2.

3 Data and simulated samples

All analyses discussed in this note all rely on data from proton-proton collisions at a centre-of-mass energy
of
√

s = 13 TeV collected by the ATLAS detector at the LHC in the years 2015–2018. The integrated
luminosity of the dataset, after requiring that all detector subsystems were operational and recording good
quality data [32], amounts to 139 fb−1.

Simulated data is used to model the predictions of the 2HDM+a benchmark described in Section 2. This
model has been implemented in the Universal FeynRules Output (UFO) format [33]. All signal processes
are modelled at leading-order (LO) in the strong coupling constant.

Events were generated from this UFO implementation using the MadGraph5_aMC@NLO [34] Monte
Carlo (MC) generator interfacedwith Pythia 8 [35] for themodelling of the parton shower and hadronisation
with the parameter values set according to the ATLAS tune A14 [36]. The NNPDF3.0NLO set of parton
distribution functions (PDF) at next-to-leading order in the five-flavour scheme is used, which assumes a
massless b-quark and αs(mZ ) = 0.118 [37]. For consistency, the five-flavour scheme and mb = 0 GeV
are chosen for the matrix element (ME) computation in MadGraph5_aMC@NLO for the bb̄-initiated
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directly, leading to a di↵erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.

Following the example of Ref. [?], the interaction Lagrangian is written as

W+
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Figure 1: Representative Feynman diagrams for the dominant gluon-induced production and decay modes in the
2HDM+a.

production. For the gg-initiated production the four-flavour scheme is used to include top and bottom quark
contributions in the production loop. These modelling choices follow the recommendations of the LHC
Dark Matter Working Group [38].

To simulate the effects of additional pp collisions in the same and nearby bunch crossings, additional
interactions were generated using the soft QCD processes of Pythia 8.186 with the A3 tune [39] and the
MSTW2008LO PDF [40], and overlaid onto each simulated hard-scatter event. The simulated samples
were reweighted to the pileup distribution observed in data. Simulated events were processed either through
a detector simulation [41] based on Geant4 [42] or through a fast simulation [43] with a parameterisation
of the calorimeter response and Geant4 for the other parts of the detector. All simulated samples were
reconstructed in the same manner as the data. Corrections derived from data control samples were applied
to simulated events to account for differences between data and simulation in the reconstruction efficiencies,
momentum scale and resolution of leptons, and in the efficiency and false positive rate for identifying
b-jets.
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Figure 2: Representative Feynman diagrams for the bb̄-initiated production of the Emiss
T + h and Emiss

T + Z signatures
in the 2HDM+a.

To produce signal events efficiently across the large multidimensional parameter space of the 2HDM+a,
the MadGraph reweighting module [44] was used to obtain predictions for a range of different signal
model parameters from a minimal set of actually generated events. This is achieved by assigning new event
weights based on the ratios of matrix-elements for the input (generated) and target parameter points. The
event weights are calculated on-the-fly during the event generation. This method is validated by comparing
weighted distributions with generated ones for a few representative samples. The reweighting yields an
immense reduction of the required computing resources as the detector simulation has to be run only
once.

4 Individual searches

The results from the following analyses are used to derive constraints on the 2HDM+a parameter space:

1. A search for a leptonically decaying Z boson produced in association with missing energy (Emiss
T +

Z(`+`−)) [27].

2. Searches for Higgs bosons produced in association with missing energy with the Higgs boson
decaying to bottoms quarks (Emiss

T + h(bb̄)) [26] or photons (Emiss
T + h(γγ)) [45].
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3. A search for DM produced in association with a top quark and a W boson (Emiss
T +Wt) [28].

4. A search for charged Higgs bosons H± produced in association with a top quark and a bottom quark
and decaying to a top and a bottom quark (H±tb) [29].

5. A preliminary combination of searches for invisible decays of the SM Higgs boson [46].

A brief overview of the analyses is given in the following. The Emiss
T + Z(`+`−) and Emiss

T + h(bb̄) searches
enter the statistical combination described in Section 5.

4.1 Emiss
T + Z(`+`−)

This analysis is designed to search for two leptons ` (` = e, µ) to form a Z-boson candidate, in association
with large Emiss

T [27]. Those leptons are used to trigger the events. The search is optimised for models such
as associated production of the Higgs boson (ZH) with the Higgs boson decaying to invisible particles, a
simplified DM model with an axial-vector or a vector mediator and the 2HDM+a.

The dominant backgrounds consist of Z Z , W Z , WW , Z+jets and tt̄. The events with more than two leptons
are rejected to reduce W Z background. Selection requirements on Emiss

T and the Emiss
T significance are

applied to suppress the Z+jets background. For the reduction of the WW , tt̄ and Z+jets backgrounds, the
angle between the two leptons is required to be small. Also, events with a b-jet are not accepted to reduce
the tt̄ background. Control regions are defined for the dominant background processes as follows: an eµ
control region (tt̄- and WW- enriched), a three-lepton control region (W Z-enriched), and a four-lepton
control region (Z Z-enriched). Smaller backgrounds are estimated using simulated data. A simultaneous
fit of the signal region and control regions is performed for the statistical interpretation. In order to
maximise the sensitivity in the wide range of the 2HDM+a parameter space, a transverse mass is used as a
discriminant. The transverse mass is calculated from the transverse momentum of the two lepton system
and the Emiss

T , assuming it is a Z Z system.

No significant deviation from the SM expectations is observed. The results are used to place constraints on
a variety of signal processes, including those predicted by the 2HDM+a. These results are included in the
combination and summary plots of this note.

The Emiss
T + Z(`+`−) signature has played a minor role in the simplified models with vector mediators [23],

compared to the Emiss
T +jet signature. In the 2HDM+a parameter spaces explored in this note, however, the

Emiss
T + Z(`+`−) signature has dominant contributions as shown in Section 6, while the sensitivity from the

Emiss
T +jet has been shown to be negligible [22].

