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1 Introduction

Many astrophysics measurements [1-3] have indicated the presence of a non-baryonic dark
matter (DM) component in the Universe, but the nature of such DM, and how it interacts
with normal matter, remain unknown. The discovery of DM particles and their interactions
with the Standard Model (SM) particles is one of the main quests in particle physics. At the
Large Hadron Collider (LHC) [4], DM particles may be produced in proton-proton collisions
and would traverse the detector without interacting. The observational signature of these
non-interacting DM particles would be a large missing transverse momentum ( ER) recoiling
against visible SM particles. Searches for DM candidates can be performed in different final
states distinguished by the detected SM particle(s) X (EMS + X). In this paper, a search
for new particles is performed in final states with a hadronically decaying V' (W or Z) boson,
missing transverse momentum and no leptons (EXSS 4 V).

The E%liss + V signature can be used to explore new particles proposed in many theories
beyond the SM such as axion-like particles, two-Higgs-doublet models with a pseudoscalar
mediator between the Standard Model and the dark sector, the invisible decay of the Higgs
boson and pair-produced weakly interacting dark matter candidates.

Axion-like particles (ALPs) are weakly interacting pseudo-scalars. Axions were proposed
to solve the charge-parity (CP) symmetry problem in QCD interactions through adding a
global U(1) symmetry to the SM [5]. The ALPs model is described with an effective field
theory (EFT) that extends the SM Lagrangian using effective operators for the interactions
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Figure 1. Feynman diagrams for: (a) the production of an ALP a in association with a V' boson,
(b) the ERss + 7 signature production in the 2HDM model with the pseudo-scalar mediator a, (c)
the Higgs boson production in association with a V boson in which the Higgs boson decays into
DM candidates x, and (d) the pair production of weakly interacting massive particles x through a
mediator Zj, /A with the emission of a V' as initial state radiation.

between ordinary matter and the ALPs (a) [6]. The new scale associated with the physics
of the ALP (an effective scale (f,)) regulates the dimension-5 operators built from the SM
fields and the ALPs. The analysis reported here uses, for the first time, a model with the
ALP generated in association with a V' boson as illustrated in figure 1 (a).

Higgs-related DM models can be tested extensively at the LHC energy frontier and are
well motivated after the discovery of the Higgs boson by the ATLAS and CMS Collaborations
in 2012 [7, 8]. A two-Higgs-doublet model with a pseudo-scalar mediator (2HDM+a) between
the SM and the dark sector [9] is hence also explored. In this model, the SM Higgs sector is
extended by five physical scalar states in addition to the SM-like Higgs boson h: a scalar
(H), pseudo-scalar (A), two charged Higgs bosons (H7), and the pseudo-scalar mediator (a)
that couples to DM particles. The phenomenology of the model is fully determined by 14
independent parameters: the masses of the Higgs bosons (mp, ma, and mpy+), the mass
of the mediator (m,), the mass of the DM particle (m, ), the Yukawa coupling strength
between the mediator and the DM particle (g, ), the electroweak vacuum expectation value
(VEV), the ratio of the VEVs of the two Higgs doublets (tan 3), the mixing angles of the
CP-even (o) and CP-odd (6) weak eigenstates, the quartic coupling (A3) of the pure 2HDM
potential term and the two quartic couplings of the potential terms connecting the doublet
(Ap1) and singlet fields (Ap2). Only the production in association with the Z boson, as shown
in figure 1 (b), is considered for this search, because it can be resonantly produced through
the H boson and due to the small interaction cross-section when considering the associated



production with the W boson. Results from other ATLAS analyses with complementary
final states are combined in ref. [10].

If kinematically allowed, DM particles may be produced in Higgs boson decays and lead
to an invisible final state. In the SM, the Higgs boson decay into undetectable final states
occurs via the ZZ* — 4v process and has a branching fraction below 0.1%. This process can
be probed in ER +V final states through Vh associated production, as shown in figure 1 (c).
In addition, the production of a Higgs boson through gluon-gluon fusion, vector boson fusion
and in association with a top-quark pair (¢£) considered in this search to be consistent with
the approach of other ATLAS analyses that probe similar models [11]. The most recent
experimental results from the ATLAS and CMS Collaborations have set observed (expected)
upper limits at 95% confidence level on the branching ratio of the Higgs boson decaying

invisibly of 0.107 (0.077) [11] and 0.15 (0.08) [12], respectively.

Weakly interacting massive particles (WIMPs) [13] can naturally produce the right
thermal relic density of the universe through the freeze-out mechanism. In this paper, as a
minimal extension of the SM, a simplified DM model [14] is used to describe the production
of WIMPs through the exchange of a vector boson mediator (Zj,) or axial-vector boson
mediator (Z')) in the s-channel. The model postulates a Dirac fermion particle x and has
five free parameters [15]: the mass of the Dirac fermion particle (m,), the mediator mass
(mz) and the mediator couplings to quarks (g,), to all leptons (g;), and to DM particles (gy).
In figure 1 (d) one possible Feynman diagram representing this interaction is shown, where
a V boson is radiated in the initial state. The ERS 4+ X signatures have been explored by
the ATLAS and CMS Collaborations for the cases where X is a jet [16, 17|, photon [18, 19],
hadronically decaying V' [17, 20] or leptonically decaying Z boson [21, 22|, using the proton-
proton collision data collected during the LHC Run 2 (2015-2018). The ATLAS EXS + jet
search sets the strongest bounds in this model, excluding mediator masses up to 2.1 TeV for
DM masses of 1 GeV assuming SM initial state radiation production rates.

