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Results from a wide range of searches targeting different experimental signatures with and without miss-
ing transverse momentum (Emiss

T ) are used to constrain a Two-Higgs-Doublet Model (2HDM) with an
additional pseudo-scalar mediating the interaction between ordinary and dark matter (2HDM+a). The
analyses use up to 139 fb�1 of proton–proton collision data at a centre-of-mass energy

ffiffi
s

p ¼ 13 TeV
recorded with the ATLAS detector at the Large Hadron Collider during 2015–2018. The results from three
of the most sensitive searches are combined statistically. These searches target signatures with large Emiss

T

and a leptonically decaying Z boson; large Emiss
T and a Higgs boson decaying to bottom quarks; and pro-

duction of charged Higgs bosons in final states with top and bottom quarks, respectively. Constraints are
derived for several common and new benchmark scenarios in the 2HDM+a.
� 2024 Science China Press. Published by Elsevier B.V. and Science China Press. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The existence of dark matter (DM) is supported by a plethora of
astrophysical measurements, including the rotational speed of
stars in galaxies [1–3], precision measurements of the cosmic
microwave background [4,5], and gravitational lensing measure-
ments [6–8]. However, little is known of its particle nature, which
remains one of the central questions in particle physics. The parti-
cle content of the Standard Model (SM) is insufficient to explain
these observations; thus, a satisfactory dark matter candidate is a
strong consideration in many Beyond-the-SM (BSM) extensions.

Complementary probes of DM are underway in several areas,
from indirect searches for the products of dark matter annihilation
or decay [9–17], searches for the direct detection of DM scattering
elastically off nuclei and electrons [18–33], and recent searches
using gravitational-wave interferometers [34,35], to searches for
the production of dark matter at collider experiments, such as
the ATLAS experiment [36] at the Large Hadron Collider (LHC)
[37]. General purpose particle physics experiments are sensitive
to a wide variety of potential dark matter candidates, such as
axions [38–42] or Weakly Interacting Massive Particles (WIMPs)
[43]. The motivation for the latter arises from a paradigm known
as the WIMP miracle [43]. Assuming DM to be produced via the
freeze-out mechanism, the relic density of non-relativistic matter
in the early universe [44], measured in data from the WMAP [4]
and Planck [5] missions, can be achieved when the DM mass is
close to the electroweak scale and when the DM coupling to SM
particles is of the order of the weak interaction. Consequently,
WIMP DM particles could be produced and studied at the LHC
experiments.

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 into DM
particles, which themselves could not be detected, resulting in a
momentum imbalance in the plane tranverse to the collision axis,
referred to as missing transverse momentum~pmiss

T , with magnitude

Emiss
T . Alternatively, a mediator could decay back into SM particles,

from which its properties could be reconstructed.
DM searches at the LHC explore both these 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 or particles, for example, a quark or gluon from
initial-state radiation that results in a hadronic jet (j), leading to

a characteristic Emiss
T þ j signature [45,46]. These signatures are
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referred to as Emiss
T þ X signatures in the following. 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 [47–51].

The searches mentioned above are traditionally interpreted in
the context of 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, may be a vector, axial-vector, scalar, or pseudo-scalar
particle [52–54]. The models are characterised by a minimal set
of free parameters, typically the masses and couplings of the DM
and mediator particles. While this facilitates the definition of
benchmark scenarios that can be used to compare results between
experiments, the theoretical incompleteness of simplified models
can limit the range of collider signatures realised.

A more complete benchmark model with a rich collider phe-
nomenology is explored in this paper, known as the Two-Higgs-
Doublet Model (2HDM) plus pseudo-scalar mediator a, denoted
2HDM+a [55]. In this model, the scalar sector of the SM is extended
by an additional complex doublet, an extension that is well moti-
vated by theories beyond the SM addressing, for example, the elec-
troweak hierarchy problem [56–61], baryogenesis [62–68], or the
strong CP problem [69]. The model also contains a pseudo-scalar
mediator which couples to a fermionic dark matter candidate, v.

The 2HDM+a is a simple, ultra-violet-complete (UV-complete),
gauge-invariant, and renormalisable extension of the pseudo-
scalar mediator simplified models [52,70]. A pseudo-scalar media-
tor is chosen primarily due to the reduced constraints from direct
detection experiments, and its ability to reproduce the observed
relic abundance across much of the model parameter space, mak-
ing LHC searches particularly important. Another reason the
2HDM+a is of high interest for the LHC community is the fact that
it predicts a wide range of collider signatures with a complex inter-
play across the model parameter space, including signatures not
predicted in the commonly used simplified models. It is promoted
by the LHC Dark Matter Working Group as a complete benchmark
model [71].

In total, the 2HDM+a adds five new states to the SM scalar sec-
tor: a scalar H, pseudo-scalar A, charged Higgs bosons H±, and the
pseudo-scalar mediator a. After the discovery of the Higgs boson
h by the LHC experiments [72,73], the exploration of the scalar sec-
tor of the SM is another high experimental priority. The results of
searches for additional (pseudo-) scalar bosons constrain this
model, thus complementing constraints from searches targeting

Emiss
T þ X signatures.
A comprehensive synopsis is presented of the diverse set of col-

lider signatures of the 2HDM+a benchmark explored through
improved ATLAS searches using 139 fb�1 of LHC Run 2 data. Com-
pared with earlier summaries, additional signatures are consid-
ered, the individual analysis exclusions are improved and a wider
range of interpretations are considered. In particular, a statistical
combination is performed of three of the most sensitive analyses:

a search for large Emiss
T produced in association with a leptonically

decaying Z boson, Emiss
T þ Z ‘‘ð Þ [74], a search for large Emiss

T pro-
duced in association with a SM Higgs boson decaying into b�b,

Emiss
T þ h b�b

� �
[75], and a search for associated production of a top

and a bottom quark with a charged Higgs boson decaying into a
top and a bottom quark, tbH� tbð Þ [76]. For the first time, con-

straints from searches targeting the Emiss
T þ j [45], Emiss

T þ tW [77],

Emiss
T þ h ssð Þ [78], and h ! aa ! f�f f 0 �f 0 [79–83] signatures are

included in the summary, besides constraints from searches target-

ing the Emiss
T þ h ccð Þ [84], t�tt�t [85], and h ! invisible [86]

signatures.
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In addition to the usual gluon–gluon (gg) initiated processes,
b�b-initiated production is considered for all relevant signatures,
which is dominant in some regions of the model parameter space.
A full set of the benchmark scenarios recommended in Ref. [71] is
featured, with an updated definition for the interpretation varying
the DM mass motivated by the increased sensitivity of the
searches. Finally, a new scenario is introduced, following Ref.
[87], to showcase possibilities for lighter pseudo-scalar mediators,
and the interplay of light resonance searches with the

Emiss
T signatures.
A previous ATLAS summary paper [88] included constraints on

the 2HDM+a benchmark from dark matter searches using 36 fb�1

of
ffiffi
s

p ¼ 13 TeV proton–proton (pp) collision data [89–91]. Con-
straints on the model have also been placed by the CMS Collabora-

tion using searches in the Emiss
T þ h b�b

� �
[92] and Emiss

T þ Z ‘‘ð Þ [93]
final states with 137 fb�1 of LHC Run 2 data.

The paper is organised as follows: In Section 2, the theoretical
set-up, benchmark model and choice of scenarios are discussed
in detail; in Section 3, the ATLAS detector is described; details of
the signal and background modelling are given in Section 4. In Sec-
tion 5, brief overviews of the experimental signatures and the anal-
yses targeting them are described; details of systematic
uncertainties and the statistical combination of analyses are given
in Sections 6 and 7; the combined results and summaries of the
experimental constraints can be found in Section 8; a summary
of the findings is given in Section 9.
2. Theoretical framework

The benchmark model used in this publication builds on the
assumption of the existence of a second complex Higgs doublet,
which is postulated in various 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 [94].
After electroweak symmetry breaking, the 2HDM contains five
Higgs bosons: a lighter CP-even boson, h, a heavier CP-even boson,
H, a CP-odd boson, A, and two charged bosons, H�. The 2HDM cou-
pling structure is chosen to be of type-II [94] and the alignment
and decoupling limits are assumed, so that the lighter CP-even
state h can be identified with the SM Higgs boson. In addition,
the model includes a fermionic DM particle v and a pseudo-
scalar (CP-odd) mediator a with Yukawa-like couplings to both
the SM fermions and the Dirac DM particle v, thus allowing for
interactions between DM and the SM sector. The mediator mixes
with the pseudo-scalar A of the 2HDM sector with mixing angle h.

The 2HDM+a has a particularly rich phenomenology, illustrated
by the range of signatures shown in Figs. 1–3, and this paper brings
together an unprecedentedly large number of them. The signatures
can be grouped into those involving invisible and visible mediator

decays, with the former being referred to as Emiss
T þ X signatures in

the following. At the LHC, the dominant production mode for the
majority of signatures is gg-initiated production. In Fig. 1, Feynman
diagrams for the relevant signatures arising from gg-initiated pro-

duction in the 2HDM+a are summarised. The Emiss
T þ Z and Emiss

T þ h
signatures can be resonantly produced (Fig. 1a), and non-
resonantly (Fig. 1b), making them particularly relevant in the
2HDM+a interpretation. Additional signatures arising from gg-

initiated production are the Emiss
T +j signature (Fig. 1c), resonant

A=H production with decay into t�t or b�b (Fig. 1d), t�t- or b�b-
associated resonant A=H production, leading to t�tt�t,

b�bb�b; t�tb�b; Emiss
T þ t�t, or Emiss

T þ b�b signatures (Fig. 1d), tb-
associated production of a charged Higgs boson decaying into tb,
tbH� tbð Þ (Fig. 1e), and production of a SM Higgs boson decaying



Fig. 1. Representative Feynman diagrams for the dominant gluon-induced production and decay modes in the 2HDM+a. (a, b) resonant and non-resonant production of the
Emiss
T þ Z and Emiss

T þ h signatures, (c) production of the Emiss
T þ j signature, (d) resonant A=H production with decay into t�t or b�b, (e) t�t or b�b associated resonant A=H production,

leading to t�tt�t, b�bb�b; t�tb�b; Emiss
T þ t�t, or Emiss

T þ b�b signatures, (f) tbH� tbð Þ production, and (g) production of a SM Higgs boson decaying into a pair of mediators aa with
subsequent decays into fermions or DM.
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into a pair of mediators aa with subsequent decays into fermions
or DM (Fig. 1f). Production from b�b initial states for the

Emiss
T þ Z; Emiss

T þ h, and Emiss
T þ j signatures is shown in Fig. 2. Finally,

the leading Feynman diagrams for the Emiss
T þ tW signature are

shown in Fig. 3. The interplay between these signatures is highly
dependent on the 2HDM+a model parameters.

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
v; the Yukawa coupling strength between the mediator and the
DM particle, gv; the electroweak vacuum expectation value
(VEV), v; the ratio of the VEVs of the two Higgs doublets, tanb;
the mixing angles of the CP-even and CP-odd weak eigenstates, a
and h, respectively; the quartic coupling k3 of the pure 2HDM
potential term and the two quartic couplings of the potential terms
connecting the doublet and singlet fields kP1 and kP2. The values of
some of these parameters are heavily constrained by both elec-
troweak and flavour measurements and phenomenological consid-
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erations, such as the requirement that the Higgs potential is stable
[55,71]. Further parameter choices are driven by the desire to sim-
plify 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 scenarios
shown in this publication is given in the following. A detailed
description of the 2HDM+a benchmark scenarios recommended
by the LHC Dark Matter Working Group is given in Ref. [71].

The following parameter settings are common to all benchmark
scenarios described in Section 8. The coupling gv is set to unity
with a negligible effect on the shapes of the kinematic distributions
of interest. The alignment and decoupling limits are assumed,
hence mh ¼ 125 GeV, v ¼ 246 GeV, and cos b� að Þ ¼ 0. The quartic
coupling k3 ¼ 3 is chosen to ensure the stability of the Higgs poten-
tial for the choice of the masses of the heavy Higgs bosons. The lat-
ter are fixed to the same value (mA ¼ mH ¼ mH� ). The choice
mH ¼ mH� is made to evade the constraints from electroweak pre-
cision measurements [55], while the additional requirement
mA ¼ mH is made to reduce the number of independent model



Fig. 2. Representative Feynman diagrams for the b�b-initiated production of (a, b)
the Emiss

T þ Z signature, (c, d) the Emiss
T þ h signature, and (e) the Emiss

T +j signature in
the 2HDM+a.

Fig. 3. Representative Feynman diagrams for the dominant production modes for
the Emiss

T þ tW signature in the 2HDM+a.
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parameters [71].1 The other quartic couplings are also set to 3 to
maximise the trilinear couplings between the CP-odd and the CP-
even neutral states.