4.2 Emiss
T + h(bb̄)

This analysis uses final states with b-jets and Emiss
T [26]. Emiss

T triggers are used to collect events and
a Higgs boson is reconstructed from the b-jet(s). Two signal regions are defined based on the boost of
the Higgs boson in the transverse plane. Since the transverse momentum of the Higgs boson is highly
correlated with Emiss

T , the two regions are separated by Emiss
T : Emiss

T < 500 GeV and Emiss
T > 500 GeV. At

low Emiss
T the two b-jets from the Higgs boson decay are well separated and can be reconstructed as two

small-radius jets (resolved signal region). As the Emiss
T increases, the two b-jets begin to merge in a single

large-radius jet (merged signal region). All signal regions are further split into subregions with exactly two
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b-jets or ≥ 3 b-jets. This splitting is meant to enhance the sensitivity to bb̄ initiated production, where the
Higgs boson and DM particle are produced with an extra pair of b-quarks from gluon splitting (Figure 2).

The dominant backgrounds consist of tt̄ and W/Z bosons produced in association with heavy-flavour (HF)
jets. The Z+HF becomes dominant as the Emiss

T increases. The events with electrons, muons or taus are
rejected to reduce backgrounds. The tt̄, W+HF and Z+HF contributions are modelled using simulations
with their normalisations corrected from data by using background-enriched control regions requiring one
or two charged leptons. A simultaneous fit of signal regions and control regions is performed to obtain
limits in 2HDM+a parameter space.

No significant deviation from the SM expectations is observed. The results are used to constrain two
common DM benchmark models, including the 2HDM+a. Reference [26] only includes results for the
benchmark scan 1a (ma − mA plane at sin θ = 0.35). Constraints on the remaining benchmark scans in
Section 2 have been specifically derived for this note using the same procedure as for the results already
included in Ref. [26].

Along with Emiss
T + Z(`+`−) channel, this analysis also plays a major role to constrain the 2HDM+a model.

Also, the Emiss
T + h(bb̄) analysis is complementary to Emiss

T + Z(`+`−) in the benchmark scans described in
Section 2 as shown in Section 6.

4.3 Emiss
T + h(γγ)

The Emiss
T + h(γγ) analysis targets final states with two photons and a significant amount of Emiss

T [45].
Events are required to have at least two photon candidates. Two photons with highest energy in the
transverse plane are selected to form a Higgs candidate. Those photons are used to trigger the event.

After the photon requirements, events are required to pass a preselection of Emiss
T > 90 GeV and

∆Emiss
T < 30 GeV, where ∆Emiss

T is the Emiss
T calculated from the vertex selected by a neural network minus

the Emiss
T calculated from the hardest vertex [45]. Following this preselection, a boosted decision tree

(BDT) is trained to discriminate between DM signals and the non-resonant diphoton background, using
variables such as pγγT and the Emiss

T significance as input variables.

Finally, events are separated into low Emiss
T (Emiss

T < 150 GeV) and high Emiss
T (Emiss

T > 150 GeV) regions.
In each region, two categories are defined from two sequential ranges of the BDT score, with the ranges
optimised to maximise the combined signal sensitivity in the two chosen categories while discarding the
remaining events.

The dominant backgrounds are SM h→ γγ, non-resonant γγ, γ+jet, Vγ, and Vγγ. They are extracted by
fitting analytic functions to the diphoton invariant mass distribution in the range 105 < mγγ < 160 GeV.

No significant excess above the expected SM background is observed in any of the signal regions. Exclusion
limits are thus placed on a selection of DM benchmark models. The exclusion results of Ref. [45] already
include the benchmark scans 1a, 2a and 3a. Constraints on the remaining benchmark scans in Section 2
have been derived specifically for this note.
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4.4 Emiss
T +Wt

This search has been designed specifically to target the production of DM in association with a top quark and
a W boson in the context of the 2HDM+a [28]. Unlike the Emiss

T +X searches described above, this search
is sensitive to diagrams involving charged Higgs boson production, such as the one in Figure 1(f). The
on-shell production of the charged Higgs boson in association with a top quark dominates the production
cross section for the Emiss

T +Wt signature, if the decay channel H± → Wa is kinematically accessible.

Several final states are considered, either including one or two leptons (electrons or muons) and a significant
amount of Emiss

T . The tW1L analysis channel targets Wt + χ χ̄ events where only one of the W bosons
decays leptonically, while the tW2L analysis channel targets the same signal processes with both W bosons
decaying leptonically. The two selections are designed to be mutually exclusive. The results of these two
analysis channels are combined statistically to maximise the sensitivity to the Wt + χ χ̄ processes.

The final signal regions for the tW1L and tW2L channels are defined based on a range of discriminating
variables including jet and b-jet multiplicities, Emiss

T , and (s)transverse mass variables. The dominant SM
background contributions in the tW1L channel are tt̄, W+jets, and single top (Wt channel) production, while
in the tW2L channel the dominant background processes are tt̄, tt̄Z , and tW Z production. Background
contributions are determined from simulation, and additional control regions are defined to estimate the
contribution from the major SM background processes in the signal regions.

No significant excess above the SM is observed in any of the signal regions, thus exclusion limits for the
different parameters scans listed in Section 2 have been derived. These exclusion contours are included in
the summary plots shown in Section 6.

4.5 H± t b

This search targets the production of heavy charged Higgs bosons H± with masses in the range 0.2–2.0 TeV
in association with a top and a bottom quark. The charged Higgs boson decays to a top and a bottom quark,
H±(tb)tb [29].

Events are required to contain exactly one electron or muon and at least five jets, at least three of which
must be b-tagged. The selected events are categorised into four separate regions according to the number
of reconstructed jets (j) in an event and number of b-jets (b) among them, referred to as 5j3b, 5j≥4b, ≥6j3b,
and ≥6j≥4b. To enhance the separation between signal and background, a neural network is used. The
output distributions of the neural network are used in a fit to extract the amount of H±(tb)tb signal in
data.