This paper presents a search for an excess over the SM prediction in the ERSS + V
signature using proton-proton collision data collected at a centre-of-mass energy of 13 TeV
by the ATLAS experiment at the LHC. The data sample corresponds to a total integrated
luminosity of 140 fb~1 [23], recorded in the period from 2015 to 2018. The sensitivity of
this search is enhanced compared with the previous search, which used a partial Run 2 data
sample of 36.1fb~! [20], due to several factors: the increased size of the data and simulated
event samples; the use of improved selection criteria for reconstructed objects and reduced
associated uncertainties, and improvements in the event selection.

Different analysis strategies are used depending on the boost of the V' boson in the
final state. At low transverse momentum (pr), the hadrons from the V' boson decay can be
reconstructed into two well-separated jets with a radius parameter R = 0.4 (referred to as the
resolved topology). The invariant mass of the dijet system allows discrimination between the
dijet background and the resonant decay of a V' boson. At higher V' transverse momentum, it
becomes less likely that the V' decay products are identified as individual jets in the resolved
topology. In this case, the strategy is based on the identification of large-radius jets in the
event, with R = 1.0, and the use of jet substructure quantities to select jets with an internal
structure consistent with the decay of a W or Z boson (referred to as the merged topology).



The dominant SM background processes considered in this search include Z(— vv)+jets,
W (— Tv)+jets with the 7-lepton decaying hadronically or into an unidentified charged lepton
and a neutrino, W (— e(u)v)+jets where the charged lepton is not identified, Z(— 77)+jets
with each 7-lepton decaying hadronically or into unidentified charged leptons, ¢t and diboson
production. Smaller background processes arise from single top-quark production, triboson
production, Higgs boson production in association with a V' boson (Vh), tt production
in association with a vector boson (ttV'), and multijet production. The analysis strategy
defines three signal regions and twelve control regions enriched in the dominant background
contributions such as V-+jets and tt. A simultaneous likelihood fit in all signal and control
regions is used to extract the background and signal estimates using the missing transverse
momentum as the discriminating variable. The results are interpreted in the context of ALPs,
2HDM++a, the invisible decay of the Higgs boson and simplified dark matter models.

The paper is organised as follows. A brief introduction to the ATLAS detector is given
in section 2. The data and simulated Monte Carlo samples are described in section 3. The
algorithms for the reconstruction and identification of final state particles are summarized
in section 4. Section 5 describes the criteria for the selection of signal event candidates.
The experimental and theoretical systematic uncertainties are discussed, along with the
statistical analysis and results, in section 6, with their interpretation presented in section 7.
Concluding remarks are given in section 8.

2 ATLAS detector

The ATLAS detector [24] is a general-purpose detector designed to precisely measure the
properties of all particles emerging from proton-proton collisions and covers nearly the entire
solid angle around the collision point.! It consists of the Inner Detector (ID) surrounded by
a thin superconducting solenoid that provides a 2T axial magnetic field, the calorimeters
and the Muon Spectrometer (MS).

The ID system is designed to measure the direction, momentum and charge of electrically
charged particles produced in the collisions and to precisely determine the locations of primary
and secondary vertices. It has full coverage in a pseudorapidity range |n| < 2.5 and consists
of a silicon pixel detector, a silicon microstrip detector and a transition radiation tracker,
arranged in a coaxial geometry around the beam axis. The innermost silicon pixel layer was
added to the ID before the start of data-taking in 2015 [25, 26].

The calorimeters lie outside of the ID and measure energies of particles in the pseudorapid-
ity range |n| < 4.9. The main components of the calorimeter system are the electromagnetic
calorimeter, which measures the energy of electrons and photons, and the hadronic calorime-
ter, which measures energy deposited by hadrons.

LATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
centre of the detector and the z-axis along the beam pipe. The z-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Polar coordinates (r, ¢) are used in the transverse plane, ¢

being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar angle 6 as

E+pzc

n = —Intan(#/2) and is equal to the rapidity y = % In (Eipzc

measured in units of AR, = /(Ay)? + (A¢)2.

) in the relativistic limit. Angular distance is



The MS is the outermost detector, designed to measure the deflection of muons in a
magnetic field generated by three large superconducting toroid magnets with eight coils
each. The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the
detector. The MS also provides a stand-alone muon trigger. Muons can be measured in the
pseudorapidity range |n| < 2.7, and triggered in the pseudorapidity range |n| < 2.4.

Events are selected in real-time using a two-level trigger system [27]. The first level
provides a hardware-based trigger decision, while the second level makes a trigger decision
based on software algorithms.

An extensive software suite [28] is used in data simulation, in the reconstruction and
analysis of real and simulated data, in detector operations, and in the trigger and data
acquisition systems of the experiment.

3 Data and Monte Carlo simulated events

The analysis uses proton-proton collision data at /s = 13 TeV recorded by the ATLAS detector
during the data-taking period from 2015 to 2018. Only data in which all subdetectors were
functioning well are used. Standard detector quality criteria [29] are applied to reduce
the impact of instrumental noise and out-of-time calorimeter energy deposits from cosmic
rays and beam backgrounds. The data sample was collected with a bunch crossing interval
(bunch spacing) of 25ns and corresponds to an integrated luminosity of 140 fb~!, with an
uncertainty of 0.83 % [23], obtained using the LUCID-2 [30] detector for the primary luminosity
measurements, complemented by measurements using the inner detector and calorimeters.

Monte Carlo (MC) generators are used to simulate the signal and background events
needed to compute the detector efficiency and predict the SM background contributions.
These samples of events, together with samples generated with alternative generators, are also
used to estimate the systematic uncertainties. All simulated event samples were produced
with a detailed detector simulation based on the GEANT4 [31] package and employed the
same particle reconstruction algorithms used on data. Additional proton-proton interactions
in the same or neighbouring bunch-crossings (pile-up) were included in the simulation process.
These pile-up events were generated using the PYTHIA 8.186 [32] package with the A3 set
of tuned parameters (tune) [33] and the NNPDF2.3LO parton distribution function (PDF)
set [34], and are corrected to match the distribution of the average number of interactions
per bunch crossing observed in the data. For all simulated event samples, except the samples
generated with SHERPA [35-37], the EvtGen 1.2.0 [38] package was used to simulate the
decays of b- and c-hadrons. Compared with the previous publication [20], the numbers of
simulated events was increased substantially to reduce the statistical uncertainties arising
from these samples. A summary of MC samples is shown in table 1.