After these considerations, five free parameters remain: the
mass of the heavy Higgs bosons, mA ¼ mH ¼ mH� ; the mass of the
pseudo-scalar mediator,ma; the mass of the fermionic DM particle,
mv; the sine of the mixing angle h between the two CP-odd states a
and A; sin h; and the VEV ratio, tanb.

The constraints on the model are evaluated for some represen-
tative benchmark scenarios, in which one or two of the free param-
eters are varied while the others are kept at fixed values. These
benchmark scenarios, summarised in Table 1, are defined with
the intention to highlight the diverse phenomenology of the
2HDM+a and to study the interplay and complementarities
between different experimental signatures.

2.1. Scenario 1: Exploration of two ma–mA planes

Constraints are evaluated as a function of the two pseudo-scalar
masses ma and mA to highlight the complex dependence of the
1 The mass differences jmA �mH jK200 GeV are consistent with constraints from
electroweak precision measurements and have the largest impact on the Emiss

T þ Z and
Emiss
T þ h signatures due to the possibility of opening up the decay H ! AZ, which is

not allowed in the mass-degenerate scenario recommended by the LHC Dark Matter
Working Group. For further discussions of scenarios with non-zero jmA �mH j see
Refs. [55,71].
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2HDM+a phenomenology on the pseudo-scalar mass hierarchy,
which determines the production and decay modes that are kine-
matically accessible and favoured. The value of tanb is fixed to
1.0, favouring couplings to up-type quarks, most notably top
quarks. Two choices of the a� A mixing angle, sin h¼ 0:35 and
sin h ¼ 0:7, are explored. These scenarios correspond to low and
almost maximal mixing, respectively, between the pseudo-scalar
A belonging to the extended Higgs sector and the pseudo-scalar a
mediating the interaction with DM.

2.2. Scenario 2: Exploration of two mA–tanb planes

The parameters mA and tanb are varied simultaneously for the
two choices of the mixing angle sin h. The pseudo-scalar mass is
fixed to a value of 250 GeV, such that on-shell decays of the medi-
ator into a pair of top quarks (t�t) are kinematically forbidden. This
means that the branching ratio for the invisible mediator decay
a ! vv can be as large as 100%. This benchmark scenario highlights
the dependence of the couplings of the pseudo-scalar A on the
value of tanb as a function of its mass. Given the type-II Yukawa
structure of the 2HDM + a, low values of tanb correspond to a pre-
ferred coupling of A (and a) to up-type quarks, while higher values
of tanb imply stronger couplings to down-type quarks and charged
leptons. This benchmark scenario is evocative of the mass–tanb
parameterisation used to summarise constraints on type-II 2HDMs,
such as the hMSSM, a Minimal Supersymmetric extension of the
SM with a lighter scalar state at a mass of 125 GeV [95]. It also
allows an exploration of the interplay between gg-initiated, top-
loop induced and b�b-initiated production modes (see below).

2.3. Scenario 3: Exploration of two ma–tanb planes

This scenario is similar to Scenario 2, with the difference that
the mediator mass ma is varied instead of the mass of the
pseudo-scalar mA, which is fixed to a value of 600 GeV. This means
that decays of the pseudo-scalar A into t�t are kinematically possi-
ble and favoured at low values of tanb. The choice of mA is moti-
vated by constraints on the mass of the charged Higgs boson
(mH� ¼ mA) derived from precision measurements of B-meson
decays [55,96]. Similarly to the previous scenarios, two choices of
the a� A mixing angle, sin h¼ 0:35 and sin h¼ 0:7, are studied.

2.4. Scenario 4: Variation of the mixing parameter sin h

Constraints are evaluated as a function of the a� A mixing
parameter sin h. This benchmark scenario highlights the interplay

between the Emiss
T þ X signatures, in particular Emiss

T þ Z and

Emiss
T þ h, which arise from invisible mediator decays, and signa-

tures that probe visible mediator decays. This is due to the strong
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sin h dependence of the couplings gAha (gAha / sin h cos h) and gHZa

(gHZa / sin h), which affect Emiss
T þ h and Emiss

T þ Z production in
the 2HDM+a (see Figs. 1a and b), and the coupling gat�t , which plays

a dominant role in the leading Emiss
T þ X production modes

(gat�t / sin h) (see Fig. 1). As a consequence, for sin h! 0, the sensi-

tivity of the Emiss
T þ X signatures vanishes.

2.5. Scenario 5: Variation of the DM mass mv

While the value of mv has a limited impact on the sensitivity of
collider searches for mv < ma=2, it has a strong effect on cosmolog-
ical parameters, such as the relic density, and on the sensitivity of
direct and indirect detection experiments. This benchmark sce-
nario therefore provides a basis for comparing the sensitivity of
collider searches to those of non-collider experiments and cosmo-
logical observations in the context of the 2HDM+a. Only mv is var-
ied, while the other free parameters are fixed to the following
values: sin h ¼ 0:35;mA ¼ 600 GeV, ma ¼ 400 GeV, and tanb ¼ 1:0.
The choice of the two mass parameters differs from that in the
equivalent benchmark scenario described in Ref. [71] and explored
in a previous ATLAS publication [88], as the latter is fully excluded
by the searches discussed in this publication.
2 The simulation of the signal processes considers effects due to the off-shell
production and decay of the Higgs bosons, but uses a fixed width to describe unstable
resonances, thus neglecting variation of the decay width as a function of the Higgs
boson virtuality. This can have an impact outside of the resonance region.

3 These regions are mainly driven by the widths of the heavy Higgs bosons rather
than by the typically narrower width of the pseudo-scalar mediator.

4 ATLAS uses a right-handed coordinate system with its origin at the nominal
interaction point in the centre of the detector. The positive x-axis is defined by the
direction from the interaction point to the centre of the LHC ring, with the positive y-
axis pointing upwards, while the beam direction defines the z-axis. Cylindrical
coordinates r;/ð Þ are used in the transverse plane, / being the azimuthal angle
around the z-axis. The pseudorapidity g is defined in terms of the polar angle h by
g ¼ � ln tan h=2ð Þ, while the rapidity y is defined as y ¼ 0:5 ln Eþ pzð Þ= E� pzð Þ½ �, where
E denotes the energy and pz the component of the momentum along the beam

direction. The angular distance DR is defined as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dgð Þ2 þ D/ð Þ2

q
.

2.6. Scenario 6: Exploration of a ma–mv plane

This scenario serves to illustrate the interplay between searches
for invisible and exotic decays of the light Higgs boson h in the
2HDM+a. Values of sin h ¼ 0:35 and tanb ¼ 1:0 are chosen for con-
sistency with the other benchmark scans, while a higher value
mA ¼ 1200 GeV is chosen to satisfy the constraint on the coupling
ghaa from measurements of the total Higgs boson decay width [87].
This is a powerful constraint on the low-ma region (ma < mh=2),
satisfied only by a relatively narrow range of mA, for given values
of the sin h; tanb and quartic couplings k.

2.7. Additional parameter choices

In all benchmark scenarios other than Scenarios 5 and 6,
mv ¼ 10 GeV is chosen. This value ensures a sizeable branching
ratio for the decay a ! v�v for all values of ma > 100 GeV that are
considered. As shown in Section 8.5, the choice of mv has a negli-
gible impact on the sensitivity of the searches considered in this
publication for mv < ma=2. Thus it is possible to match the
observed relic density across a wide range of model parameter
space through an appropriate choice of mv, without impact on
the experimental signatures.

In choosing the ranges for theparameters that are varied ina given
benchmark scenario, various theoretical considerations are taken
into account. First, in some regions of the probed parameter space,
the scalar potential is not bounded from below for large values of
mA. For example, in Scenario 1a, this is the case for mAJ1250 GeV
(mAJ1550GeV) forma ¼ 100 GeV (ma ¼ 1000GeV). However, these
constraints canbe relaxedsubstantially if thequartic couplings takea
value closer to the perturbative limit or inmore general 2HDMs con-
taining additional couplings as discussed in Refs. [55,71,97]. Hence
these should not be understood as strong limitations on the validity
of the model predictions that were used to derive the exclusion con-
tours.Next, it isworthnoting that, given theseparameter choices, the
aah coupling exceeds the unitarity limit of 4p for large values ofmA.
For example, for the mentioned parameter choices sin h ¼ 0:35 and
tanb ¼ 1:0 (Scenario 1a), this is the case for mAJ1250 GeV
(mAJ1500 GeV) forma ¼ 100 GeV (ma ¼ 1000 GeV). In this context,
and for high mA, the width of the additional heavy Higgs bosons
grows substantially and the theoretical predictions are subject to
3009
additional theoreticaluncertainties fromthe treatmentof thewidth.2

Therefore, regions where the relative width C=m of at least one of the
heavy Higgs bosons or that of the pseudo-scalar mediator exceeds
20% are marked as shaded areas in the summary figures in Section 8.3

This is a conservative approach to indicate largewidths and follows the
choice in Ref. [88].

Scenarios 1a, 3a, 4a, 4b, and 5 were recommended by the LHC
Dark Matter Working Group [71], and were used in previous ATLAS
publications, most notably Ref. [88]. The additional Scenarios 1b,
2a, 2b, 3b, and 6 were motivated by the studies in Refs.
[71,87,98]. In particular, the choice of sin h ¼ 0:7 � 1=

ffiffiffi
2

p

(h ¼ p=4) corresponds to maximal mixing in the pseudo-scalar sec-

tor and is particularly relevant, for example, for the Emiss
T þ tW

search, which was designed specifically for 2HDM+a signal pro-
cesses [98]. Scenario 6 is shown for the first time in this publication
to highlight further the rich phenomenology of the model.

Another improvement introduced in this publication concerns
the production modes of the various Higgs bosons and the
pseudo-scalar mediator. In the previous comprehensive summary
publication of ATLAS DM searches [88], only gg-initiated produc-

tion was considered for the Emiss
T þ Z signatures. For the Emiss

T þ h

signatures, b�b-initiated production was taken into account but only
for values of tan b > 10. In this publication, b�b-initiated production

is taken into account for all Emiss
T þ X signatures, which is particu-

larly relevant for the Emiss
T þ Z and Emiss

T þ h signatures at large val-
ues of tanb, but also contributes at intermediate values.

3. ATLAS detector

The ATLAS detector [36] is a multipurpose particle detector
with a forward–backward symmetric cylindrical geometry and a
near 4p coverage in solid angle.4 It consists of an inner tracking
detector surrounded by a thin superconducting solenoid providing
a 2 T axial magnetic field, electromagnetic and hadron calorimeters,
and a muon spectrometer. The inner-detector (ID) system is
immersed in a 2 T axial magnetic field and provides charged-
particle tracking in the range of jgj < 2:5. The high-granularity sili-
con pixel detector covers the vertex region and typically provides
four measurements per track, the first hit normally being in the
insertable B-layer (IBL) installed before Run 2 [99,100]. It is followed
by the silicon microstrip tracker (SCT), which usually provides eight
measurements per track. These silicon detectors are complemented
by the transition radiation tracker (TRT), which enables radially
extended track reconstruction up to jgj ¼ 2:0. The TRT also provides
electron identification information based on the fraction of hits (typ-
ically 30 in total) above a higher energy-deposit threshold corre-
sponding to transition radiation. The calorimeter system covers the
pseudorapidity range jgj < 4:9. Within the region jgj < 3:2, electro-
magnetic (EM) calorimetry is provided by barrel and endcap high-
granularity lead/liquid-argon (LAr) calorimeters, with an additional



Table 1
Summary of the parameter settings for the different 2HDM+a benchmark scenarios explored in this publication.

Scenario Fixed parameter values Varied parameters

sin h mA (GeV) ma (GeV) mv (GeV) tan b

1 a 0:35 – – 10 1:0 ma;mAð Þ
b 0:70 – – 10 1:0

2 a 0:35 – 250 10 – mA; tanbð Þ
b 0:70 – 250 10 –

3 a 0:35 600 – 10 – ma; tanbð Þ
b 0:70 600 – 10 –

4 a – 600 200 10 1:0 sin h
b – 1000 350 10 1:0

5 0:35 1000 400 – 1:0 mv

6 0:35 1200 – – 1:0 (ma;mv)

Table 2
Details of the MADGRAPH5_AMC@NLO generation set-up used for the 2HDM+a signal
samples, for the signatures considered in this publication. The Pseudoscalar_2HDM
UFO model is used for all simulated samples except those for the tbH� tbð Þ search,
which relies on the UFO of Ref. [105]. The h ! invisible and h ! aa ! f�f f 0 �f 0

signatures are not listed here as no signal samples required for the re-interpretation,
which in those cases relies on the branching ratio limits, as explained in Sections 5.1.7
and 5.2.3, respectively.