The dominant background for this search is composed of tt̄ + jets events, including tt̄ + light, tt̄ + ≥1b and
tt̄ + ≥1c, as well as Wt single-top contributions, which are modelled using MC simulations. Data-driven
corrections obtained in an additional ≥5j2b region are applied to the simulation.

No significant excess above the expected SM background is observed in any of the signal regions. Hence
both model-independent upper limits on the cross section times branching ratio for the signal process as
well as model-dependent exclusion contours on specific benchmarks, including a type-II 2HDM in the
alignment limit without DM, have been derived [29]. These results can be straightforwardly reinterpreted
in the context of the 2HDM+a as the production and decay modes, cross sections and branching ratios of
the charged Higgs bosons are identical in both models. This has been verified by comparing the simulated
predictions of the 2HDM and 2HDM+a benchmarks for a range of relevant kinematic variables.
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4.6 Combination of searches for invisible Higgs boson decays

Searches for invisible Higgs boson decays, h(inv) [46], are also sensitive to the 2HDM+a, which predicts
invisible decays of the lighter scalar h to dark matter, h→ aa(∗) → χ χ̄ χ χ̄. A preliminary combination
for invisible decays of the SM Higgs boson has been performed, based on the results from three searches: a
search for invisible decays of the Higgs boson in the VBF topology [47]; a search for invisible decays of
the Higgs boson in the tt̄h topology (0` and 2` channels) [48, 49]; the combination of Run-1 searches for
invisible Higgs boson decays [50]. An upper limit on the h→ invisible branching ratio of 0.11

(
0.11+0.04

−0.03

)
at 95% confidence level (CL) is observed (expected) [46]. This upper limit is used directly to determine
the excluded parameter regions in the 2HDM+a based on the predicted h→ χ χ̄ branching ratio for each
point in the benchmark scans in Section 2.

5 Statistical combination of the Emiss
T + h(bb̄) and Emiss

T + Z(`+`−) searches

A statistical combination of two DM searches, Emiss
T + Z(`+`−) and Emiss

T + h(bb̄), is described in this
section. The Emiss

T +Z and Emiss
T +h channels are the most sensitive among a variety of Emiss

T +X searches
and they cover complementary regions of the 2HDM+a parameter space.

To achieve a bias-free statistical combination, it is vital that the two input analyses are statistically
independent. The Emiss

T + Z(`+`−) and Emiss
T + h(bb̄) analyses are described in Sections 4.1 and 4.2. The

signal region (SR) and control region (CR) of the Emiss
T + Z(`+`−) analysis veto the existence of a b-jet,

whereas Emiss
T + h(bb̄) requires at least one b-jet. Therefore, there is no overlap events between the two

analyses. This has been tested by checking all simulated data samples for events passing both analysis
selections. None were found, confirming the orthogonality of the two analyses.

5.1 Statistical Analysis Setup

In the combined likelihood fit, the parameter of interest is the signal strength of the 2HDM+a signals,
which is implemented as an overall global scaling of all the 2HDM+a processes in the various analyses.
The fit model also includes nuisance parameters (NPs) which are floated in the fit but are not of interest
for the 2HDM+a measurements. NPs determined from data only are referred to as unconstrained. Other
NPs, which use information from auxiliary measurements, are constrained and quantify the effect of
systematic uncertainties in the measurement. A unit-Gaussian constraint is assumed for each constrained
NP. The mean of the Gaussian is the global observable representing the observed value of the auxiliary
measurement. When the same systematic uncertainty source affects two channels, the corresponding NPs
between them are treated as a single parameter [51]. However, if it is not correlated between the two
channels, it is treated as two separate parameters.

The likelihood used in the combined fit is given by [52]

L(data|µ, θ) =
Ncats∏
c=1
Lc(data|µ, θ)

Ncons∏
k=1
F (θ̃k |θk) (1)

where µ is the parameter of interest, θ is the vector of nuisance parameters (NPs), Ncats is the number of
categories, Ncons is the number of constrained NPs, θ̃k is the global observable corresponding to θk , c
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runs over categories, k runs over constrained NPs, and F denotes a Poisson, a Gaussian or a Log-normal
distribution depending on the type of uncertainty. The categories represent signal regions and control
regions in the fit. The likelihood for a category is a product of Poisson distributions (P):

Lc(data|µ, θ) =
Nbins∏
i=1

P

(
ni |

∑
s

NSs (µ, θ) +
∑
b

NBb
(θ)

)
, (2)

where Nbins is the number of bins, ni is the observed number of data events in each bin,
∑
s

NSs (µ, θ) is the

signal yield and
∑
b

NBb
(θ) is the background yield.

The 95% CL limits are determined using the CLs frequentist formalism [53] with the profile likelihood
ratio test statistic [54] implemented using RooStats [55] and RooFit [56].

5.2 Uncertainties and their correlations

5.2.1 Uncertainty correlation scheme

The correlations of uncertainties between Emiss
T + Z(`+`−) and Emiss

T + h(bb̄)measurements are determined
as follows.

The experimental uncertainties are related to the reconstruction of the objects, such as electrons, muons and
jets, by the detector. The electron and muon related uncertainties as well as the Emiss

T -related uncertainties
are correlated [46, 57]. The b-tagging related uncertainties are uncorrelated because different tagging
methods are used. The jet energy scale related uncertainties are correlated because both analyses use the
same uncertainty scheme. For uncertainties related to the jet energy resolution, three different correlation
scenarios for the corresponding NPs (fully correlated, uncorrelated, anti-correlated) have been compared.
The differences between them were found to be negligible. The uncertainties are kept uncorrelated in the
final fit.