Samples of ALP production in association with a V' boson are generated by suppressing
processes that couple the ALP to photons, gluons or the Higgs boson. The ALP mass is
set to 1MeV and ALP couplings to the V' boson (cj5,) up to 1 are considered. Effective
scales f, are explored in the range 1-5TeV.

The generation of signal samples for 2HDM+a is done separately for the gluon-gluon
fusion process and the b-initiated production. The gluon-gluon fusion process is simulated
using the 4-flavour scheme, whereas the b-initiated process is calculated using the 5-flavour



Process Matrix element generator Matrix element PDF  Parton shower Underlying event Normalisation

and hadronisation model tune order
Signal processes
Axion-like particles MADGRAPH5 AMC@NLO [39] NNPDF3.0NLO [40] PyTHia 8.235 [41] Al4 [42] NLO [43]
2HDM with a pseudo-scalar ~ MADGRAPH5 AMC@NLO NNPDF3.0NLO PyTHIA 8.306 Al4 LO
Invisibly decaying Higgs boson POWHEG-Box v2 [44] PDFALHC15NLO [45] PyTHIA 8.212 AZNLO [46] NLO
Simplified Dark Matter model MADGRAPH5_AMC@QNLO NNPDF3.0NLO PyrHiA 8.235 Al4 NLO [43]
Dominant background processes
Z+jets SHERPA 2.2.11 [35-37] NNPDF3.0NNLO SHERPA 2.2.11 SHERPA Default NNLO
W+jets SHERPA 2.2.11 NNPDF3.0NNLO SHERPA 2.2.11 SHERPA Default NNLO
_ POWHEG-Box v2 [44, 47, 48] B i ; E
tt - NNPDF3.0NLO PyrHiA 8.230 Al4 NNLO-+NNLL [49]

MADGRAPH5__AMC@NLO
. SHERPA 2.2.1 . E SHERPA 2.2.1
Diboson NNPDF3.0NNLO SHERPA Default NLO
SHERPA 2.2.2 SHERPA 2.2.2
Smaller background processes
Single top-quarks PowHEG-Box v2 [50, 51] NNPDF3.0NLO PyTHIA 8.230 Al4 NLO
Triboson SHERPA 2.2.2 NNPDF3.0NNLO SHERPA 2.2.2 SHERPA Default NLO
Vh POWHEG-Box v2 NNPDF3.0NLO PyrHiA 8.186 AZNLO NNLO(QED)/
NLO (EW)

vV MADGRAPHS_AMC@NLO NNPDF3.0NLO PyTHIA 8.210 Al4 NLO

Table 1. The list of the Monte Carlo generators used to simulate the signal and background events.

scheme. The samples are generated using the following parameters: m4 = my = mpg+,
Ap1 = Ap2 = A3 =3, gy = 1, and in the alignment limit, sin(8 —a) = 1. The choice of setting
mg = my+ is made to evade the constraints from electroweak precision measurements [9],
while the requirement m4 = myg is introduced to reduce the number of independent model
parameters [52]. The nominal samples were produced with tan /3 of 1 and 10, and sin 6
of 0.35 and 0.7.

Five benchmark scenarios recommended by the LHC Dark Matter Working Group [52]
are used:

e Benchmark scenario 1: 2D scans in the mg-m4 plane, assuming tan § = 1.0 with
sind = 0.35 or sinf = 0.7,

e Benchmark scenario 2: 2D scans in the m,-tan 8 plane, assuming m 4 = 600 GeV with
sinf = 0.35 or sinf = 0.7,

e Benchmark scenario 3: 2D scans in the my-tan 8 plane, assuming m, = 250 GeV with
sinf = 0.35 or sinf = 0.7,

e Benchmark scenario 4: 1D scans in the sin 0 range, assuming tan 8 = 1.0 with the fixed
masses of m4 = 600 (1000) GeV and m, = 200 (350) GeV, and

e Benchmark scenario 5: 1D scan in the m, range, assuming m4 = 1000 GeV, m, =
400 GeV, tan 8 = 1.0, and sin = 0.35.

To probe the invisible branching ratio of the Higgs boson, signal samples for all Higgs-
boson production modes are generated by forcing the Higgs boson to decay into two Z bosons,
which then decay into neutrinos. The Higgs boson mass is set to 125 GeV and the branching
ratio to invisible particles is set to 100%. The cross-sections used for the various production
processes follow the Higgs cross-section Yellow Report for mj; = 125 GeV [53].



The simplified DM model signal samples are generated with vector or axial-vector
mediator masses m Zya in the range 100 GeV to 1.7 TeV. The mediator coupling parameters
are set to g = 0.25, g = 0 and g, = 1.0 as recommended by the LHC DM Working Group [54],
and the width of the mediator is computed as the minimal width allowed given the couplings
and masses. In the on-shell regime, the signal acceptance x efficiency is constant as a function
of the DM mass m,, for a fixed m Z, 00 and the signal generation is mainly performed for
my = 1 GeV which allows a good interpolation of the exclusion limits for other mass points.
Signal samples at the diagonal m Z, = = 2m,, are simulated for each value of m Z,, between
100 GeV and 1.2 TeV, and a few addltlonal signal samples are also simulated in the off-shell
region of the parameter space with the m, and m Zya chosen to be close to the diagonal.

4 Object reconstruction and identification

This section describes the reconstruction and identification of jets and leptons (electrons,
muons and 7-leptons) used in the calculation of the missing transverse momentum and
the definitions of the signal and control regions. Two types of jets are used to reconstruct
the hadronically decaying V boson: small-radius (“small-R”) and large-radius (“large-R”)
jets. Leptons are vetoed in the signal regions, while electrons and muons are used to define
the control regions.