Analysis Generator and
Parton Shower

Cross-
section

Further
details

Emiss
T þ Z ‘‘ð Þ MADGRAPH5_AMC@NLO 2.4.3 (LO) +

PYTHIA 8.212
LO

Emiss
T þ h b�b

� � MADGRAPH5_AMC@NLO 2.6.0 (LO) +
PYTHIA 8.212a

LO

Emiss
T þ h ccð Þ MADGRAPH5_AMC@NLO 2.7.3 (LO) +

PYTHIA 8.244
LO

Emiss
T þ h ssð Þ MADGRAPH5_AMC@NLO 2.7.3 (LO) +

PYTHIA 8.244
LO

Emiss
T þ j MADGRAPH5_AMC@NLO 2.7.3 (LO) +

PYTHIA 8.244
LO Section 5.1.6

Emiss
T þ tW MADGRAPH5_AMC@NLO 2.7.3 (LO) +

PYTHIA 8.244
LO

t�tt�t MADGRAPH5_AMC@NLO 2.9.5 (LO) +
PYTHIA 8.245

LO Ref. [55]

tbH� tbð Þ MADGRAPH5_AMC@NLO 2.2.2 (NLO)
+ PYTHIA 8.212

NLO, 4FS Section 5.2.1

a With the exception of thema �mv scan, where MADGRAPH5_AMC@NLO 2.7.4 (LO)
+ PYTHIA 8.244 is used.
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thin LAr presampler covering jgj < 1:8 to correct for energy loss in
material upstream of the calorimeters. Hadron calorimetry is pro-
vided by the steel/scintillator-tile calorimeter, segmented into three
barrel structures within jgj ¼ 1:7, and two copper/LAr hadron end-
cap calorimeters. The solid angle coverage is completed with for-
ward copper/LAr and tungsten/LAr calorimeter modules optimised
for electromagnetic and hadronic energy measurements respec-
tively. The muon spectrometer (MS) comprises separate trigger
and high-precision tracking chambers measuring the deflection of
muons in a magnetic field generated by the superconducting air-
core toroidal magnets. The field integral of the toroids ranges
between 2.0 and 6.0 T m across most of the detector. Three layers
of precision chambers, each consisting of layers of monitored drift
tubes, cover the region jgj < 2:7, complemented by cathode-strip
chambers in the forward region, where the background is highest.
The muon trigger system covers the range jgj < 2:4 with resistive-
plate chambers in the barrel, and thin-gap chambers in the endcap
regions. The ATLAS trigger system consists of a first-level trigger sys-
tem implemented in custom hardware followed by a software-based
high-level trigger [101]. The level-1 trigger uses a subset of the
detector information to accept events at a rate below 100 kHz, while
the software-based trigger reduces the accepted event rate to 1 kHz
on average depending on the data-taking conditions. An extensive
software suite [102] is used in the reconstruction and analysis of real
and simulated data, in detector operations, and in the trigger and
data acquisition systems of the experiment.

4. Data and simulated event samples

All analyses discussed in this publication are based on data from
proton–proton collisions at a centre-of-mass energy of

ffiffi
s

p ¼ 13 TeV
collected with the ATLAS detector at the LHC in the years 2015–
2018, unless otherwise stated. The integrated luminosity of the
data sample, after requiring that all detector subsystems were
operational and recording good quality data [103], is 139 fb�1.

Simulated data are used to model the background processes and
the predictions of the 2HDM+a benchmark. Details of the Monte
Carlo (MC) generation for the various background processes con-
sidered in the analyses interpreted in this publication are found
in the individual analysis publications referenced in Section 5.
The 2HDM+a benchmark is implemented in the Universal Feyn-
Rules Output (UFO) format [104]. The implementation is referred
to as Pseudoscalar_2HDM in the following. All signal processes,
with the exception of the tbH� tbð Þ process [105] (see Table 2),
are generated at leading-order (LO) in the strong coupling con-
stant, where LO means loop-induced gluon-gluon fusion for the

Emiss
T þ X signatures (Fig. 1).
Events were generated from this UFO implementation using the

MADGRAPH5_AMC@NLO [106] MC generator interfaced with PYTHIA 8
[107] for the modelling of the parton shower and hadronisation
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with the parameter values set according to the ATLAS tune A14
[108]. MADGRAPH5_AMC@NLO versions ranging from 2.6.0 to 2.9.5
and PYTHIA versions ranging from 8.212 to 8.245 were used,
depending on the analysis, as summarised in Table 2. No differ-
ences between the signal simulations are expected to arise from
the different choices of generator versions. The NNPDF3.0NLO
[109] set of parton distribution functions (PDF) at next-to-lead-
ing-order in the five-flavour scheme was used, which assumes a
massless b-quark and as mZð Þ ¼ 0:118 [109]. For consistency, the
five-flavour scheme and mb ¼ 0 GeV were chosen for the matrix
element (ME) computation in MADGRAPH5_AMC@NLO for the b�b-
initiated production. For the gg-initiated production the four-fla-
vour scheme was used to include top and bottom quark contribu-
tions in the production loop. These modelling choices follow the
recommendations of the LHC Dark Matter Working Group [71].

To simulate the effects of additional pp collisions in the same
and nearby bunch crossings, additional interactions were simu-
lated using the soft QCD processes of PYTHIA 8.186 with the A3 tune
[110] and the MSTW2008LO PDF [111], and overlaid onto each
simulated hard-scatter event. The simulated samples were
reweighted to reproduce the instantaneous luminosity spectrum
in the data. The simulations include the expected bunch train
structure in data and include low-level corrections to account for
bunch train effects. Simulated events were processed either
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through a detector simulation [112] based on GEANT4 [113] or
through a fast simulation [114] 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, the energy/-
momentum scale and resolution of reconstructed electrons and
muons, and in the efficiency and false positive rate for identifying
jets containing b-hadrons. The energy scale and resolution of
hadronic jets are also corrected to give the same performance
between data and MC.

To produce signal events efficiently across the large multi-
dimensional parameter space of the 2HDM+a, the MADGRAPH

reweighting module [115] was used to obtain predictions for a
range of different signal model parameters from a minimal set of
generated events. This was achieved by assigning new event
weights based on the ratios of matrix-elements for the input (gen-
erated) and target parameter points. The event weights were calcu-
lated on-the-fly during the event simulation. This method was
validated by comparing weighted distributions with generated
ones for a few representative samples. The reweighting immensely
reduces the required computing resources as the detector simula-
tion need be run only once.
5. Experimental signatures

A wide range of searches in different final states targeting invis-
ible or visible mediator decays probe the 2HDM+a. No significant
deviation from the SM prediction was observed in any of these
searches, hence they are used to derive constraints on the
2HDM+a for benchmark scenarios introduced in Section 2. The sen-
sitivity of searches varies across different regions of the 2HDM+a
parameter range and not all searches are therefore interpreted in
all 2HDM+a benchmark scenarios. In Table 3, an overview of the
searches interpreted in the context of different 2HDM+a bench-
mark scenarios is given. The individual searches are summarised
in the following subsections. Further details can be found in the
individual publications referenced at the beginning of each subsec-

tion. The Emiss
T þ h b�b

� �
, Emiss

T þ Z ‘‘ð Þ, and tbH� tbð Þ searches enter the
statistical combination described in Section 7.

The analyses rely on final-state physics objects that are recon-
structed using information from the different subsystems of the
ATLAS detector. Jets are reconstructed from particle-flow objects
[116] using the anti-kt algorithm [117,118] with radius parameter
R ¼ 0:4 (small-R jets) and R ¼ 1:0 (large-R jets) [119]. Multivariate
Table 3
Summary of input analyses used in the different benchmark scenarios.

Analysis/Scenario 1a 1b 2a 2b 3a 3b 4a 4b 5 6

Emiss
T þ Z ‘‘ð Þ [74] x x x x x x x x x

Emiss
T þ h b�b

� �
[75] x x x x x x x x x x

Emiss
T þ h ccð Þ [84] x x x x x x

Emiss
T þ h ssð Þ [78] x x

Emiss
T þ tW [77] x x x x x x x x

Emiss
T þ j [45] x x x x x x

h ! invisible [86] x x x x

Emiss
T þ Z q�qð Þ [89] x x x

Emiss
T þ b�b [90] x x

Emiss
T þ t�t [90,91] x x

t�tt�t [85] x x x x x x x x x

tbH� tbð Þ [76] x x x x x x x x x

h ! aa ! f�f f 0 �f 0 [79–83] x
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algorithms are used to identify small-R jets within jgj ¼ 2:5 con-
taining b-hadrons (b-jets) [120,121]. Photons are reconstructed
from topologically connected clusters of energy deposits in the
EM calorimeters [122]. Electrons are reconstructed from topologi-
cally connected energy clusters [123] in the EM calorimeters
matched to a charged-particle track in the ID [122]. Muons are
reconstructed from matching tracks in the ID and MS, refined
through a global fit which uses the hits from both the subdetectors
[124]. The analyses may implement different lepton and photon
selection criteria for particle identification, isolation, and kinematic
requirements, for example pT and g. The reconstruction of s-
leptons depends on the s-lepton decay (hadronic or leptonic) tar-
geted by a given analysis. The visible part of hadronically decaying
s-leptons [125] is seeded by small-R jets reconstructed from topo-
logical clusters, calibrated with a hadronic weighting scheme
[126]. The missing transverse momentum ~p miss

T (with magnitude

Emiss
T ) is calculated from the negative vector sum of transverse

momenta (pT) of electrons, muons and jet candidates and an addi-
tional soft term [127] which includes activity in the tracking sys-
tem originating from the primary vertex but not matched with
any reconstructed particle. Some analyses may also consider pho-

tons and s-leptons in the Emiss
T reconstruction.

5.1. Searches for invisible mediator decays

5.1.1. Emiss
T þ Z ‘‘ð Þ

Signal events in this analysis [74] are required to have Emiss
T and

a pair of high-pT leptons (‘ ¼ e;l). They are required to satisfy a set
of single-electron [128] or single-muon [129] triggers which
require the presence of an electron (muon) with transverse energy
(transverse momentum) above thresholds in the range of 20–
26 GeV depending on the lepton flavour and data-taking period
[130]. Accordingly, a requirement of pT > 30 GeV is imposed on
the leading electron or muon in the event, while the subleading
lepton is required to satisfy pT > 20 GeV. The leptons are required
to have the same flavour, be oppositely charged, and their invariant
mass must be between 76 and 106 GeV, compatible with the Z
boson mass. To select events consistent with invisible particles
recoiling against the Z boson, events are required to have

Emiss
T > 90 GeV and SEmiss

T
> 9, where SEmiss

T
denotes the object-

based Emiss
T significance [131]. Additionally, a requirement

DR ‘‘ð Þ < 1:8 on the angular separation between the two leptons
is required. Events with one or more b-jets are removed in all
regions to suppress events containing top quarks.

The dominant background is the ZZ background, followed by
WZ; Z+jets, and the non-resonant backgrounds (WW, t�t, single
top-quark, and Z ! ss). Additional smaller contributions arise
from triboson production, t�t þ V , and ZZ ! 4‘, where two of the
leptons are not reconstructed. The backgrounds from ZZ and WZ
production and the sum of the non-resonant backgrounds are esti-
mated fromMC simulation and normalised to data in the final like-
lihood fit using dedicated 4‘;3‘, and el control regions, which are
enriched in the respective background components. The remain-
ing, smaller, backgrounds are estimated from MC simulation. The
final analysis result is obtained from a simultaneous profile likeli-
hood fit in the ee and ll signal and the 4‘;3‘, and el control
regions. The observable of interest in the signal regions and the
el control regions is the transverse mass

mlep
T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

Z þ p‘‘
T

� �2q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

Z þ Emiss
T

� �2
r" #2

� ~p‘‘
T þ~p miss

T

� �2
vuut ; ð1Þ

which provides a good separation between the 2HDM+a signal and

the dominant ZZ background. Only events with mlep
T > 200 GeV are
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included in the final fit. In the 4‘ and 3‘ control regions, the Emiss
T

distribution is fitted.

5.1.2. Emiss
T þ h b�b

� �
The Emiss

T þ h b�b
� �

analysis signature consists of two b-jets and sig-

nificant Emiss
T coming from the decays of a SMHiggs boson and a light

pseudo-scalar to dark matter respectively [75]. Events are required

to pass the Emiss
T trigger [132] and to have Emiss

T > 150 GeV, with at
least two jets identified as b-jets. Selections split the events into cat-
egories with exactly two and greater than two b-jets, to give good
sensitivity to both the gluon–gluon fusion and b�b-initiated produc-
tion processes, which are significant at low and high values of
tanb. The Higgs boson recoils against the pseudo-scalar which

decays into dark matter in the signal topology, hence the Emiss
T and

Higgs-boson pT are strongly correlated. For this reason, a

Emiss
T < 500 GeV requirement is used to separate the resolved topol-

ogy, in which the b-jets are reconstructed as two separate small-R
jets, from themerged one, inwhich the highmomentum of the Higgs
boson implies that both the b-quarks can be found within a single
large-R jet. Both the topologies are further subdivided into few

Emiss
T ranges. The analysis is performed through a simultaneous fit

of the observed mbb distribution across all signal regions and the
yields of the control regions.