The theory uncertainties are related to the simulations of background and signal events. The composition
and origin of the leading backgrounds are quite different. Also, some backgrounds are estimated via fully
data-driven techniques and others are constrained through a series of dedicated and analysis-specific control
regions. The sets of NPs used to implement the background modelling uncertainties are significantly
different and so is, in part, the phase space considered by the analyses. For these reasons, uncertainties
related to background simulations are taken to be uncorrelated.

The Emiss
T + Z(`+`−) and Emiss

T + h(bb̄) signal simulations are performed for the two different final states and
the signal regions probe very different regions of phase space. Given the fact that all the signal modelling
uncertainties in the Emiss

T + h(bb̄) measurement are negligible and hence are not included in the statistical
analysis, those uncertainties are considered to be uncorrelated.

5.2.2 Impact of uncertainties

The contributions of the statistical and systematic uncertainties on the total uncertainty of the best-fit
signal strength for ma = 350 GeV, mH = 1 TeV, tan β = 1.0 and sin θ = 0.35 are shown in Table 1. The
total uncertainty is dominated by the statistical uncertainty. The systematic uncertainty is split into four
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categories for different groups of nuisance parameters: theory, experimental, MC statistical uncertainties,
and background normalisation factors. The background normalisation factors are floated in the simultaneous
fit of the signal and control regions. They are highly correlated to other systematic uncertainties. The
uncertainty for each category is estimated by fixing a group of NPs in a fit and subtracting the resulting
uncertainty on the signal strength from the total uncertainty in quadrature. The theoretical uncertainty on
the background and signal modelling is found to have the largest impact. The experimental uncertainty is
further broken down into the uncertainties related to the different reconstructed objects. The systematic
uncertainties related to hadronic jets and flavour tagging are found to be the dominant experimental
uncertainties. However they are only small components of the total uncertainty.

Uncertainty source ∆µ

Statistical uncertainty 0.11

Systematic uncertainties 0.071
Theory uncertainties 0.046
Experimental uncertainties 0.036

Jets 0.028
Emiss

T 0.005
Flavour tagging 0.012
Electrons 0.007
Muons 0.012
Luminosity, pile-up 0.004

MC statistical uncertainty 0.031
Free background normalisation factors 0.021

Total uncertainty 0.13
Table 1: Summary of the absolute uncertainties and their impact on the best-fit signal strength from observed
data, obtained by fixing the corresponding nuisance parameters to their best fit values, and subtracting the resulting
uncertainty from the total uncertainty in quadrature. The statistical uncertainty component is obtained by fixing
all nuisance parameters to their best-fit values. The fitted signal is at ma = 350 GeV, mH = 1 TeV, tan β = 1.0 and
sin θ = 0.35.

5.3 Combined Results

The results of the statistical combination in the 2HDM+a DM interpretation are shown in this section. The
main purposes of the following plots are to show how the combination improves the expected and observed
exclusions and the size of the 1σ and 2σ bands on the expected limit. The features in the shape of the limit
contours are further discussed in Section 6.

An interpolation strategy based on linear Radial Basis Functions [58, 59] is used to obtain the continuous
exclusion contours based on the discrete set of available signal points for which the exclusion limits
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have been calculated. The same strategy is used for the Emiss
T + Z(`+`−), Emiss

T + h(bb̄) and combination
contours.

mA-ma scan
Figure 3 shows the exclusion contour for the mA-ma scan with both sin θ = 0.35 and sin θ = 0.7 (scans
1a and 1b). The regions contained within the observed contours are excluded by the Emiss

T + h(bb̄) and
Emiss

T + Z(`+`−) combination. For the scan 1a, the exclusion power in terms of mA and ma is improved by
the combination. The sensitivity at lower values of mA is mainly driven by the Emiss

T + Z(`+`−) channel.
For the scan 1b, the sensitivity improvement from the statistical combination significantly increases the
exclusion power at mA ' 1.0 - 1.3 TeV. The dashed area indicates the region where the width of any of the
Higgs bosons exceeds 20% of its mass. This area indicates a potential increase of modelling uncertainties,
however it does not necessarily mean that the model is invalid.
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Figure 3: Observed (solid lines) and expected (dashed lines) exclusion regions at the 95% CL in the (ma,mA) plane
under the assumption of (a) sin θ = 0.35 (scan 1a) and (b) sin θ = 0.7 (scan 1b). The results are shown for the
individual Emiss

T + Z(`+`−) and Emiss
T + h(bb̄) searches as well as for their combination. The surrounding green and

yellow bands correspond to 1 and 2 standard deviations around the combined expected limits. The grey dashed
regions indicate the region where the width of any of the Higgs bosons exceeds 20% of its mass.

tan β-mA scan
Figure 4 shows the exclusion contour for the tan β-mA scan with both sin θ = 0.35 and sin θ = 0.7 (scans
2a and 2b). The excluded regions are in the centre of the plots for Emiss

T + Z(`+`−) and Emiss
T + h(bb̄) for

the scan 2b, while the low and high tan β regions are excluded for Emiss
T + h(bb̄) for the scan 2a. The

contour is affected by the interplay between gg-fusion and bb̄-induced signal processes; the coupling
of H/A/a to top quarks (present in gg-fusion production) is proportional to cot β, while the coupling to
bottom quarks is proportional to tan β . For this reason, gg processes dominate for tan β < 1. Signals with
large cross sections are easier to exclude, hence the contour is wider in the lower tan β region for both
Emiss

T + Z(`+`−) and Emiss
T + h(bb̄). As tan β increases, the gg cross section decreases and the contour

narrows; eventually the bb̄ contribution becomes significant and the cross section grows, causing the contour
to widen (Emiss