Small-R jets are reconstructed by clustering particle-flow objects [55] using the anti-k;
algorithm [56, 57] with a radius parameter R = 0.4, and are used to identify a V' boson with a
relatively low boost. The jets are calibrated using a jet-energy scale derived from /s = 13 TeV
data and simulation [58]. Small-R jets are required to have transverse momentum pr > 20 GeV
and pseudorapidity || < 4.5 when used in the EXS calculation and || < 2.5 when used in
the signal and control regions. Jets with transverse momentum between 20 and 60 GeV and
In] < 2.5 must satisfy the requirements of the jet vertex tagger (JVT) [59] at the medium
working point. This suppresses pile-up jets from other proton-proton interactions in the same
and neighbouring bunch crossings. Jets containing b-hadrons (b-tagged jets) are identified
using the multivariate b-tagging algorithm (DL1r) [60] with a working point that provides
a b-tagging efficiency of 77 % on average in simulated ¢t events.

Large-R jets are used for the reconstruction of boosted hadronically decaying vector
bosons. These jets are built from topological clusters, which are calibrated to the hadronic
scale using the local hadronic cell weighting scheme [61]. They are reconstructed using the anti-
k; algorithm with a radius parameter R = 1.0 and groomed with a trimming procedure [62]
to reduce the impact of pile-up. The groomed jets are then calibrated to the jet energy scale
and jet mass scale following the techniques described in ref. [63]. Large-R jets are required
to satisfy pr > 200 GeV and |n| < 2.0. In the EXSS + V search, the large-R jets are tagged
as originating from a hadronic V' boson decay using pp-dependent requirements on the jet
mass, substructure variable Dy [64], and number of tracks which are ghost-associated [65] to
the ungroomed jet, at a working point with a 50 % signal efficiency [66, 67]. Variable-radius
track jets [68] are used to identify large-R jets containing b-hadrons and are reconstructed
from ID tracks using the anti-k; algorithm, where only tracks with pp > 0.5GeV and a
longitudinal impact parameter |zpsinf| < 3mm are used. The variable-radius track jets



are required to satisfy pr > 10GeV and |n| < 2.5, and are matched to large-R jets using
AR = \/An? + A¢?. The DLIr discriminant at the 77% b-tagging efficiency working point
is also used for this collection.

Electrons are reconstructed by matching tracks found in the ID to clusters of energy
deposited in the electromagnetic calorimeter. They must satisfy the loose likelihood criteria
with pp > 7GeV and |n| < 2.47 [69], with their energy calibrated as described in ref. [70].
Additional criteria are applied in the control regions defined using electrons; they must
satisfy the medium likelihood criteria and have a higher threshold of pt > 25GeV. To
suppress jets misidentified as electrons, electrons are required to be isolated as defined by
two fixed criteria on track- and calorimeter-based isolation variables [71]. The tight and loose
isolation working points are used for electron selection and veto, respectively. In addition,
to suppress electrons not originating from the primary vertex, requirements are set on the
longitudinal impact parameter, |zpsinf| < 0.5 mm, and the transverse impact parameter
significance, |do|/o(dy) < 5.

Muons are reconstructed making use of the information from the ID and the MS [72, 73].
All muons must fulfil the loose identification criteria with pp > 7GeV and |n| < 2.7, and
satisfy |zpsin@| < 0.5mm and |dy|/o(dp) < 3. In addition, the muons used to define the
control regions must satisfy the medium identification working point with pr > 25 GeV and
In| < 2.5. All muons are required to be isolated using the loose working point.

Hadronically decaying 7-lepton candidates are reconstructed by combining information
from the ID and calorimeters [74]. The 7-lepton reconstruction algorithm is seeded by
reconstructed small-R jets with pp > 10 GeV and |n| < 2.5, with the reconstructed energies of
the 7-lepton candidates corrected to the 7-lepton energy scale [74]. T-lepton candidates must
satisfy the loose working point, have pyr > 20GeV and |n| < 2.5, excluding the transition
region between the electromagnetic barrel and endcap calorimeters (1.37 < |n| < 1.52), and
have one or three associated charged tracks.

The ambiguities among objects are resolved by following an overlap removal procedure
that uses the geometrical variable AR. If two electrons share the same inner-detector track,
then only the electron with the higher pr is considered. An electron is rejected if it shares the
same inner-detector track with a muon. If a small-R jet and an electron or a 7-lepton have
AR < 0.2, then the electron or 7-lepton is rejected if the small-R jet is b-tagged; otherwise
the overlapping jet is removed. Small-R jets are also discarded if they lie within AR < 0.2 of
a muon, are not b-tagged and have fewer than three associated tracks with pr > 500 MeV.
A lepton lying within AR < 0.4 of a small-R jet that survived all previous overlap criteria
is rejected. If a large-R jet and an electron have AR < 1.0, the overlapping jet is removed.
A variable-radius track jet is rejected if a lepton (electron, muon or 7-lepton) lies within
the cone defined by its variable radius. Hadronically decaying 7-leptons that lie within
AR < 0.2 of an electron or muon are rejected, and any remaining jet within AR < 0.2 of
a hadronically decaying 7-lepton is removed.

The vector missing transverse momentum (E%) is defined as the negative vector sum of
the transverse momenta of fully calibrated jets and leptons (electrons, muons and 7-leptons),
along with a track soft term [75] that includes other tracks reconstructed in the ID. A closely

related quantity, the vector missing transverse momentum with invisible leptons ( %‘ijs), is



defined in the same way but treats leptons as invisible particles. These two quantities are
identical for events without leptons. The ErTnf‘S distribution? of V +jets processes that contains
a leptonic decay can be used to study the EIsS distribution of the V+jet backgrounds in
the signal region. In addition, the vector track-based missing transverse momentum (prTniSS)
and the vector track-based missing transverse momentum with invisible leptons (p%jjs) follow
the same definitions but use only charged tracks.
The definition of E%‘iss significance § is:
Epss

02(1— p2p)]"?