The dominant backgrounds arise from t�t and Z=W-boson pro-
duction with jets containing heavy flavour quarks. Smaller contri-
butions from single-top, diboson and SM Vh production are also

present. SM processes generating Emiss
T through the leptonic decay

of a W boson are reduced by rejecting events containing electron
or muons. The contribution from Z+jets processes becomes

increasingly dominant for high Emiss
T selections. In the resolved cat-

egory, events must also satisfy a requirement SEmiss
T

> 12 which

suppresses the multijet background to negligible levels. Additional

requirements are made on the transverse mass of the Emiss
T and the

b-jets to reduce contamination from t�t processes. Finally, require-
ments are made on the reconstructed pT of the Higgs boson candi-

date, which increases with Emiss
T , and on the number of additional

jets in the event. Both of these also serve to reduce background
contributions. Control regions requiring one or two leptons are
used to normalise and validate the simulations used to model
the main background processes for each signal selection.

5.1.3. Emiss
T þ h ccð Þ

The Emiss
T þ h ccð Þ analysis targets final states with two photons

and significant Emiss
T [84]. Events are selected using a diphoton trig-

ger requiring two reconstructed photon candidates with minimum
transverse energies of 35 and 25 GeV for the leading and sublead-
ing photons, respectively. Events are required to contain at least

two photon candidates and Emiss
T > 90 GeV. The two photons with

highest energy in the transverse plane are selected to form a Higgs
boson candidate if they satisfy the requirements EcT=mcc > 0:35 and
0.25, respectively, where mcc is the invariant mass of the two
selected photons. Furthermore, events are required to have
105 GeV < mcc < 160 GeV. The data sideband is defined to use
events in this region but excluding the region 120 GeV
< mcc < 130 GeV. Following this preselection, a boosted decision
tree (BDT) is trained to discriminate between the 2HDM+a signal
and the non-resonant diphoton backgrounds, using variables such

as pccT and SEmiss
T

as inputs. 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 com-
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bined signal sensitivity in the two chosen categories while discard-
ing the remaining events.

The main backgrounds arise from SM Higgs boson production,
QCD-induced non-resonant diphoton production (cc and Vcc,
where V is a W or Z boson), and reducible contributions where an

electron or a jet is mis-identified as a photon and Emiss
T is generated

either by particles escaping the detector acceptance or by neutrinos
(Vc; c+jet). An additional background contribution dominating the

low Emiss
T region originates from resolution effects when computing

the transverse energy from high-energy objects and softer contri-
butions measured in the ID. The background contributions are
estimated by fitting analytic functions to the diphoton invariant
mass distribution in the range of 105 GeV < mcc < 160 GeV in
each of the four signal-region categories.

5.1.4. Emiss
T þ h ssð Þ

The Emiss
T þ h ssð Þ search targets dark matter produced in associ-

ation with a Higgs boson in final states with two hadronically
decaying s-leptons and missing transverse momentum [78]. It is
optimised specifically to search for the 2HDM+a. Events are

required to satisfy a combined di-shad�vis + Emiss
T trigger [101,133],

where shad�vis denotes the visible part of a hadronically decaying
s-lepton. They are required to contain exactly two s-lepton objects
that geometrically match the trigger-level s-lepton candidates

activating the di-s-lepton+Emiss
T trigger. The leading s-lepton is

required to have pT > 40–65 GeV, depending on the trigger thresh-
old of a given data-taking year, while the sub-leading s-lepton is
required to have pT > 30 GeV. The events also must satisfy

Emiss
T > 150 GeV to ensure that the trigger is operating at maximum

efficiency. Events containing an electron or a muon are vetoed.
Events are further required to have at most one b-jet. In addition
to these pre-selection requirements, two non-orthogonal signal
regions are constructed to target signal model parameter configu-
rations with high and low masses of the heavy pseudo-scalar A,
respectively. The signal regions with the stronger expected exclu-
sion for a given signal hypothesis are used to derive the exclusion
limits for this hypothesis. Each signal region is further subdivided
using the sum of the transverse masses of the two s-leptons,
ms1

T þms2
T , where

msi
T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2psiT E

miss
T 1� cosD/ si;pmiss

T

� �� �q
: ð2Þ

The requirement ms1
T þms2

T > 100 GeV is imposed to suppress

events from Z ssð Þ+jets production, in which the Emiss
T vector is typ-

ically collinear with the di-s-lepton system.
Higgs boson production in association with a Z boson decaying

into neutrinos is an irreducible background in this search. Further
background contributions arise from Z + jets, VV, t�t, multijet,
and Wh production. SM background processes are modelled using
a combination of simulated events and data-driven methods. Back-
ground processes with only true s-leptons, mostly Z + jets, VV, and
Vh production and most of the t�t background, are modelled using
simulation normalised to the data in the dedicated control regions.
Events with at least one fake s-lepton, i.e., a non-s-lepton object
mis-identified as a s-lepton, are estimated by data-driven
techniques.

5.1.5. Emiss
T þ tW

The search considers final states with zero or one charged lep-
ton (‘ ¼ e;l), at least one b-jet and large missing transverse
momentum [77]. In addition, a result from a previous search
[134] considering final states with two charged leptons is included
in the interpretation of the results. The signal regions for the zero-
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and one-lepton channels in Ref. [77] are designed to be orthogonal
to each other and to the signal region of for the two-lepton channel
in Ref. [134] and are statistically combined in the final fit.

The search is optimised specifically for signals arising in the
context of the 2HDM+a and is particularly sensitive to on-shell
production of the charged Higgs bosons H� and their semi-
invisible decays via the mediator particle, a: H� ! W�a v�vð Þ. Due
to the similarity of the experimental signature to t�t production,
the analysis is also sensitive to DM produced in association with

two top quarks (Emiss
T þ t�t). This final state is not considered in

the optimisation of the analysis regions but its contribution is

added to the Emiss
T þ tW signal, according to the prediction of the

2HDM+a, in the interpretation of the final result. Candidate events
were recorded using a combined set of triggers based on the pres-
ence of missing transverse momentum or charged leptons and are

required to have Emiss
T > 250 GeV (Emiss

T > 200 GeV for the two-
lepton channel). Further event selection criteria differ between
analysis channels and are defined based on the number and type
of leptons, jets and b-jets, and a number of event variables, such
as invariant and transverse masses and the angular separation
between selected objects.

The relative importance of SM background processes varies
across the different signal regions, although the main sources can

be broadly classified by either the presence of genuine Emiss
T pro-

duced by neutrinos, or false Emiss
T signals due to the mis-

identification of particles, mis-measurements of their properties,
due to particles outside the kinematic acceptance of the detector,
or pile-up. Examples of the former include the Z + jets background
in the zero-lepton channel and theW + jets background in the one-
lepton channel. SM t�t production and W + jets production in the
zero-lepton channel are examples of major backgrounds with false

Emiss
T signals due to leptons that are either outside of the detector

significance or mis-identified as jets. Further backgrounds include
those from t�tZ and single top-quark production. All background
components are estimated from MC simulation. Dedicated control
regions are used to constrain the normalisation parameters of the
five dominant background components in the final likelihood fit.
5.1.6. Emiss
T þ j

This search targets production of a single jet with large Emiss
T

[45]. The data were collected using the Emiss
T trigger. Events are

required to have Emiss
T > 200 GeV to ensure that the trigger is fully

efficient for events passing the analysis selection criteria. They are
also required to contain at least one jet with pT > 150 GeV with
jgj < 2:4, up to three additional jets with pT > 30 GeV and
jgj < 2:8, and no reconstructed leptons (e;l or s-leptons) or pho-
tons. Several signal regions are considered with increasing require-
ments on the missing transverse momentum starting at 200 GeV.
Additional angular requirements on the separation in / between

the Emiss
T vector and leading jet are imposed to reduce the contribu-

tion from multijet events with mis-measured jet energies.
The dominant SM background for this search arises from Z mmð Þ

and W ‘mð Þ production with jets, where the W boson decays into
either hadronically decaying s-leptons or undetected electrons or
muons. Additional background contributions include t�t and
single-top production, diboson production, as well as non-
collision and multijet backgrounds. The estimate of the major SM
processes in the analysis selection is based on a profile likelihood
fit to the distribution of the pT of the system recoiling against the
jets reconstructed in the event, performed simultaneously in the
signal region and in orthogonal control regions enriched with the
targeted backgrounds.
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Various different signal contributions to the Emiss
T þ j signal

regions are considered in the re-interpretation of this search in
the context of the 2HDM+a. Production of a pair of DM particles
with a jet in the matrix element (pp ! vvj) is the dominant signal

contribution in the signal regions of the Emiss
T þ j analysis for low

values of Emiss
T (Emiss

T K500 GeV) if the mediator mass is not too
small (maJ150 GeV). Both the loop-induced, gg-initiated (Fig. 1c)
and tree-level, b�b-initiated production (Fig. 2e) are considered,
with the latter only being relevant at large values of tanb, where

the Emiss
T þ j analysis is not sensitive for the parameter settings con-

sidered in this publication (Section 8). For larger values of Emiss
T and

smaller values of ma, the dominant signal process in the Emiss
T þ j

signal regions is the production of two pairs of DM particles
(pp ! v�vv�v) via invisible decays of the SM Higgs boson into a pair
of mediators that each decay into DM (h ! aa ! v�vv�v). Depend-
ing on the parameter space, the mediators may be real or virtual.
The jet arises from the parton shower. This process is illustrated
in Fig. 1f. Additional, though sub-dominant, signal contributions

to the Emiss
T þ j signal regions arise from Emiss

T þ Z q�qð Þ and

Emiss
T þ h b�b

� �
production in parameter regions where invisible

decays of the SM Higgs boson are kinematically forbidden. Further,
minor contributions arise from the pp ! t�t þ a (Fig. 1d) and
pp ! tW þ a (Fig. 3) processes.

5.1.7. h ! invisible
A statistical combination of all ATLAS direct searches for invis-

ible decays of the Higgs boson was published in Ref. [86]. It is
based on five independent searches relying on 139 fb�1 of pro-
ton–proton collision data collected with the ATLAS detector at a
centre-of-mass energy of

ffiffi
s

p ¼ 13 TeV during LHC Run 2. These
searches target Higgs boson production via the vector-boson fusion
(VBF), VBF with a photon, gluon-gluon fusion, associated produc-
tion with a vector boson, and associated production with t�t, respec-

tively in the VBFþ Emiss
T [135], VBFþ cþ Emiss

T [136], Emiss
T þ j [45],

Emiss
T þ Z ‘‘ð Þ [74], and Emiss

T þ t�t [137] final states. The results from
the Run 2 searches are further combined statistically with the set
of constraints on invisible Higgs decays obtained from searches
and measurements targeting multiple production and decay chan-
nels with up to 4.7 fb�1 of pp collision data at

ffiffi
s

p ¼ 7 TeV and
20.3 fb�1 at

ffiffi
s

p ¼ 8 TeV [138], yielding the most sensitive direct
constraint to invisible Higgs boson decays in ATLAS.

Among the direct searches, the VBF production of Higgs
bosons decaying into invisible particles using the full Run 2 data
sample is the most sensitive one, setting an observed (expected)
upper limit on the invisible branching ratio of 0.145 (0.103) at

95% confidence level (CL). Events are selected using Emiss
T triggers

and the analysis requires Emiss
T > 160 GeV and two, three or four

jets with pT > 25 GeV. The leading and sub-leading jets must have
pT > 80 GeV and 50 GeV, respectively. Additional requirements on
the angular separation of the two jets are applied to enhance the
sensitivity to VBF production. In particular, the two leading jets
are required to be well separated in g. Lepton and b-jet vetoes
are applied to reduce contamination from W + jets and top-quark
backgrounds, respectively. Sixteen orthogonal signal regions are

defined based on the values of Emiss
T , the jet multiplicity and the

two- and three-jet invariant masses in two-jet and three- or
four-jet regions, respectively. The dominant background processes
are Z mmð Þ+jets and W ‘mð Þ+jets production, where in the latter pro-
cess the charged lepton ‘ is not detected or mis-identified. These
backgrounds are evaluated simultaneously using well populated
control regions in the one-lepton and two-leptons channels. Such
extrapolation is made possible due to the use of a dedicated theo-
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retical calculation at next-to-leading-order in the relevant phase
space [139]. The multijet background is directly estimated from
data.