T + Z(`+`−)) or appear again (Emiss
T + h(bb̄)) at high tan β . Samples with sin θ = 0.35 have

higher cross sections at high tan β than the ones with sin θ = 0.7; likewise, samples with sin θ = 0.7 have
higher cross sections at low tan β than the ones with sin θ = 0.35. This leads to a better exclusion in the
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scan 2a at high tan β 1, and in the scan 2b at low tan β . The sensitivity improvement from the combination
is clear for tan β values around 1–5.
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Figure 4: Observed (solid lines) and expected (dashed lines) exclusion regions at the 95% CL in the (mA, tan β)
plane under the assumption of (a) sin θ = 0.35 (scan 2a) and (b) sin θ = 0.7 (scan 2b). The results are shown for
the individual Emiss

T + Z(`+`−) and Emiss
T + h(bb̄) searches as well as for their combination. The surrounding green

and yellow bands correspond to 1 and 2 standard deviations around the combined expected limits. The dashed grey
regions indicate the region where the width of any of the Higgs bosons exceeds 20% of its mass.

tan β-ma scan
Figure 5 shows the exclusion contour for the tan β-ma scan with both sin θ = 0.35 and sin θ = 0.7 (scans
3a and 3b). The excluded regions are the left-hand side areas of the plots. For Emiss

T + h(bb̄), the shapes
of these limit contours again depend strongly on the relative contributions from gg- and bb̄-initiated
production to the total production cross section, while this effect is less significant for Emiss

T + Z(`+`−).
The combined sensitivity is mainly driven by the Emiss

T + Z(`+`−) channel. The dashed area indicates the
region where the width of any of the Higgs bosons exceeds 20% of its mass.

sin θ scan
Figure 6 shows the exclusion limits as a function of sin θ for the 2HDM+a model, following the two
parameter choices (scans 4a and 4b) described in Section 2. The Emiss

T + h(bb̄) search reaches its maximum
sensitivity around sin θ = 0.5 because the non-resonant and resonant production for Emiss

T + h(bb̄)
have different trends as a function of sin θ , while for Emiss

T + Z(`+`−) both of the productions tend to
monotonically increase. For the low-mass scan (left plot), the sensitivity is driven by the Emiss

T + Z(`+`−)
search. For the high-mass scan (right plot), a good complementary coverage is found and the combination
significantly improves the sensitivity. Almost the whole range is excluded in both low-mass and high-mass
sin θ scans.

mχ scan
Figure 7 shows the exclusion limits as a function of the DM mass mχ for the 2HDM+a benchmark,
following the parameter choices of scan 5.
1 Note that the sin θ = 0.7 scan in Figure 4 is truncated at mA = 1.225 TeV
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Figure 5: Observed (solid lines) and expected (dashed lines) exclusion regions at the 95% CL in the (ma , tan β)
plane under the assumption of (a) sin θ = 0.35 (scan 3a) and (b) sin θ = 0.7 (scan 3b). The results are shown for the
individual Emiss

T + Z(`+`−) and Emiss
T + h(bb̄) searches as well as for their combination. The surrounding green and

yellow bands correspond to 1 and 2 standard deviations around the combined expected limits.
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Figure 6: Observed (solid lines) and expected (dashed lines) exclusion limits at 95% CL for the 2HDM+a model
as a function of sin θ , for tan β = 1.0 and (a) mA = 0.6 TeV , ma = 200 GeV (scan 4a: low-mass hypothesis) and
(b) mA = 1.0 TeV , ma = 350 GeV (scan 4b: high-mass hypothesis). The results are shown for the individual
Emiss

T + Z(`+`−) and Emiss
T + h(bb̄) searches as well as for their combination. The surrounding bands correspond to 1

and 2 standard deviations around the combined expected limits.
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For both Emiss
T + Z(`+`−) and Emiss

T + h(bb̄) analyses, the sensitivity is independent of the DM mass as
long as the lightest pseudoscalar mediator, whose mass is fixed at 250 GeV in this scan, is kinematically
allowed to decay into a χχ pair. Both Emiss

T + Z(`+`−) and Emiss
T + h(bb̄) analyses exclude this parameter

space. For higher DM masses, the sensitivity of the two analyses and the combination quickly decreases
and no exclusion is observed. The combination slightly improves the sensitivity across the whole range
compared to the individual searches.
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Figure 7: Observed (solid lines) and expected (dashed lines) exclusion limits for the 2HDM+a model as a function of
mχ, following the parameter choices of mA = 0.6 TeV, ma = 250 GeV, tan β = 1.0 and sin θ = 0.35 (scan 5). 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 of the model. The results are shown for the individual Emiss

T + Z(`+`−) and Emiss
T + h(bb̄) searches as

well as for their combination. The features of the curves shown in this plot are discussed in more detail in Section 6.
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6 Summary of constraints on the 2HDM+a benchmark

In the following, the constraints on the 2HDM+a derived from the searches described in Section 4 and
the combination in Section 5 are presented in terms of the benchmark scans discussed in Section 2. The
Emiss

T + Z(`+`−), Emiss
T + h(bb̄) and combination contours are drawn with the same interpolation method

for consistency between them.

mA-ma scan
Figure 8 shows the exclusion contours for the mA-ma scans with both sin θ = 0.35 and sin θ = 0.7,
which correspond to benchmark scans 1a and 1b in Section 2. The Emiss

T + Z(`+`−) and Emiss
T + h(bb̄)

searches dominate the sensitivity across the two parameter planes, which is largely due to the resonant
production of the (pseudo)scalars according to the diagram in Figure 2(e). Their sensitivities depend on
both pseudoscalar Higgs and mediator masses. For scan 1a, the maximum reach is obtained for ma up to
560 GeV, if the A-boson mass is set to 1.2 TeV, while for ma = 150 GeV A-boson masses between 250 GeV
and 1.55 TeV are excluded. In both scans, but most notably for scan 1b, an increase in the exclusion power
of the Emiss