S =

where o7 is the total standard deviation in the longitudinal direction (parallel to EXiss),
corresponding to the summation of the covariance matrices describing the resolutions of the

objects used in the EXS calculation, and ppr is the correlation factor of the longitudinal L
and transverse T measurements. In this way, S takes into account the expected resolutions

of all the objects that enter the EfS calculation and their directional correlations [76].

5 Event selection

The events considered in this search must satisfy a set of preselection criteria and the
requirements of one of the signal regions (SRs) or control regions (CRs).

The selection starts by requiring that the event satisfies one of the unprescaled ERiss
trigger selections [77] with thresholds between 70 and 110 GeV, depending on the data-taking
period, or the lowest unprescaled single electron trigger, depending on the region. The
E%liss calculation at trigger-level does not include muon information, which is why E%ﬁss
triggers can be used for signatures containing muons, but not those containing electrons.
Data cleaning requirements are applied to reject non-collision backgrounds. Events are
required to have a primary vertex with at least two associated tracks with pp >500 MeV.
The hard scatter vertex is selected as the one with the largest sum of the square of the
transverse momenta of the associated tracks. To suppress multijet events where significant
EXss originates from jet energy mismeasurements in the calorimeters, the azimuthal angles
between ErTnfs and all small-R jets (j;) or p%fjs need to satisfy min;(A¢( ITnfjs, Ji)) > 20°
and A(b(E%{fs,p%fjs) < 90°, and p%igs must exceed 30 GeV.

The merged topology requires Eln{i;s > 250 GeV, at least one large-R jet (J) and up to four
small-R jets. The upper bound on the number of small- R jets is imposed because this number
is expected to be small for the signal models probed. The azimuthal angle between %1};5
and the leading large-R jet, Aqb(EfRifS, J1), is required to be larger than 120°. To suppress
background processes with heavy-flavour jets, events with b-tagged track jets not associated
with the leading large-R jet are vetoed. The merged topology event selection is further split
into high purity and low purity subsets to enhance the sensitivity, labelled with MHP (merged
high purity) and MLP (merged low purity). Events that satisfy all selection criteria from the V'
boson tagger for the leading large-R jet are classified into the MHP subset. If an event satisfies
the requirement on the jet mass but fails the requirements on the substructure variable Do
or the number of tracks, it is classified into the MLP subset.

2The magnitudes of missing transverse momentum variables are denoted as: Er%® = |ET5®).



Events that do not satisfy the merged topology selection are considered for the resolved
topology selection. The resolved topology requires E%}?S > 200 GeV and two to four small-R
jets, with the leading jet pr larger than 45 GeV and the scalar sum of the transverse momenta
of all small-R jets larger than 120 (150) GeV in events with two (more than two) small-R jets.
Additionally, the azimuthal angle between Effl’igss and the leading dijet system is required to
satisfy AQS(EEF};S, Jig2) > 120°. To select a dijet system consistent with a hadronic V' boson
decay, the angles between the two leading small-R jets (ji, j2) must satisfy A¢(j1,72) < 140°
and AR(j1,j2) < 1.4, and the invariant mass of the dijet system must be consistent with
a V boson, 65 < mj,, < 105GeV.

In the SRs, a veto is applied on events with electrons, muons or 7-leptons and on events
with an ERSS significance lower than 8. The signal regions are labelled SRMHP for the merged
topology with a high purity, SRMLP for the merged topology with a low purity, and SRR
for the resolved topology.

The dominant background contributions, discussed in more details below, are constrained
in background-enriched CRs defined using leptons. Four CRs are defined for each SR:

o di-leptonic CRs are required to have two leptons (ee or pu) to estimate the contribution
of the Z+jets process, and

o single-leptonic CRs are required to have one muon. They are split using different
b-tagged jet multiplicities to distinguish between W +jets and tt processes.

The dominant background in the signal regions is Z+jets where the Z boson decays
to two neutrinos. This process can be studied using events in which the Z boson decays
to muons or electrons. Similarly, irreducible diboson background contributions involving
Z — vv decays such as Z(vv)Z(qq) and Z(vv)W(q'q) can be constrained in the di-leptonic
CRs through the Z(I1)V'(¢qq) process where the V' (qq) decay products fall into the W/Z mass
window. The di-leptonic CRs select Z — uu(ee) events by requiring exactly two muons (two
electrons), an electron (muon) veto and m,,,(ce) € [66,116] GeV and are labelled as CRMHP2mu
(CRMHP2el), CRMLP2mu (CRMLP2el), and CRR2mu (CRR2el).

The modelling of the W (— uv) + jets process is corrected using CRs defined with
one muon and zero b-tagged track jets inside the large-R jet (merged) or zero b-tagged
small-R jets (resolved) in the merged (labelled as CRMHP1muOb and CRMLP1muOb) and the
resolved topologies (labelled as CRR1muOb). These CRs select W — uv events by requiring
exactly one muon, an electron veto and the transverse mass mgy € [30,100] GeV, defined

as ml, = \/204 B (1 — cos(Ag(ph, BF™))).

The modelling of the ¢t and single top-quark backgrounds is corrected using CRs designed

with one muon and at least one b-tagged track jet inside the large-R jet in the merged
topology (labelled as CRMHP1mulb and CRMLP1mulb) or at least one b-tagged small-R jet in
the resolved topology (labelled as CRR1mu1b). They follow the same definition as the previous
CRs, except that at least one b-tagged track jet (merged) or at least one b-tagged small-R jet
(resolved) is required. The SR and CR selections are summarized in table 2 for the merged
high purity, merged low purity and resolved topologies.