An upper limit on the h ! invisible branching ratio of 0.113

0:080þ0:031
�0:022

� �
is observed (expected) at 95% CL. This upper limit is

used directly to determine the excluded parameter regions in the
2HDM+a based on the predicted h ! v�v branching ratio for each
point in the benchmark scenarios in Section 2.

5.1.8. Additional searches using 36 fb�1 of
ffiffi
s

p ¼ 13 TeV pp collision
data

Results from three searches using 36 fb�1 of
ffiffi
s

p ¼ 13 TeV pp col-
lision data, which were already included in the summary of
2HDM+a constraints in Ref. [88], are shown for completeness. The

Emiss
T þ Z q�qð Þ search [89] targets final states with Emiss

T > 150 GeV
and a hadronically decaying W or Z boson candidate. The vector-
boson candidate is reconstructed as a single large-R jet with

pT > 250 GeV in a boosted topology (Emiss
T > 250 GeV) or from two

small-R jets with pT > 20 GeV in a resolved topology. In the both
cases, a lepton veto is applied. Several signal regions are defined
according to the b-jet multiplicity. The normalisations of the domi-
nant backgrounds from t�t andW=Z+jets production are constrained

using a simultaneous fit to the Emiss
T distributions in the signal and

dedicated control regions.

The Emiss
T þ b�b search [90] targets events with Emiss

T > 180 GeV
and at least two b-jets. The azimuthal separations between the

b-jets and the Emiss
T direction are exploited to enhance the separa-

tion between the signal and the irreducible background from
Z m�mð Þ þ b�b events, which is constrained using data in a dedicated
control region. The results are extracted from a likelihood fit to
the angular observable cos h�b�b ¼ j tanhDgb�b=2j, which depends on
the pseudorapidity differences Dgb�b between the two b-jets.

Searches targeting events with large Emiss
T produced with t�t are

conducted in different final states classified according to the num-
ber leptons. A search in zero-lepton final states targets events in
which the W bosons from both the top quarks decay hadronically
[90]. Events are selected based on the presence of at least four
energetic jets, at least two of which are b-tagged, and relatively

high Emiss
T . Requirements on the invariant mass of reclustered

large-R jets are imposed to identify events with a boosted W-
boson or top-quark decay. The dominant backgrounds from
Z + jets, t�t, and t�t þ Z production are constrained in dedicated con-
trol regions. A complementary search in one-lepton final states tar-
gets events in which one of the W bosons decays leptonically [91].
Events are required to contain at least four energetic jets, at least

one of which is b-tagged, one isolated lepton, and large Emiss
T . They

are also required to have at least one hadronic top candidate with
invariant mass loosely compatible with the mass of the top quark.
Requirements on the azimuthal angle between the lepton and~pmiss

T

and on the angular separation D/ jets;~pmiss
T

� �
are used to suppress

the background contamination of the signal regions. All back-
ground processes involving top quarks are estimated in dedicated
control regions.

5.2. Searches for visible mediator decays

5.2.1. tbH� tbð Þ
This search targets the production of heavy charged Higgs

bosons, H�, with masses in the range 0.2–2.0 TeV together with a
top and a bottom quark with the charged Higgs boson decaying
into a top and a bottom quark, pp ! tbH� tbð Þ [76]. Events are
pre-selected using single-lepton triggers and are required to con-
3014
tain exactly one electron or muon with pT > 27 GeV and at least
five jets with pT > 25 GeV, consistent with the semileptonic decay
of one of the top quarks. At least three of the jets are required to be
identified as a b-jet to suppress the large backgrounds from multi-
jet production. The selected events are further classified 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, 5jP4b;P6j3b, and P6jP4b. A neural network is used to
enhance the separation between signal and background. The out-
put distributions of the neural network are used in a fit to extract
the amount of tbH� tbð Þ signal in data.

The dominant backgrounds for this search are composed of t�t+-
jets events, including t�t+ light, t�tþ � 1b and t�tþ � 1c, and single
top-quark production in the Wt channel. Both these processes
and smaller background contributions are modelled using MC sim-
ulation. Data-driven corrections obtained in an additional P5j2b
region are applied to the simulation for the leading backgrounds
via a reweighting procedure to improve the modelling of the trans-
verse momentum distributions of additional jet emissions and of
kinematic regions with high jet multiplicities [140,141]. After the
reweighting, the final t�tþ � 1b and t�tþ � 1c normalisation factors
are extracted from the fit to data.

Both the model-independent upper limits on the cross-section
times branching ratio for the signal process and the model-
dependent exclusion contours on specific benchmarks, including
a type-II 2HDM in the alignment limit without DM, were derived
[76]. These results can be straightforwardly reinterpreted in the
context of the 2HDM+a as the dominant production modes and
hence the production cross-sections of the charged Higgs bosons
are identical in both of the models. This was verified by comparing
the simulated predictions of the 2HDM and 2HDM+a benchmarks
for a range of relevant kinematic variables. The simulated cross-
sections are scaled to their NLO values calculated for the
2HDM+a predictions, in the four-flavour scheme to be consistent
with the modelling choices outlined in Section 4. These values
are on average 20%–30% smaller than the corresponding NLO
cross-sections calculated in the five-flavour scheme used in Ref.
[76], in accordance with the results in Ref. [142]. The branching
ratios of the charged Higgs bosons differ between the 2HDM+a
and the 2HDMwithout DM due to additional possible decay modes
of the charged Higgs bosons in the 2HDM+a. Hence the exclusion
limits are rescaled by the ratio of branching ratios in the
2HDM+a and the 2HDM, for which the original exclusion limits
are derived, to obtain the exclusion limits for the 2HDM+a.

5.2.2. t�tt�t
This search specifically targets t�t-associated production of

heavy scalar or pseudo-scalar Higgs bosons A=H decaying into t�t
(t�t þ A=H ! t�tt�t) [85]. It is based on and extends the analysis strat-
egy of Ref. [143] to increase the sensitivity to A=H production.
Single-lepton and the dilepton triggers are used to collect the data
on which the search is based. Events are required to contain either
a same-sign lepton pair or at least three leptons (‘ ¼ e;l). This
includes electron or muons from leptonic s-lepton decays. Elec-
trons and muons are required to have pT > 28 GeV. A baseline sig-
nal region is defined by additionally requiring the presence of at
least six jets with pT > 25 GeV, at least two of which must be
b-tagged, and HT > 500 GeV, where HT is defined as the scalar
sum of the transverse momenta of all leptons and jets in the event.
A multivariate discriminant based on a BDT is used to separate
between SM t�tt�t production and background processes, using
event-level information such as jet and b-jet multiplicity and addi-
tional kinematic variables. The BSM search relies on a second BDT
to distinguish between BSM and SM four-top production. This sec-
ond BDT is parameterised as a function of the mass of the heavy
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Higgs boson by introducing the mass as a labelled input in the
training [144].

The main, irreducible backgrounds arise from the production of
a t�t pair together with a boson and additional jets (t�t þW+jets,
t�t þ Z+jets, t�t þ h+jets). They are estimated by MC simulations
with additional data-driven corrections applied in the case of
t�t þW+jets production. Smaller, reducible backgrounds arise
mostly from t�t+jets and tW+jets production with mis-identified
charge, fake and non-prompt leptons. These smaller backgrounds
are estimated from data using dedicated control regions.

5.2.3. Exotic Higgs boson decays h ! aa ! f�f f 0 �f 0

Various complementary searches target decays of the
mh ¼ 125 GeV SM Higgs boson to a pair of light pseudo-scalars,

which subsequently decay to fermions, h ! aa ! f�f f 0 �f 0. The
searches target final states with different types of fermions and pro-
vide sensitivity to different ranges of the pseudo-scalar mass ma.

A search using 139 fb�1 of
ffiffi
s

p ¼ 13 TeV pp collision data in the
b�blþl� final state targets pseudo-scalars in the range of
16 GeV 6 ma 662 GeV [79]. The di-muon invariant mass is the
variable of interest in this search, which is probed for a resonant
enhancement over the SM expectation. The dominant backgrounds
in the analysis arise from the Drell–Yan di-muon process together
with b-quarks and SM t�t production where each of the W bosons
from the two top quarks decays into a muon and a neutrino.

A search using 36 fb�1 of
ffiffi
s

p ¼ 13 TeV pp collision data targeting
the b�bb�b final state provides sensitivity to pseudo-scalars in the
mass range 20 GeV 6 ma 660 GeV [80]. It targets Higgs boson pro-
duction in association with a leptonically decaying W (one-lepton
channel) or Z boson (two-lepton channel). Several kinematic vari-
ables, including the reconstructed masses in the decay
h ! aa ! 4b, are used as input to a BDT that is trained to distin-
guish signal from background events. The dominant background
process in the one-lepton signal regions arises from t�t production
with additional jets, while the dominant background component
in the signal regions with two leptons is due to Z+jets production.
The BDT output distribution is used as the observable of interest in
the final likelihood fit. The search is optimised for resolved final
states in which the two b-jets from each of the a ! b�b decays
can be reconstructed as two individual small-R jets. This limits
the sensitivity of the search for masses ma < 30 GeV, a regime
where the two b-jet pairs are increasingly likely to be merged into
a single large-R jet. Such merged final states are the target of a
complementary search [145] on the same data sample. However,
this search provides little additional sensitivity to the 2HDM+a in
comparison to the other searches discussed in this section and is
therefore not considered in this publication.

The mass range 3.7 GeV 6 ma 650 GeV is probed by a search on
20.3 fb�1 of

ffiffi
s

p ¼ 8 TeV pp collision data targeting lþl�sþs� final
states [81]. The search probes resonant enhancements in the di-
muon invariant mass spectrum.

Finally, masses ma P 1 GeV are probed by two searches target-
ing final states with four charged leptons (‘ ¼ e;l) on 36 fb�1 [82]
and 139 fb�1 [83] of

ffiffi
s

p ¼ 13 TeV pp collision data, respectively,
Each search is based on two orthogonal regions: a low-mass region
covering the mass range 1 GeV 6 ma 615 GeV, excluding mass
ranges around the J/w and ! resonances, and a high-mass region
covering the mass range 15 GeV 6 ma 660 GeV. Only the low-mass
region is sensitive to the 2HDM+a and hence considered in this
publication. For this region, only final states with at least four
muons (lþl�lþl�) are considered due to their greater branching
fraction and the selection efficiency for isolated muons being sig-
nificantly larger than that for isolated electrons in this mass range.
The searches are therefore referred as h ! aa ! lþl�lþl� in the
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following. The dominant background processes for these searches
arise from ZZ� ! lþl�lþl� and h ! ZZ� ! lþl�lþl� produc-
tion. In both the searches, the observable of interest is the average
di-muon invariant mass, < mlþl� >¼ m12 þm34ð Þ=2, where m12

and m34 are the invariant masses of the two di-muon pairs that
minimise the di-muon pair invariant mass difference jm12 �m34j.
In the search conducted on the full 139 fb�1 data sample, the di-
muon masses are required to satisfy 1.2 GeV < m12;m34 <20 GeV,
excluding the mass ranges of 2.0–4.4 GeV and 8.0–12.0 GeV around
the J/w and ! resonances, respectively. Looser requirements are
applied in the search conducted on the partial (36 fb�1) data sam-
ple, where di-muon invariant masses 0.88 GeV6 m12;m34 620 GeV
are allowed. Hence the latter provides sensitivity in the low ma

range where the former is not sensitive.
Model-independent upper limits on the branching ratio of the

decay h ! aa ! f�f f 0 �f 0 are obtained for all searches listed above.
This upper limit is used directly to determine the excluded param-

eter regions in the 2HDM+a based on the predicted h ! aa ! f�f f 0 �f 0

branching ratio for each point in the benchmark scenarios in
Section 2. The branching ratio for the 2HDM+a is calculated at
NLO with the MS scheme.
6. Systematic uncertainties

Systematic uncertainties for both the background and signal
models are considered in each of the analyses presented in Sec-
tion 5. These uncertainties and the statistical uncertainties depend
on the event selection, the phase space covered by a given analysis,
and its background estimation strategy. The systematic uncertain-
ties include experimental and theoretical uncertainties. Details of
the latter can be found in the indvidual analysis publications
referred to in the previous section. Experimental uncertainties
may include uncertainties in the absolute jet energy scales and res-
olutions, the jet quality requirements, pile-up corrections, b-jet

identification efficiencies, and the soft contributions to Emiss
T . Uncer-

tainties in lepton identification and reconstruction efficiencies,
energy/momentum scale and resolution are included for events
with selected or vetoed leptons. Uncertainties due to the finite size
of the background MC samples and others related to the modelling
of the background processes are also included in the analyses. In all
analyses, a luminosity uncertainty of 1.7% [146] is applied to back-
grounds derived purely from MC simulation.