T + h searches is observed at larger values of mA and low values of ma. This is due to an increase
of the cross section of the a→ ah process, without resonant A production. No equivalent process exists
for the Emiss

T +Z signature. In this context, it is worth noting that, given the current parameter choices
for the 2HDM+a (Section 2), the aah coupling exceeds 4π for mA & 1.75 TeV. Furthermore, values of
mA & 1.25 TeV are not consistent with the requirement of having a bounded-from-below scalar potential.
These constraints, however, can be relaxed substantially if the quartic couplings take a value closer to
the perturbativity limit and also in more general 2HDMs containing additional couplings as discussed
in Refs. [21, 22, 60]. Hence the above considerations should not be understood as strong limitations on
the validity of the model predictions that were used to derive the above exclusion contours. Finally, it is
to be noted that for high mA the width of the additional heavy Higgs bosons grows substantially and the
theoretical predictions are subject to additional theoretical uncertainties associated with the treatment of
the width. This is indicated by the grey shaded area marking the region where the relative width Γ/m of at
least one of the heavy Higgs bosons exceeds 20%.

In the lower left area, the Emiss
T + Z(`+`−) limit reaches the mA = ma +mh line while the Emiss

T + h(bb̄) limit
does not. This is because Emiss

T + Z(`+`−) can probe lower Emiss
T space, whereas Emiss

T + h(bb̄) requires a
higher Emiss

T threshold due to the use of a Emiss
T trigger.

In addition to the Emiss
T +Z(`+`−) results, the observed and expected exclusion contours from a Emiss

T +V(qq̄)
search on 36 fb−1of

√
s = 13 TeV pp collision data [61] are shown for the scan 1a. This result was already

included in Ref. [23]. The sensitivity of this search is considerably smaller than that of the Emiss
T + Z(`+`−)

search due to the larger backgrounds from strong multijet production in the hadronic decay channel.

The Emiss
T +Wt search probes a similarly shaped, albeit smaller, region in parameter space compared to the

Emiss
T + Z(`+`−) in scan 1b. Its observed exclusion is weaker than the expected sensitivity due to a small

(within 2σ) excess in the tW2L region [28]. Exclusion contours for the Emiss
T +Wt search are only shown for

the scan 1b where the sensitivity of the search is larger compared to the scan 1a [31].

The H±(tb)tb search provides complementary sensitivity to the Emiss
T + X searches. Its exclusion contour

shows only a moderate dependence on ma as this search does not probe the production of the pseudoscalar
mediator directly and is therefore only indirectly affected by the choice of ma via its effect on the
relative branching ratio to tb compared to the branching ratios for other possible decay modes, such as
H± → aW±, AW±,HW±.
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Finally, the limit on the branching ratio for invisible Higgs boson decays constrains very low values of ma,
as searches for invisible Higgs boson decays are sensitive only to the a boson production cross section.
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Figure 8: Observed (solid lines) and expected (dashed lines) exclusion regions at 95% CL in the (ma,mA) plane under
the assumption of (a) sin θ = 0.35 (scan 1a) and (b) sin θ = 0.7 (scan 1b). The results are shown for several individual
searches as well as the combination of the Emiss

T + Z(`+`−) and Emiss
T + h(bb̄) searches. The dashed grey regions

indicate the region where the width of any of the Higgs bosons exceeds 20% of its mass. The larger exclusions of
Emiss

T + h(bb̄) and Emiss
T + h(γγ) in high mA region are due to an increase of the cross section of the a→ ah process,

which are more significant when sin θ = 0.7.

tan β -mA scan
In the context of 2HDM interpretations, it is customary and well motivated to show exclusion contours in
terms of the mass of the pseudoscalar A and tan β. This parameterisation is described by benchmark scan
2 introduced in Section 2, which is conducted for both sin θ = 0.35 (scan 2a) and sin θ = 0.7 (scan 2b).
The results are shown in Figure 9.

In the case of scan 2a, the probed parameter space is almost fully excluded by the Emiss
T + Z(`+`−) search

alone. The situation is similar for the scan 2b, except that in this case, the Emiss
T +Wt search also probes

the low tan β region for large values of mA.

In scan 2a, the Emiss
T + h(bb̄) loses sensitivity in the lower tan β and higher mA region. This is due to the

rapid change of the production cross sections in this area.

The Emiss
T +Wt search probes a low tan β region in parameter space compared to the Emiss

T + Z(`+`−) search
for scan 2b. Its observed exclusion is weaker than the expected sensitivity due to a small (within 2σ) excess
in the tW2L region [28]. Again, exclusion contours for the Emiss

T +Wt search are only shown for the scan
2b where the sensitivity of the search is larger compared to the scan 2a [31]. Furthermore, no exclusion
contours are shown for the Emiss

T +h(γγ) search.

The H±tb search provides complementary sensitivity to the Emiss
T + X searches. It has a moderate

mA dependence in the lower mA region.

19



400 600 800 1000 1200 1400 1600 1800

 [GeV]Am

1

10

β
ta

n PreliminaryATLAS 
-1, 139 fb = 13 TeVs

Limits at 95% CL
Observed
Expected

2HDM+a, Dirac DM
 = 1

χ
 = 10 GeV, gχm

 = 0.35θsin
 = 250 GeVam

 > 20%A/mΓ

-1), 139 fbb+h(bmiss
TE

ATLAS-CONF-2021-006

-1), 139 fbb+h(bmiss
TE

-1+Z(ll), 139 fbmiss
TE

ATLAS-CONF-2021-029

-1+Z(ll), 139 fbmiss
TE

-1tb, 139 fb±H

JHEP 06 (2021) 145

-1tb, 139 fb±H

Combination

+Z(ll)miss
TE, )b+h(bmiss

TE

Combination

(a)