A set of criteria to suppress the contribution of multijet events is included as mentioned
earlier. Due to its low acceptance in the SRs and the challenge of accurately modelling
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non-Gaussian effects in jet reconstruction and resolution, the residual multijet background in
the SRs? is estimated using a data-driven approach. A template region enriched in multijets
is built by inverting the preselection requirement min;(A¢(EX®,j;)) < 20°. A multijet
template of the E1"° spectrum for the range 150 < E}"° < 600 GeV is extracted from this
sample by subtracting the contribution from other sources of background, as estimated using
MC, from data. The normalisation is determined through a fit that uses the V mass upper-
side-band region 110 < m/; ;, < 250 GeV without the Ag(ERss piiss) < 90° requirement.
The multijet background estimate is small compared with the total MC-based background
expectation, and is estimated to be 0.1 % in SRMHP, 0.2% in SRMLP and 0.5 % in SRR.

6 Statistical analysis, systematic uncertainties and the background-only
model results

A binned maximum likelihood fit is used for the background estimation and the interpretation
of the results. The fit is performed simultaneously on the E%‘iss distributions in all SRs and
on the E%“fs distributions in all CRs. The fit variable is referred to below as %fs in all
regions for simplicity as the two variables are identical in the SRs. The likelihood is built
by multiplying the likelihoods obtained in each region:

L(p, k,0) = H HPoisson(Nﬁ})s Nsiig(u, 0) + N:Zkg(h',, 0)) feonstr(0)

r 7

where i is the i-th EERi;S bin considered in the fit, r denotes the regions (SRs and CRs), Nﬁl?s is
Nsig(bkg)

73

the observed yield in the i-th E%ifs bin of region r, is the expected yield of the signal
(background) in the i-th E!Rifs bin of the region r, 6 is the vector of nuisance parameters
including systematic uncertainties in the predicted yield in each region and Errﬁilf's bin, u is the
scale factor associated with the normalisation of the signal model (signal strength), and & is
the vector of the normalisation factors of the main backgrounds (Z+jets, W +jets and tt). The
term feonstr represents the product of the Gaussian constraints applied to each of the nuisance
parameters. The unconstrainted parameters in the fit are the signal strength p and the
normalisation factors k. Separate normalisation factors are assigned to the Z-+jets, W+jets
and tt background normalisations for all three topologies (resolved, merged high purity and
merged low purity), resulting in a total of ten normalisation factors, including the signal
strength p. The normalisations of diboson and other electroweak backgrounds are taken from
the nominal MC predictions and each is allowed to vary within an assigned uncertainty of
25 % [78]. The multijet contributions in the SRs are estimated using a data-driven approach,
as described in section 5.

The uncertainites related to the finite number of simulated events are included using
Gaussian constraints in each bin where they are larger than 0.5% of the total number of
simulated events in the bin.

As detailed below, systematic uncertainties in the overall normalisation and the E%lffs
shape of the signal and background processes are estimated and implemented in the fit. The
systematic uncertainties are correlated across regions and background processes, except the

process-specific uncertainties, which are only correlated across regions.

3The multijet background in the CRs is negligible.
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Experimental uncertainties include the energy scale and resolution of small-R jets [58],
large-R jets [63], electrons [70], muons [73] and 7-leptons [74], as well as reconstruction,
identification and isolation uncertainties for electrons [71] and muons [72], and pile-up
uncertainties for small-R jets [79]. Additional uncertainties regarding the jet mass scale [80]
and V-tagging [66, 67] of large-R jets are taken into account, as are b-tagging [81-83] and
Emiss soft term [75] uncertainties.

Several theoretical modelling uncertainties are considered for the background processes,
and affect mostly the shape of the EEF};S distribution. The uncertainties include the effects
from varying QCD renormalisation and factorisation scales, the choice of the PDF set, the
variation of the strong coupling constant and the modelling of the parton showers. For
V+jets, additional uncertainties from higher-order electroweak corrections and matching
scale variation are considered. For t¢, additional uncertainties arise from the A14 tune, hard
scatter generation and parton shower matching. For the Wt background, an uncertainty in
the scheme to remove overlaps with the ¢t background is included, where diagram removal is
used for the nominal fit and the difference with diagram subtraction [84] is symmetrised and
used as the uncertainty. Theoretical uncertainties in the signal yields due to variations of
the renormalisation and factorisation scales, uncertainties in the PDFs along with variations
of the strong coupling constant, different generator tunes and the modelling of the parton
showers, are estimated for all signal models. In addition, the uncertainty in the initial and
final state radiation parameters of the parton shower is considered for the invisible decay of
the Higgs boson. An uncertainty of 100 % in the normalisation of the multijet background is
assigned to cover the statistical uncertainty in data, the impact of non-multijet background
and the extrapolation from the multijet CR to the SRs.

The impact of a given group of systematic uncertainties on the post-fit signal strength
uncertainty is summarised in table 3. The procedure is done for the invisible Higgs model
and one representative point for each of the ALPs, and simplified DM models together, using
Asimov datasets which are constructed as the sum of the background expectations and the
respective signal model with a signal strength of u = 1. The dominant uncertainty groups
are those related to large-R jets (which includes the V-tagging uncertainties), muons, V+jets
modelling and normalisation (dominated by the diboson normalisation uncertainty). The
importance of the uncertainty groups varies for different signal models, depending on the
EEFiSS shape of the signal. For example, signals with a harder E?iss distribution are more
sensitive to V+jets modelling uncertainties and to data statistical uncertainty, since these
increase with EXsS. Lepton uncertainties can also have a large impact as they affect the
normalisation factors extracted in the CRs and extrapolated to the SRs.

A background-only fit (u fixed to zero) including all SRs and CRs is performed and results
in the E%‘fs distributions for data and the expected SM backgrounds shown in figures 2-5.