The signal modelling is subject to some theoretical uncertain-
ties affecting the production cross-section (normalisation) or the
signal acceptance. They include uncertainties related to the PDF,
evaluated following the PDF4LHC recommendations [147], and
uncertainties related to the choice of renormalisation and factori-
sation scales. The latter are derived by varying independently such
scales by a factor of 2:0 and 0:5 relative to the nominal values used

for the MC generation. Additionally, for the Emiss
T þ Z ‘‘ð Þ,

Emiss
T þ h b�b

� �
, and tbH� tbð Þ analyses, which enter the statistical

combination, uncertainties in the modelling of initial- and final-
state radiation and multi-parton interactions are taken into
account.
7. Statistical combination of results

A statistical combination of the Emiss
T þ h b�b

� �
, Emiss

T þ Z ‘‘ð Þ, and
tbH� tbð Þ analyses is performed and described further in this sec-
tion. These are generally the most constraining signatures and
cover complementary regions of the 2HDM+a model parameter
space.



5 Each analysis is assessed at each model parameter point, unless the sensitivity of
one is known to be negligible in that region of parameter space, in which case it may
be omitted and its sensitivity set to zero.
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The statistical combination is facilitated by the input analyses
described in Section 5 being statistically independent. The

Emiss
T þ Z ‘‘ð Þ analysis places a veto on the presence of b-jets,

whereas signal selections for the Emiss
T þ h b�b

� �
and tbH� tbð Þ analy-

sis require at least two and three b-jets, respectively. Furthermore,
the tbH� tbð Þ signal region selections require a charged lepton (e or

l), which is vetoed by the Emiss
T þ h b�b

� �
selections. Thus no overlap

between the three analysis signal selections is expected. This was
validated on the full data luminosity and additionally by applying
the different analysis selections to the simulated signal events of
the other two analyses. No overlap between the signal selections
was observed in any of these checks. There was a negligible
(� 1%) event overlap observed between the tbH� tbð Þ signal selec-
tion and a background selection used by the Emiss

T þ h b�b
� �

analysis
as a leptonic control region, which has no impact on the
combination.

7.1. Statistical analysis

The combination of the analyses is performed by constructing
their combined likelihood and maximising the corresponding pro-
file likelihood ratio [148]. The common fitted parameter of interest,
l, is the signal strength of a given 2HDM+a signal, defined as the
ratio of the observed to the predicted value of the signal cross-
section times branching fraction for the specific signal parameter
point being tested. The exclusion of l ¼ 1 in the combined fit
means that the data globally across the analyses are incompatible
with the predictions for the signal hypothesis under consideration.
Systematic uncertainties are included in the fit as nuisance param-
eters (NPs), denoted by h, and are constrained by Gaussian, Poisson
or Log-normal probability density functions. These encode infor-
mation from auxiliary measurements and measure the effect of
systematic uncertainties. The fit model also includes normalisation
factors, denoted by k, which are floated in the fit without con-
straints to adjust the agreement with data of background compo-
nents in their corresponding control region(s).

The likelihood used in the combined fit is given by [149]

L datajl; kl; hl
� � ¼ YNcats

c¼1

Lc datajl; kl; hl
� � YNcons

k¼1

F h
	
l;kjhl;k

� �
; ð3Þ

where k is the vector of normalisation factors, h is the vector of nui-
sance parameters, Ncats is the number of categories, Ncons is the
number of constrained NPs, ~hk is the global observable correspond-
ing to hk, c is the index for the event categories, k is the index for the
constrained NPs, and F denotes a Poisson, a Gaussian or a Log-
normal distribution depending on the type of uncertainty.

The 95% CL limits are obtained using the CLs frequentist formal-
ism [150] with the profile likelihood ratio test statistic (ql) imple-
mented using RooStats [151] and RooFit [152], defined as [148]

ql ¼
L l; ^̂kl; ^̂hl
� �

L l̂; k̂l̂; ĥl̂
� � ; ð4Þ

where the numerator indicates the values of kl and hl that max-
imise L for a given value of l, and the denominator is evaluated
for the values l̂; k̂l̂; ĥl̂ which jointly maximise the likelihood.

7.2. Treatment of uncertainties and their correlations

There are many sources of uncertainty present in the

Emiss
T þ h b�b

� �
, Emiss

T þ Z ‘‘ð Þ, and tbH� tbð Þ analyses; their correlations
are treated as follows. Most experimental uncertainties, such as
those related to the reconstruction of the physics objects are corre-
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lated across search channels, as are the uncertainties in the inte-
grated luminosity and the modelling of pile-up. This includes the

uncertainties from electrons, muons, Emiss
T , and the jet energy

response. The assessment of the correlations of uncertainties stem-
ming from b-jet identification is complicated by differing choices of
algorithm and operating point, hence these are not correlated.
Finally, a handful of experimental systematic uncertainties that
are moderately constrained in a particular analysis are not corre-
lated to avoid introducing any phase-space-specific biases. Differ-
ent assumptions on the correlation of the uncertainties related to

jet, Emiss
T , and b-jet indentification and the moderately constrained

uncertainties were tested separately to assess their impact on the
observed exclusions. The effect on the observed exclusions was
found to be negligible.

Uncertainties are assessed on the signal simulation and back-
ground modelling for each of the analyses to be combined. Dedi-
cated signal simulations are performed for each of the final
states, as they often probe very different kinematic regions of
phase space.5 The resulting theoretical uncertainties are found to
be small and often completely negligible, and are considered to be
uncorrelated. The uncertainties related to the estimate of the back-
grounds are considered to be uncorrelated amongst the analyses.
This is motivated by their different sources of leading background,
the different kinematic phase space probed, and the wide-spread
use of data-derived and analysis-specific methods of background
estimation.

7.3. Impact of uncertainties

Inevitably, the contributions of the many uncertainties on the
analysis combination vary across the model parameter values,
due to the differing signal kinematics and the varying sensitivities
of the individual analyses. The contributions to the total uncer-
tainty in the best-fit signal strength from the statistical and sys-
tematic uncertanties are shown in Table 4 for ma = 450 GeV, mH

= 800 GeV, tanb = 1.0 and sin h ¼ 0:35. This particular signal is nar-
rowly excluded by the combination but is not by any single input
analysis, and all three analyses contribute some sensitivity. For this
signal, the statistical uncertainty is comparable to (but slightly
smaller than) the systematic component, which is broken down
into three categories of sources: theoretical, experimental and
MC statistical uncertainties. For each category, the uncertainty is
assessed by fixing the corresponding uncertainties in a fit and sub-
tracting the resultant uncertainty from the total in quadrature. The
theoretical uncertainties, which stem predominantly from uncer-
tainties in the background modelling, are slightly smaller than
the experimental ones. The experimental uncertainty is further
subdivided into those on each of the reconstructed physics objects,
amongst which the largest contributions come from jet and

Emiss
T uncertainties.
The most important uncertainties follow directly from those of

the individual input analyses. For the backgroundmodelling uncer-
tainties, the largest components are ZZ modelling from the

Emiss
T þ Z ‘‘ð Þ analysis, t�t uncertainties affecting Emiss

T þ h b�b
� �

, and
uncertainties from the production of t�t with additional b-quarks,
which impact the tbH� tbð Þ search. Among the experimental sys-
tematic uncertainties, the largest sources are lepton systematic

uncertainties impacting Emiss
T þ Z ‘‘ð Þ, uncertainties related to jets

and Emiss
T affecting Emiss

T þ h b�b
� �

, and systematic uncertainties



Table 4
Summary of the uncertainties Dl in the best-fit signal strength on a signal
(mA ¼ 800 GeV, ma ¼ 450 GeV, tan b ¼ 1; sin h ¼ 0:35), obtained by fixing the
corresponding nuisance parameters to their best-fit values, and subtracting the
square of the resulting uncertainty from the square of the total uncertainty to
evaluate Dlð Þ2. The statistical uncertainty component is obtained by fixing all
nuisance parameters except free-floating background normalisation factors to their
best-fit values, and quantitifes the impact of the limited data yields in the signal and
control regions. Note the total uncertainty does not equal the sum of the individual
contributions added in quadrature due to correlations between the systematic
uncertainties.

Uncertainty source Dl 
 100
Statistical uncertainty 25.0
Systematic uncertainties 27.6
Theory uncertainties 16.2
Signal modelling 2.8
Background modelling 15.9
Experimental uncertainties (excl. MC stat.) 18.8
Luminosity, pile-up 3.9

Jets, Emiss
T

12.3

Identification of b-jets 9.1
Electrons, muons 6.1
MC statistical uncertainty 9.3
Total uncertainty 37.2
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related to the identification of b-jets in the case of the tbH� tbð Þ
analysis.

8. Summary of constraints on the 2HDM+a

8.1. Scenario 1: ma �mA planes

The exclusion contours for the mA �ma scans with sin h ¼ 0:35
and sin h ¼ 0:7, which correspond to Scenarios 1a and 1b in Sec-
tion 2, respectively, are shown in Fig. 4. In the upper sub-figures,
the exclusion regions for the statistical combination of the

Emiss
T þ h b�b

� �
, Emiss

T þ Z ‘‘ð Þ, and tbH� tbð Þ searches are shown, along
with the exclusion regions from the three individual searches

entering the combination. The Emiss
T þ Z ‘‘ð Þ and Emiss

T þ
h b�b
� �

searches dominate the sensitivity across a large fraction of
the two parameter planes, which is largely due to the resonant pro-
duction of the (pseudo-) scalars according to the diagram in Fig. 1a.
Their sensitivities depend on both the pseudo-scalar Higgs boson
and mediator masses. For sin h ¼ 0:35 (Scenario 1a), the maximum
reach obtained forma is up to 560 GeV, if the A boson mass is set to
1.2 TeV, while for ma ¼ 150 GeV values of mA between 250 and
1.55 TeV are excluded. For both the sin h choices, in the lower left

area, the Emiss
T þ Z ‘‘ð Þ limit reaches closer to the mA ¼ ma line than

the Emiss
T þ h b�b

� �
limit. This is because Emiss

T þ Z ‘‘ð Þ can probe lower

Emiss
T values, whereas Emiss

T þ h b�b
� �

requires a higher Emiss
T threshold

due to the use of a Emiss
T trigger and due to the mass difference

between the Z and Higgs bosons. For both sin h choices, but most
notably for sin h ¼ 0:7 (Scenario 1b), an increase in the exclusion

power of the Emiss
T þ 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 non-resonant a� ! ah process, without resonant A

production. There is no equivalent process for the Emiss
T þ Z

signature.
The tbH� tbð Þ search provides complementary sensitivity to the

Emiss
T þ Z ‘‘ð Þ and Emiss

T þ h b�b
� �

searches, excluding the range
mAK700 GeV for sin h ¼ 0:35. Its exclusion contour shows only a
moderate dependence on ma as this search does not probe the pro-
duction of the pseudo-scalar mediator directly and is therefore
only indirectly affected by the choice of ma via its effect on the rel-
ative branching ratio to tb compared with the branching ratios for
other possible decay modes, such as H� ! aW�. The effect of this
3017
reduction of the branching ratio to tb is visible in Scenario 1b,
where the limits from the tbH� tbð Þ search are slightly weaker at
low values of ma where, for example, the decay into aW� is kine-

matically allowed. The combination of the tbH� tbð Þ with the Emiss
T þ

Z ‘‘ð Þ and Emiss
T þ h b�b

� �
searches increases the excluded parameter

space, especially the excluded ma range for mA � 800 GeV
(Scenario 1a) and for mA � 700 GeV (Scenario 1b).

The exclusion regions from other searches not entering the
combination are added in the lower sub-figures of Fig. 4. 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 only sensitive to light a bosons decaying into invisible particles.

The Emiss
T þ h ccð Þ search probes a similarly shaped, albeit smaller,

region in parameter space compared with the Emiss
T þ h b�b

� �
search

due to the smaller branching ratio to cc compared with b�b. How-

ever, its sensitivity exceeds that of the Emiss
T þ h b�b

� �
search for

low values of mA because it does not rely on Emiss
T triggers exclu-

sively and hence is able to probe smaller values of Emiss
T . Like in

the case of the Emiss
T þ h b�b

� �
search, a significant increase in sensi-

tivity for high values of mA is found due an increase of the cross-

section of the a ! ah process. The Emiss
T þ h ssð Þ search is only inter-

preted in the scenario with sin h ¼ 0:35. Its exclusion contour

shows a similar mA �ma dependence as that of the Emiss
T þ h b�b

� �
search but its sensitivity is notably lower due to smaller Higgs
boson branching ratio to ss compared with b�b final states.