200 400 600 800 1000 1200

 [GeV]Am

1

10

β
ta

n PreliminaryATLAS 
-1, 139 fb = 13 TeVs

Limits at 95% CL
Observed
Expected

2HDM+a, Dirac DM
 = 1

χ
 = 10 GeV, gχm

 = 0.7θsin
 = 250 GeVam

 > 20%A/mΓ

-1), 139 fbb+h(bmiss
TE

ATLAS-CONF-2021-006

-1), 139 fbb+h(bmiss
TE

-1+Z(ll), 139 fbmiss
TE

ATLAS-CONF-2021-029

-1+Z(ll), 139 fbmiss
TE

-1+Wt, 139 fbmiss
TE

arXiv: 2011.09308

-1+Wt, 139 fbmiss
TE

-1tb, 139 fb±H

JHEP 06 (2021) 145

-1tb, 139 fb±H

Combination

+Z(ll)miss
TE, )b+h(bmiss

TE

Combination

(b)

Figure 9: Observed (solid lines) and expected (dashed lines) exclusion regions at 95% CL in the (mA , tan β) plane
under the assumption of (a) sin θ = 0.35 (scan 2a) and (b) sin θ = 0.7 (scan 2b). The results are shown for several
individual searches as well as the combination of the Emiss

T + Z(`+`−) and Emiss
T + h(bb̄) searches. The dashed grey

regions indicate the region where the width of any of the Higgs bosons exceeds 20% of its mass.

tan β -ma scan
Figure 10 shows a similar scan to the one in Figure 9 but this time varying the mass of the pseudoscalar
mediator ma rather than mA (benchmark scan 3 in Section 2). Again, the exclusion contours are shown
for both sin θ = 0.35 (scan 3a) and sin θ = 0.7 (scan 3b). The strongest exclusion is observed from the
Emiss

T + Z(`+`−) and Emiss
T + h(bb̄) searches. In both cases, an increase in the exclusion range in terms

of ma is found for large values of tan β, compared to a weaker exclusion around tan β = 3 (tan β = 8 for
Emiss

T + h(bb̄) in scan 3a). This increase is due to the contributions from bb̄-initiated signal production,
which becomes dominant at large values of tan β. The exclusion contours for the Emiss

T +h searches show
a different tan β dependence than the one for Emiss

T + Z(`+`−), in particular for scan 3b, with a notable
reduction in the sensitivity for tan β ' 3 − 5. This is due to a reduction in the overall production cross
section for the Emiss

T +h signature that is not present for the Emiss
T + Z signature.

The Emiss
T + h(bb̄) sensitivity increases at lower tan β in scan 3a because its cross section is proportional to

cot2 β and rapidly increases as tan β decreases in this region.

No exclusion contours from the Emiss
T +Wt search are shown for the tan β-ma scans. For the scan with

sin θ = 0.35, results from searches for Emiss
T in association with a tt̄ pair are included [62, 63]. These

searches are sensitive to the tt̄-associated production of the mediator a and its subsequent decay to χ χ̄. The
combined exclusion contour, which was already included in Ref. [23], is based on 36 fb−1of

√
s = 13 TeV

pp collision data and excludes very small values of tan β in the region characterised by large Higgs boson
widths.

The H±tb search provides complementary sensitivity to the Emiss
T + X searches. As in the mA-ma scan

(Figure 8), the exclusion contour shows only a moderate dependence on ma.

Additionally, results from a search for new phenomena in a lepton plus high jet multiplicity final state [64]
consistent with four-top-quark (tt̄tt̄) production are shown for the case sin θ = 0.35. It is sensitive to the
tt̄-associated production of the neutral particles a, A, or H and their subsequent decay to tt̄. Its exclusion
contours, which were already included in Ref. [23], are derived based on 36 fb−1of

√
s = 13 TeV pp
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collision data and show a similar dependence on ma as those from the H±tb search while excluding a
smaller tan β range.

Finally, the h(inv) branching ratio limit again provides constraints at very low values of ma, independent of
the value of tan β .
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Figure 10: Observed (solid lines) and expected (dashed lines) exclusion regions at 95% CL in the (ma, tan β) plane
under the assumption of (a) sin θ = 0.35 (scan 3a) and (b) sin θ = 0.7 (scan 3b). The results are shown for several
individual searches as well as the combination of the Emiss

T + Z(`+`−) and Emiss
T + h(bb̄) searches. The dashed grey

regions indicate the region where the width of any of the Higgs bosons exceeds 20% of its mass.

sin θ scan
Figure 11 shows the exclusion limits as a function of sin θ for the 2HDM+a model for a low-mass and
high-mass mediator a hypothesis, following the two parameter choices of scan 4 in Section 2. The limits
are expressed in terms of the ratio of the excluded cross section to the nominal cross section of the model.

For scan 4a, the strongest exclusion in the medium sin θ range is provided by the Emiss
T + Z(`+`−) and

Emiss
T + h(bb̄) searches. The sensitivity of the former monotonically improves as a function of sin θ, as the

cross section of the non-resonant and resonant production diagrams, in Figures 1(d) and 1(e), respectively,
increases with sin θ, while the same production diagrams for the Emiss

T +h signature have very different
sin θ dependence in the two scans explored here, as described in Refs. [21, 23]. The H±tb signature shows
a different sin θ dependence compared to the other signatures as it is not directly sensitive to the neutral
boson production. It is particularly sensitive at very small mixing angles.