Table 4 shows the best-fit background yields in the SRs from the background-only
fit, which reflect the consistency of the background model with the observed data. The
normalisation factors of the Z-+jets, W+jets, and tt backgrounds are listed in table 5. The
tt merged high purity normalisation factor is lower than that found in the other regions.
This is due to a mismodelling of the number of tracks associated with large-R jets in the
tt simulation [67]. This mismodelling leads to a smaller (larger) ratio of data versus MC
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Group of uncertainties Impact on g uncertainty x100

(a) (b) (c) ()

ALP 2HDM+a h — inv Simplified DM
ey =0.2, ma=1TeV  Bpiny=100% m, =1GeV,
fa=3TeV  my,=100GeV mz, =1TeV

Large-R jets 24 13 4 13
Small-R jets 19 6 6 10
b-tagging 2 1 2 1
Emiss 2 1 4 1
Pile-up 5 2 3 3
Electron 11 4 7 8
Muon 22 7 9 15
T-lepton 1 <1 <1 <1
Luminosity 2 1 1 1
Normalisation (including &) 23 7 7 15
V+jets modelling 32 11 7 18
Diboson modelling 12 4 2 7
tt modelling 2 1 2
Multijet estimate 1 1 1
Single-top modelling 1 1 1
Signal modelling 12 1 12 8
Simulated events sample size 23 11 4 11
Statistical 56 20 6 23
Systematic 66 26 19 35
Total 86 33 20 43

Table 3. Impact of groups of uncertainties on the post-fit signal strength from a fit to the Asimov
dataset with p = 1. The impact is defined as the square root of the difference between the squares of
the total uncertainty and the uncertainty obtained by neglecting the group of systematic uncertainties
in question. It is shown for the signal models (a) ALPs with m, = 1MeV, ¢y, = 0.2, and f, = 3 TeV,
(b) with tan8 = 1, sinf = 0.35, my = 1TeV, and m, = 100GeV, (c) the invisible decay of the
Higgs boson with Bj,_,iny=100 %, and (d) the simplified DM axial-vector model with m, =1GeV and
mz, = 1TeV.

events in the high (low) purity merged regions. Therefore the ¢t merged high (low) purity
normalisation factor is found to be below (above) that of the resolved region, which is not
affected by this mismodelling. No significant deviation from the SM background expectation
is observed in data. Therefore expected and observed upper limits on signal models are
presented in the next section.
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Figure 2. Distribution of T0 after the background-only fit, in the control regions: (a) CRMHP1muOb,
(b) CRMHP1mulb, (c) CRMHP2mu, and (d) CRMHP2el. The total uncertainty in the background is shown
as a shaded band and the error bars on the data points represent the statistical uncertainty. Small
background contributions such as ttV, Vh, single-top and triboson processes are grouped into one
category and shown as “Other”. The last bin contains the overflow.
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as a shaded band and the error bars on the data points represent the statistical uncertainty. Small
background contributions such as ttV, Vh, single-top and triboson processes are grouped into one
category and shown as “Other”. The last bin contains the overflow.
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Figure 4. Distribution of EEF}ZSS after the background-only fit, in the control regions: (a) CRR1muOb,
(b) CRR1mulb, (c¢) CRR2mu, and (d) CRR2el. The total uncertainty in the background is shown as
a shaded band and the error bars on the data points represent the statistical uncertainty. Small
background contributions such as ttV, Vh, single-top and triboson processes are grouped into one
category and shown as “Other”. The last bin contains the overflow.
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Figure 5. Distribution of Bl after the background-only fit, in the signal regions: (a) SRMHP, (b)
SRMLP, and (c) SRR. The total uncertainty in the background is shown as a shaded band and the
error bars on the data points represent the statistical uncertainty. Small background contributions
such as ttV, Vh, single-top and triboson processes are grouped into one category and shown as
“Other”. Example signal distributions with their nominal normalisations are shown, from top to
bottom: invisible Higgs, simplified DM model with an axial-vector mediator, ALP and 2HDM+a.
The last bin contains the overflow.
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Signal Regions
Sample SRMHP SRMLP SRR

Z(— wv) +jets  12200(500) 54100(1200) 180100(2500)
W (= fv) + jets 6320(330) 25600(700)  105500(2000)
Diboson 3700(700)  5800(1500)  13100(3000)
t 1240(130)  2470(340)  23600(1300)
Other 380(50) 490(60) 3920(340)
Z(— 00) + jets 55(6) 266(13) 1480(40)
Multijet 24(18) 140(100) 1900(1400)
Total background 23870(160) 88880(300) 329 500(800)
Data 23861 88 836 329 588

Table 4. The expected and observed numbers of events shown separately for each signal region. The
background yields and uncertainties are shown after the background-only fit to data. The quoted
background uncertainties include both statistical and systematic contributions. The uncertainties
in the total background can differ from the squared sum of those on individual components due to
correlations of nuisance parameters. Small background contributions such as ttV, V1, single-top quark
and triboson processes are grouped into one category and shown as “Other”.

Normalisation factor Merged high purity Merged low purity Resolved

K Zt jots 0.98(9) 1.03(5) 0.99(5)
KWt jots 0.95(9) 0.93(5) 0.91(5)
K 0.68(12) 1.03(21) 0.90(6)

Table 5. The best-fit values of the normalisation factors of the Z+jets, Wjets, and ¢t backgrounds
after the background-only fit.

7 Interpretations of the results

The results are translated into expected and observed upper limits on the presence of new
particles using a simultaneous likelihood fit in both the signal and control regions, and the
confidence level (CLg) modified frequentist approach [85].