The exclusion contour for the Emiss
T þ tW search shows a shape

similar to those of the Emiss
T þ Z ‘‘ð Þ search for both sin h choices,

although the overall exclusion region is smaller. Its observed exclu-
sion is weaker than the expected sensitivity due to a small (less
than 2r) excess in the 2-lepton channel [134]. The sensitivity of

the Emiss
T þ tW search is greater for larger values of sin h [98].

The sensitivity of the Emiss
T þ j search in the ma �mA plane is

notably different from those of the Emiss
T þ Z and Emiss

T þ h searches
due to the absence of resonant production diagrams for this signa-
ture. The signal cross-section for this signature, and hence its sen-
sitivity to the 2HDM+a are affected by interference effects between
the non-resonant contributions involving the two pseudo-scalars a
and A. The impact of the interference depends notably on the val-
ues of both the ma and mA and is more pronounced for higher val-
ues of sin h due to the larger a� A mixing [55]. In particular for
signal hypotheses characterised by a small mass difference
between A and a (mA � ma), the interference is destructive, leading
to smaller signal cross-sections and hence a reduced sensitivity of

the Emiss
T þ j signature to the 2HDM+a. This effect is visible for both

sin h ¼ 0:35 and sin h ¼ 0:7. For the scenario with sin h ¼ 0:35,

the Emiss
T þ j search excludes values of ma up to 600 GeV for

mA � 200 GeV and values of mA up to 800 GeV for ma � 100 GeV.
For the scenario with sin h ¼ 0:7, the larger a� A mixing results
in higher cross-sections for signal hypotheses with mA > ma. For
mA � 1300 GeV, the exclusion power in terms of ma of the

Emiss
T þ j search is comparable with that of the Emiss

T þ Z ‘‘ð Þ and

Emiss
T þ h b�b

� �
searches. A small region for mA < ma is also excluded

by the Emiss
T þ j search in the high-sin h scenario.

The t�tt�t search, like the tbH� tbð Þ search, provides complemen-

tary sensitivity to the Emiss
T þ X searches, with the main difference

that it is only sensitive to the 2HDM+a if either mA or ma is above
the t�t production threshold (mA=a P 2mt). For sin h ¼ 0:35, the t�tt�t

contour shows a behaviour similar to that of the tbH� tbð Þ search.
The sensitivity is mostly driven by resonant A=H production and
largely independent of ma. For sin h ¼ 0:7, the sensitivity of the



Fig. 4. (Color online) Observed (solid lines) and expected (dashed lines) exclusion regions at 95% C.L. in the ma;mAð Þ plane assuming (a, c) sin h ¼ 0:35 (Scenario 1a) and (b, d)
sin h ¼ 0:7 (Scenario 1b). In the upper sub-figures, the observed (solid lines) and expected (dashed lines) exclusion regions for the statistical combination of the Emiss

T þ h b�b
� �

,
Emiss
T þ Z ‘‘ð Þ, and tbH� tbð Þ searches are shown, along with the observed and expected exclusion regions for the three individual searches entering the combination. The

surrounding shaded bands correspond to the �1 and �2 standard deviation (�1r;�2r) uncertainty in the expected limit of the combined result. In the lower sub-figures, the
results are shown for the combination of the Emiss

T þ h b�b
� �

, Emiss
T þ Z ‘‘ð Þ, and tbH� tbð Þ searches (filled area) and additional individual searches. The individual results from the

Emiss
T þ h b�b

� �
, Emiss

T þ Z ‘‘ð Þ, and tbH� tbð Þ searches are not shown in this case. In all four sub-figures, dashed grey regions indicate the region where the width of any of the Higgs
bosons exceeds 20% of its mass.
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t�tt�t search is smaller for ma < 2mt compared with the scenario
with sin h ¼ 0:35 due to the larger a� A mixing and the fact that
in this regime the decay into a ! t�t is kinematically inaccessible.

For completeness, the observed and expected exclusion con-

tours from a Emiss
T þ Z q�qð Þ search on 36 fb�1 are shown for the

scenario with sin h ¼ 0:35. This result was already included in
Ref. [88]. The sensitivity of this search is considerably smaller than

that of the Emiss
T þ Z ‘‘ð Þ search due to the larger backgrounds from

multijet production in the hadronic decay channel and due to the
smaller data sample on which the search is based.
8.2. Scenario 2: mA � tanb planes

Exclusion limits as a function of the mass of the pseudo-scalar A
and tanb (Scenario 2) are summarised in Fig. 5, again for the two
scenarios with sin h ¼ 0:35 and sin h ¼ 0:7. For both the scenarios,
a large fraction of the mA � tanb plane is excluded by the

Emiss
T þ Z ‘‘ð Þ search alone. For higher values of mA, the Emiss

T þ
h b�b
� �

search, and hence the combination of the Emiss
T þ Z ‘‘ð Þ,

Emiss
T þ h b�b

� �
, and tbH� tbð Þ searches provides the strongest con-

straints. The sensitivity of the Emiss
T þ Z ‘‘ð Þ and Emiss

T þ h b�b
� �

searches as a function of tanb is driven by the transition from
3018
gg- to b�b-initiated production with a minimum in sensitivity in
the transition region around tanb � 5.

The Emiss
T þ tW search probes values of tanb up to 1.5

(sin h ¼ 0:35) and 2 (sin h ¼ 0:7). Its observed exclusion is weaker
than the expected sensitivity due to a small (less than 2r) excess
in the two-lepton channel [134]. Again, the sensitivity of the search
is larger for the scenario with sin h ¼ 0:7 compared with that with

sin h ¼ 0:35 [98]. The Emiss
T þ h ssð Þ search has only been interpreted

for the scenario with sin h ¼ 0:7. Its sensitivity is notably smaller

compared with that of the Emiss
T þ h b�b

� �
search due to the smaller

Higgs boson branching ratio to ss compared with b�b. No exclusion

contours are shown for the Emiss
T þ h ccð Þ search.

The sensitivity of the tbH� tbð Þ and t�tt�t searches is largest at low
values of mA and tanb. This is due to the larger production cross-
section for smaller resonance masses and the preference of third-
generation couplings at low values of tanb.

8.3. Scenario 3: ma � tanb planes

In Fig. 6, a similar benchmark scenario to that in Fig. 5 is shown
with the difference that the mass of the pseudo-scalar mediatorma

rather than mA is varied (Scenario 3). Again, the exclusion contours
are shown for both the sin h ¼ 0:35 (Scenario 3a) and sin h ¼ 0:7



Fig. 5. (Color online) Observed (solid lines and filled area) and expected (dashed lines) exclusion regions at 95% C.L. in the mA; tan bð Þ plane assuming (a) sin h ¼ 0:35 (Scenario
2a) and (b) sin h ¼ 0:7 (Scenario 2b). The results are shown for several individual searches and the combination of the Emiss

T þ h b�b
� �

, Emiss
T þ Z ‘‘ð Þ, and tbH� tbð Þ searches. The

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

Fig. 6. (Color online) Observed (solid lines and filled area) and expected (dashed lines) exclusion regions at 95% C.L. in the ma; tan bð Þ plane assuming (a) sin h ¼ 0:35 (Scenario
3a) and (b) sin h ¼ 0:7 (Scenario 3b). The results are shown for several individual searches and the combination of the Emiss

T þ h b�b
� �

, Emiss
T þ Z ‘‘ð Þ, and tbH� tbð Þ searches. The

dashed grey regions indicate the region where the width of any of the Higgs bosons exceeds 20% of its mass.
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(Scenario 3b). The strongest exclusion is provided by the

Emiss
T þ Z ‘‘ð Þ search. Its exclusion varies between ma � 350 GeV at

tanb ¼ 0:4 to above 400 GeV for tanb � 10. The Emiss
T þ h b�b

� �
and

Emiss
T þ h ccð Þ searches exclude a similar tan b range as the

Emiss
T þ Z ‘‘ð Þ search but the sensitivity does not reach as high in

ma as that of the Emiss
T þ Z ‘‘ð Þ search. In both the cases, as seen in

the tanb�mA scan for the Emiss
T þ h b�b

� �
search, a decrease in sen-

sitivity is observed for tanb � 5 due to the transition from gg- to
b�b-initiated production.

The Emiss
T þ tW search probes the range of low ma and low tanb

values with the sensitivity being slightly higher for the scenario

with sin h ¼ 0:7. The Emiss
T þ j search also excludes signal hypothe-

ses characterised by low values of ma and tanb. The sensitivity of
this search is higher for the scenario with sin h ¼ 0:7 compared
with that with sin h ¼ 0:35 due to the higher a� A mixing, which
leads to larger signal cross-sections for mA > ma, as pointed out
in Section 8.1. Similarly to the tanb�mA scan, the branching ratio
limit on invisible Higgs boson decay provides constraints at very
low values of ma, independent of the value of tanb.
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The sensitivity of the tbH� tbð Þ and t�tt�t searches is complemen-

tary to that of the Emiss
T þ X searches. It is mostly limited to the low

tanb region and shows only a moderate dependence on ma.
8.4. Scenario 4: Variation of sin h

Exclusion limits as a function of sin h for the 2HDM+a for the
low-mass and high-mass mediator hypothesis, respectively, are
shown in Fig. 7. In the upper row of this figure, results interpreted
for the baseline parameter choice tanb ¼ 1 of Scenario 4 are sum-
marised, while in the lower row, additional results derived for the
alternative choices tanb ¼ 0:5 or tanb ¼ 50 are shown. The sub-
figures on the left correspond to the low-mass hypothesis
(mA ¼ 0:6 TeV, ma ¼ 200 GeV, Scenario 4a), while those on
the right are derived assuming the high-mass hypothesis
(mA ¼ 1:0 TeV, ma ¼ 350 GeV, Scenario 4b). The limits are
expressed in terms of the ratio of the excluded cross-section to
the nominal cross-section of the model.

For the low-mass hypothesis with tanb ¼ 1:0, the strongest
limits in the medium and high sin h range are provided by the



Fig. 7. (Color online) Observed (solid lines) and expected (dashed lines) exclusion limits at 95% C.L. for the 2HDM+a as a function of sin h. Results in the subfigures (a) and (b)
are derived for the default value tan b ¼ 1 of Scenario 4, while those in subfigures (c) and (d) are for alternative values of tan b ¼ 0:5 or tanb ¼ 50. Subfigures (a) and (c)
correspond to mA ¼ 0:6 TeV, ma ¼ 200 GeV (low-mass hypothesis), while (b) and (d) contain results for mA ¼ 1:0 TeV, ma ¼ 350 GeV (high-mass hypothesis). The results are
shown for several individual searches and the combination of the Emiss

T þ h b�b
� �

, Emiss
T þ Z ‘‘ð Þ, and tbH� tbð Þ searches. The dashed grey regions indicate the region where the

width of any of the Higgs bosons exceeds 20% of its mass.
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Emiss
T þ Z ‘‘ð Þ and Emiss

T þ h b�b
� �

searches. The sensitivity of the for-
mer monotonically increases as a function of sin h, as the cross-
section of the non-resonant and resonant production diagrams,
in Figs. 1a and b, respectively, increases with sin h. The same pro-

duction diagrams for the Emiss
T þ h signature have very different

sin h dependence, as described in Refs. [55,88]. The relative contri-
butions of each diagram are additionally affected by the different

Emiss
T þ h b�b

� �
and Emiss

T þ h ccð Þ analysis selections. Both the analyses
show amaximum of sensitivity around sin h � 0:5. The sensitivities

of the Emiss
T þ j and Emiss

T þ tW searches, like that of the Emiss
T þ Z ‘‘ð Þ

search, increase monotonically with sin h but remain about an

order of magnitude below that of the Emiss
T þ Z ‘‘ð Þ search across

the full sin h range due to the overall lower cross-sections for these
processes. The tbH� tbð Þ and t�tt�t signatures show a different sin h
dependence compared with the other signatures as they are not
directly sensitive to the neutral boson production. They are partic-
ularly sensitive at very small mixing angles, with the tbH� tbð Þ sen-
sitivity exceeding those of the Emiss

T þ h b�b
� �

and Emiss
T þ Z ‘‘ð Þ

searches, respectively, for sin hK0:2. The results from the

Emiss
T þ V q�qð Þ search from Ref. [88] are shown for completeness.
For the high-mass hypothesis with tanb ¼ 1:0, the mass of the

light pseudo-scalar is high enough that the decay a ! t�t is kinemat-
ically allowed, which introduces an additional sin h dependence to
3020
the Emiss
T þ Z and Emiss