In scan 4b, the mass of the light pseudoscalar is high enough that the decay a → tt̄ is kinematically
allowed, which introduces an additional sin θ dependence to the Emiss

T + X analyses interpreted in this
scan. For this reason, the highest sensitivity for the Emiss

T + X analyses is typically found to be around
(or slightly below) the maximal mixing condition (θ = π/4). The Emiss

T +h signatures, however, have a
complex sin θ dependence due to the different contributions of resonant and non-resonant processes to the
final selection in the two analyses. The sensitivity of the Emiss

T + h(bb̄) search exhibits a broad maximum
for sin θ values below the maximal mixing condition (θ = π/4). The Emiss

T + h(γγ) search instead shows
a local sensitivity minimum around sin θ ' 0.6. The H±tb signature, as in scan 4b, shows a constant
sensitivity as a function of sin θ . The Emiss

T +Wt search is not included in this scan.
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Again, the results from the Emiss
T +V(qq̄), tt̄tt̄, and Emiss

T +tt̄/bb̄ searches from Ref. [23] are shown for
completeness. The strongest constraints, however, are provided by the searches relying on 139 fb−1of data
for all sin θ values in both scans.
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Figure 11: Observed (solid lines) and expected (dashed lines) exclusion limits at 95% CL for the 2HDM+a model
as a function of sin θ, for tan β = 1.0 and (a) mA = 0.6 TeV , ma = 200 GeV (scan 4a: low-mass hypothesis) and
(b) mA = 1.0 TeV , ma = 350 GeV (scan 4b: high-mass hypothesis). The results are shown for several individual
searches as well as the combination of the Emiss

T + Z(`+`−) and Emiss
T + h(bb̄) searches.

mχ scan
In Figure 12, the experimental reach of the different searches are compared with regard to the DM mass
mχ, which is the parameter with the strongest impact on the relic density predicted by the 2HDM+a. It
corresponds to benchmark scan 5 in Section 2. The searches are compared in terms of the observed
exclusion limits on the ratio of the excluded cross section to the nominal cross section of the model (left
vertical axis) as a function of mχ.

Again, the results from the Emiss
T +V(qq̄) as well as a re-interpretation of a Emiss

T +bb̄ search [62] from
Ref. [23] are shown for completeness. The tt̄tt̄ search has not been interpreted in the context of this
benchmark scan.

The predicted relic density (right vertical axis) for each value of mχ is overlaid on the plot as a long-dashed
line. The two regions at mχ = 125 GeV and mχ = 300 GeV marked by light-grey bars correspond to the
a-funnel and A-funnel regions [22, 65, 66] where the predicted relic density is depleted by the resonant
enhancement of the processes χ χ̄ → A/a→ SM. This and other features of the relic density curve are
discussed in more detail in Ref. [23] and references therein.

For all signatures shown here, the sensitivity is independent of mχ as long as the pseudoscalar mediator,
whose mass is fixed at 250 GeV in this scan, is allowed to decay into a χ χ̄ pair. The strongest constraints
on this region are provided by the Emiss

T + Z(`+`−) search, which, together with the Emiss
T + h(bb̄) search,

excludes this parameter space. For higher DM masses, the sensitivity of the Emiss
T +X searches quickly

decreases. For mχ > ma/2, the strongest constraints are obtained from the H±(tb)tb search, which excludes
the 2HDM+a for the chosen parameter values for all values mχ.
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Figure 12: Observed (solid lines) and expected (dashed lines) exclusion limits for the 2HDM+a model as a function
of mχ , following the parameter choices of mA = 0.6 TeV, ma = 250 GeV, tan β = 1.0 and sin θ = 0.35 (scan 5). 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 of the model. The results are shown for several individual searches as well as the combination of the
Emiss

T + Z(`+`−) and Emiss
T + h(bb̄) searches. The relic density for each mχ assumption is superimposed in the plot

(long-dashed line) and described by the right vertical axis. For dark matter mass values where the relic density line is
belowΩh2 = 0.12, the model depletes the relic density to below the thermal value. The two valleys at mχ = 125 GeV
and mχ = 300 GeV determine the two a-funnel and A-funnel regions [22, 65, 66] where the predicted relic density is
depleted by the resonant enhancement of the processes χ χ̄ → A/a → SM. The shaded region around 125 GeV
indicates a ±5 GeV band around the kinematic thresholds mχ = 0.5 · ma and mχ = 0.5 · mA where the generator
results are deemed unreliable. The interpolation of the exclusion limit for the Emiss

T + h and Emiss
T + Z searches in the

region 125-150 GeV in mχ is subject to large uncertainties due to the rapidly changing cross sections in this region.
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7 Conclusion

In this note, a variety of different searches for new phenomena performed by the ATLAS Collaboration are
summarised and interpreted in the context of a common LHC dark matter benchmark model, namely a
Two-Higgs-Doublet-Model with an additional pseudoscalar mediator a (2HDM+a), which couples the dark
matter particles to the Standard Model. This model predicts a rich phenomenology of processes resulting in
a diverse range of final-state signatures. The searches presented in this note, which target various different
detector signatures, provide sensitivity across a wide range of the model parameter space.

All updated analyses are based on 139 fb−1 of proton-proton collision data at a centre-of-mass energy of
√

s = 13 TeV collected by the ATLAS detector at the LHC in the years 2015–2018. None of the searches
has reported a significant deviation of the data from the predictions of the Standard Model. The results are
therefore used to derive exclusion limits on the 2HDM+a benchmark for a representative set of parameter
scans.

Masses of the pseudo-scalar mediator a are excluded up to 560 GeV for mA = mH = mH± = 1.2 TeV,
sin θ = 0.35 and tan β = 1.0. The Emiss

T + Z(`+`−) and Emiss
T + h(bb̄) searches are the most sensitive

analyses in this high mediator-mass region. A statistical combination of these two searches is presented
here, which allows to further extend the sensitivity of the search programme in the 2HDM+a parameter
space. This is the first time two searches targeting different final-state signatures are statistically combined
to provide constraints on the 2HDM+a.

Additionally, results from a new search targeting Emiss
T +Wt final states and a search for charged Higgs

bosons H± decaying to tb, which is interpreted for the first time in the context of the 2HDM+a, are shown.
The results in this note represent the most comprehensive set of constraints on the 2HDM+a obtained by
the ATLAS Collaboration to date.
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