T þ h analyses interpreted in this scenario. For

this reason, the highest sensitivity for the Emiss
T þ Z and Emiss

T þ h
analyses is found to be around (or slightly below) themaximalmix-

ing condition (h ¼ p=4). However, the Emiss
T þ h signatures have a

complex sin h dependence due to the different contributions of res-
onant and non-resonant processes to the final selection in the two

analyses. The sensitivity of the Emiss
T þ h b�b

� �
search shows a broad

maximum for sin h values below the maximal mixing condition

(h ¼ p=4). The Emiss
T þ h ccð Þ search instead shows a local sensitivity

minimumaround sin h ’ 0:6. The sin h dependence of the Emiss
T þ tW

search is similar to that of the Emiss
T þ h b�b

� �
and Emiss

T þ Z ‘‘ð Þ
searches but its sensitivity is roughly an order of magnitude below

that achieved with the combination of the Emiss
T þ h b�b

� �
,

Emiss
T þ Z ‘‘ð Þ, and tbH� tbð Þ searches. In contrast, the Emiss

T þ j search
shows a monotonic increase in sensitivity with increasing sin h

and has a similar sensitivity to the Emiss
T þ h b�b

� �
and Emiss

T þ Z ‘‘ð Þ
searches for large values of sin h. The tbH� tbð Þ signature, similarly
to the low-mass mediator hypothesis, shows a constant sensitivity

as a function of sin h. Again, the results from the Emiss
T þ V q�qð Þ search

from Ref. [88] are shown for completeness.
Alternative choices of tanb ¼ 0:5 or tanb ¼ 50 for Scenario 4

are explored to highlight the strong tanb dependence of the exclu-
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sion power of searches with a strong dependence on the Yukawa
couplings of the neutral Higgs bosons and the mediator to fermions
in a type-II 2HDM. At low values of tanb, the scalars and pseudo-
scalars couple preferentially to top quarks, while at high values
of tanb, couplings to bottom quarks are preferred. Hence, the
results of the t�tt�t search are shown for tanb ¼ 0:5. The sensitivity
of the t�tt�t search is higher for the low-mass compared with the
high-mass scenario primarily due to the lower cross-sections for
A=H production at higher values ofmA=H . In the high-mass scenario,
an increase in the t�tt�t sensitivity is observed for sin h > 0:5 due to
the increased a� A mixing and the fact that the mediator mass in
this scenario is large enough to allow mediator decays into t�t and
at the same time considerably below the A=H masses, which
results in the t�tt�t signal cross-section being completely dominated
by t�t þ a t�tð Þ production. For completeness, the results from the

Emiss
T þ t�t and Emiss

T þ b�b searches included in Ref. [88] are shown
for values of tan b ¼ 0:5 and tanb ¼ 50, respectively.
8.5. Scenario 5: Variation of mv

In Fig. 8, the sensitivity of the different searches is compared as
a function of the DM mass mv, which is the parameter with the
strongest impact on the relic density predicted by the 2HDM+a.
This corresponds to benchmark Scenario 5 in Section 2. The sensi-
tivity of the searches is quantified as the observed exclusion limits
on the ratio of the excluded cross-section to the nominal cross-sec
tion of the model (left vertical axis). The predicted relic density
(right vertical axis) for each value of mv is overlaid on the plot as
a long-dashed line. The region at mv ¼ ma=2 ¼ 200 GeV corre-
sponds to the a-funnel region [71,153,154] where the predicted
relic density is depleted by the resonant enhancement of the pro-
cess v�v! a ! SM. A second funnel region atmv ¼ mA=2 ¼ 500 GeV,
corresponding to the resonant enhancement of the process
v�v! A ! SM, is not fully included in the probedmv range but par-
tially visible as a decrease in the predicted relic density for
mv > 400 GeV. The plateau for mv > 200 GeV is determined by
the increase in annihilation cross-section of the DM particles close
Fig. 8. (Color online) Observed (solid lines) and expected (dashed lines) exclusion limits f
ma ¼ 400 GeV, tanb ¼ 1:0, and sin h ¼ 0:35 (Scenario 5). The limits are calculated at 95
nominal cross-section of the model. The results are shown for several individual searche
relic density for each mv assumption, calculated with MADDM [155], is superimposed
mv ¼ 200 GeV indicates the a-funnel region [71,153,154] where the predicted relic dens
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to threshold for the processes v�v! t�t (if mv > mt) and v�v! ah (if
mv > ma þmhð Þ=2). For all signatures shown here, the sensitivity is
independent of mv as long as the pseudo-scalar mediator, whose
mass is fixed at 400 GeV in this benchmark scenario, is allowed
to decay into a v�v pair. The strongest constraints on this region
(mv < 200 GeV) from individual searches are provided by the

Emiss
T þ Z ‘‘ð Þ search, which, together with the Emiss

T þ h b�b
� �

search,
excludes this parameter space. For higher DM masses, the sensitiv-

ity of the Emiss
T þ X searches decreases rapidly, while that of the

tbH� tbð Þ and t�tt�t searches remains nearly constant. This is because
the corresponding signal processes at LO do not involve the DM
particle v, making the signal cross-sections independent of mv.
For mv > ma=2, the strongest constraints are obtained from the

tbH� tbð Þ search, which probes cross-sections as low as
r=rtheory � 2� 3. Hence none of the searches excludes the
2HDM+a in this mass region for the chosen benchmark scenario.
It is possible to match the observed relic density for mv � 170
GeV without changing the collider phenomenology, although this
value is disfavoured by the searches in this benchmark scenario.
It should be noted that the relic density considerations serve as a
useful means for putting the 2HDM+a predictions in the context
of cosmological observations but should not be understood as
strict constraints on the model parameters. This is because the
parameter values giving the correct relic density can change either
if the model is modified to include additional physics at higher
energy scales or if a different cosmological history is assumed.

8.6. Scenario 6: ma �mv plane

Exclusion limits as a function of ma and mv corresponding to

Scenario 6 are shown in Fig. 9. The h ! aa ! f�f f 0 �f 0 searches target
the region characterised by ma < mh=2, where the decay h ! aa is
kinematically allowed, and ma < 2mv where invisible mediator
decays are kinematically forbidden. This region is almost fully

excluded by the h ! aa ! f�f f 0 �f 0 searches under consideration,
except for two bands where ma is close to the masses of the J/w
and ! mesons. As discussed in Section 5.2.3, these mass regions
or the 2HDM+a as a function ofmv , following the parameter choices ofmA ¼ 1:0 TeV,
% C.L. and are expressed in terms of the ratio of the excluded cross-section to the
s and the combination of the Emiss

T þ Z ‘‘ð Þ, Emiss
T þ h b�b

� �
, and tbH� tbð Þ searches. The

in the plot (dashed line) and described by the right vertical axis. The valley at
ity is depleted by the resonant enhancement of the processes v�v! A=a ! SM.



Fig. 9. (Color online) Observed (solid lines) and expected (dashed lines) exclusion regions at 95% C.L. in the ma;mv
� �

plane following the parameter choices of mA ¼ 1:2 TeV,
tanb ¼ 1:0, and sin h ¼ 0:35 (Scenario 6). The relic density contour for the case Xch

2 ¼ 0:12, calculated with MADDM [155], is superimposed in the plot (long-dashed line).
The shaded regions mark parameter values for which the model predict a relic density greater than the observed value Xch

2 ¼ 0:12. The ‘‘island” around (mv � 100 GeV,
ma � 100 GeV) corresponds to the resonant enhancement of the process v�v! ah ! SM, which depletes the relic density.
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are excluded from the searches. Experimentally di-muon searches
near the J/wmass are challenging, as are h ! aa ! 4g searches. The
lþl�sþs� final states [81] have some sensitivity, but are unable to
exclude the higher mass region around ma ¼ 10 GeV. Searches for
hadronic final states are complicated by the collimation of the
quark pairs, and dedicated techniques are often required to make

signatures such as b�bsþs� and b�bb�b sensitive. The h ! aa ! f�f f 0 �f 0

searches are not sensitive for ma > mA=2, where invisible mediator
decays dominate the branching ratio. For ma < mh=2, this region is
excluded by the h ! invisible search. For larger values of ma, the

region ma > mv=2 is excluded by the Emiss
T þ h b�b

� �
search up to

ma � 600 GeV. The unexcluded high-ma, high-mv region can be
probed by searches for the mediator or heavy Higgs boson states
in signatures such as t�tt�t and tbH� tbð Þ, which are currently unable
to exclude mA ¼ 1200 GeV.

The relic density contour for the case Xch
2 ¼ 0:12 is superim-

posed in the plot (long-dashed line). Regions above this line at
low mv and below this line at high mv, excluding the ‘‘island”
region around (mv � 100 GeV, ma � 150 GeV), have a predicted

relic density Xch
2
< 0:12. Due to the large Yukawa couping, the

annihilation process v�v! t�t is very efficient. For regions with light
DM (mv< mt), this is kinematically inaccessible and the predicted
relic density is often over-abundant unless alternative annihilation
channels are available. The most important of these is resonant
annihilation when mv ’ ma=2, and specific decay channels such
as v�v! aa or v�v! ah when allowed or enhanced by kinematics.
For low ma, annihilation to fermions (e.g. b�b, c�c, sþs�) can be effi-
cient enough to overcome their smaller couplings and deplete the
relic abundance. Larger values of mv can also satisfy the observed
relic density, as these annihilations become more suppressed.

9. Conclusion

A broad variety of 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
3022
a 2HDM with an additional pseudo-scalar mediator a (2HDM+a),
which couples the dark matter particles to the SM. This model pre-
dicts a rich phenomenology of processes resulting in a diverse
range of final-state signatures. The searches presented provide sen-
sitivity across a wide range of the model parameter space.

The results are based on up to 139 fb�1 of proton-proton colli-
sion data at a centre-of-mass energy of

ffiffi
s

p ¼ 13 TeV collected by
the ATLAS detector at the LHC in the years 2015–2018, and are in
agreementwith the SMpredictions. Therefore, the results are trans-
lated into exclusion limits on the 2HDM+a for a wide selection of
representative benchmark scenarios. These include previously
explored benchmark scenarios based on the recommendations of
the LHC Dark Matter Working Group as well as several new bench-
mark scenarios that provide further insights into the rich collider
phenomenology of the 2HDM+a. All benchmark scenarios rely on
the simplifying assumption that the additional Higgs bosons of
the 2HDM are mass degenerate (mA ¼ mH ¼ mH� ). The exploration
of additional benchmark scenarios in which this assumption is
relaxed is left to future publications.

Masses of the pseudo-scalar mediator a are excluded up to
560 GeV for mA ¼ mH ¼ mH� ¼ 1:2 TeV, sin h ¼ 0:35, and
tanb ¼ 1:0. Values of ma up to 640 GeV are excluded for

mA ¼ mH ¼ mH� ¼ 2:0 TeV, sin h ¼ 0:7, and tanb ¼ 1:0. The Emiss
T þ

Z ‘‘ð Þ and Emiss
T þ h b�b

� �
searches are the most sensitive analyses in

this region of large heavy Higgs boson masses (mA ¼ mH ¼ mH� ).
These results mark a significant improvement compared to previous
results based on only 36 fb�1 of proton-proton collision data at the
same centre-of-mass energy, for which the maximum exclusion
reach in ma was up to 340 GeV for mA ¼ mH ¼ mH� ¼ 1:0 TeV,
sin h ¼ 0:35, and tanb ¼ 1:0. These improvements are not only due
to the larger amount of data used in this publication but various
improvements in the analysis strategies of the individual searches
as well as the statistical combination of themost sensitive individual
results.

Additionally, the interpretation of the tbH� tbð Þ search in the
context of the 2HDM+a allows for values of mA up to 650 GeV to
be excluded across the full probed ma range. The tbH� tbð Þ search
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was not considered in any previous publications but is the most
sensitive analysis in this low-mA region for mediator masses above
400 GeV. It also signficantly extends the exclusion reach in tanb
across the full probed ma range from tanb � 0:6 achieved via a
t�tt�t search based on 36 fb�1 to tanb � 1:2 for the same benchmark
scenario 3a in this publication. This highlights the importance of
searches that are not classically interpreted in the context of DM in
constraining more complex models of DM, such as the 2HDM+a.

A statistical combination of the Emiss
T þ Z ‘‘ð Þ, Emiss

T þ h b�b
� �

, and

tbH� tbð Þ searches is performed. This combination extends the sensi-
tivity to the 2HDM+a compared with the sensitivities derived from
the individual searches across different regions of the 2HDM+a
parameter space. Compared with the previous summary of 36 fb�1

results, the excluded regions in these benchmark scenarios are con-
siderably extended. Nonetheless, there remains sizeable unexcluded
model space, especially if the full parameter space or more general
2HDM+amodels are considered. Finally, for the first time the results

of searches targeting h ! aa ! f�f f 0 �f 0 are used to constrain a part of
previously unprobed 2HDM+a parameter space. The results in this
paper represent the most comprehensive set of constraints on the
2HDM+a obtained by the ATLAS Collaboration to date.
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