7.1 Model-independent exclusion limits

The model-independent observed and expected upper limits at 95 % CL on the number of

signal events, Sobs and S5

exps and on the visible cross-section, (0)% and (o )exp, defined as

the product of the production cross-section, acceptance and efficiency, o x A X ¢, are shown
in figure 6. The limits on the visible cross-section are extracted by dividing the 95 % CL
upper limit on the number of signal events by the integrated luminosity, taking into account
the systematic uncertainties in the SM backgrounds and the uncertainty in the integrated
luminosity. A fit is performed separately in each SR on the inclusive ER distribution and
is repeated for increasing ER° thresholds indicated by the vertical dashed-grey lines. Values
of the visible cross-sections as a function of the EXS threshold that are excluded at 95 % CL
range from 6.5 to 0.3 fb for SRMHP, from 15.3 to 0.7 fb for SRMLH and from 79.5 to 0.6 fb for SRR.
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Figure 6. Observed and expected 95 % CL upper limits on (a) the number of signal events, and (b)
the visible cross-section for an inclusive model-independent fit. The vertical dashed-grey lines show
the starting E3 bin for the range in which the fit is performed.

7.2 Model-dependent exclusion limits

Upper limits at 95% CL are also derived for axion-like particles, the two-Higgs-doublet model
with a pseudoscalar, the branching ratio of the Higgs boson to invisible particles, and the
simplified DM model with the vector or axial-vector mediator.

Axion-like particles. In the ALP model, the result is expressed in terms of 95% CL
exclusion limits on the model parameters. Figure 7 shows the 95 % exclusion contour in the
cyiy—fa plane for a fixed axion mass of 1 MeV. The exclusion limits do not change significantly
for axion masses up to at least 1 GeV. Values of the coupling ¢y above 0.1 are excluded
for f, = 1TeV, and the limit on cj increases linearly with f,. In terms of the ratio ¢y, / fa,
values above 0.11 TeV~! are excluded. The ALP model is an EFT and becomes invalid for
5 > f2 (where 8 corresponds to the invariant mass-squared of the partonic collision). The
validity of the effective field theory implementation is verified by applying a suppression
factor f1/52 [6]. For values of f, below 2TeV, the signal yields are reduced by up to 50 %
for events with § > f2 when applying this weighting factor. The reduction is about 5% for
fa = 2TeV, while it is negligible for f, above 3 TeV.

Two-Higgs-doublet model with a pseudoscalar. For the 2HDM+a model, the exclusion
limits are derived for all five benchmark scenarios introduced in section 3. The exclusion
contours in the m4—m, scans with tang = 1.0 for sinf = 0.35 and sinf = 0.7, which
correspond to Scenario 1 introduced in section 3, are shown in figure 8. For sin = 0.35 (0.7),
the maximum reach is m, = 340 (420) GeV at m4 = 900 GeV, while values between m 4 =
520 (480) GeV and m4 = 1100 (1220) GeV are excluded for m, = 100 GeV.

Figure 9 shows the exclusion limits as a function of tan 8 and the mass of the pseudo-
scalar mediator m, with m4 = 600 GeV for both 6 choices: sinf = 0.35 and sinf = 0.7,
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the expected limit (inner and outer shaded bands). The other model parameters are given in the plot
legend. The area inside the closed region is excluded at 95% CL. The previous ATLAS observed limit
obtained with the EX 4+ V signature for sin § = 0.35 is shown with the lighter solid line [86].

which correspond to Scenario 2 introduced in section 3. This search probes values of m, up to
195 (270) GeV for tan § = 0.3 and tan 5 up to 12 (2.5) at m, = 100 GeV for sin6 = 0.35 (0.7).

An exclusion limit is also derived as a function of tan 8 and the mass of the pseudo-scalar
m with m, = 250 GeV for both # choices: sinf = 0.35 and sin = 0.7, which correspond to
Scenario 3 introduced in section 3. Figure 10 (a) shows that for sinf = 0.35 at tan 5 = 20
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Figure 9. Observed (solid line) and expected (dashed line) exclusion upper limits at 95% CL in the
tan S—m, plane for the 2HDM+a model, assuming (a) sinf = 0.35 and (b) sinf = 0.7, with the +1o
signal theory uncertainties (PDF @ scale) in the observed limit and the +10 and +20 uncertainties in
the expected limit (inner and outer shaded bands). The other model parameters are given in the plot
legend. The area inside the closed region is excluded at 95% CL.
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Figure 10. Observed (solid line) and expected (dashed line) exclusion upper limits at 95 % CL in the
tan S—m 4 plane for the 2HDM+a, assuming (a) siné = 0.35 and (b) siné = 0.7, with the +1o signal
theory uncertainties (PDF @ scale) in the observed limit and the +10 and +2¢ uncertainties in the
expected limit (inner and outer shaded bands). The other model parameters are given on the plots.
The area inside the closed region is excluded at 95% CL.

masses m 4 can be excluded between 600 and 1450 GeV, and for tan 8 = 0.3 between 740 and
1450 GeV as well as a small range around 1.7 TeV. The search probes values of m 4 in the
range between 580 and 2010 GeV at tan 5 = 0.3 for sinf = 0.7, as shown in figure 10 (b).
Figure 11 shows the exclusion limits on the signal strength (usy) as a function of
sin # for the low mass hypothesis where m, = 200 GeV and m4 = 600 GeV, and the high
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Figure 11. Observed (solid line) and expected (dashed line) exclusion upper limits on the signal
strength g, at 95% CL as a function of siné for the 2HDM+a, with the +1o signal theory
uncertainties (PDF @ scale) in the observed limit and the +1¢ and +20 uncertainties in the expected
limit (inner and outer shaded bands): (a) the low mass and (b) high mass hypotheses. The model
parameters are given on the plots.
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Figure 12. Observed (solid line) and expected (dashed line) exclusion upper limits on the signal
strength (s;4) at 95 % CL as a function of m, assuming m, = 400 GeV, m4 = 1000 GeV, sinf = 0.35
and tan 8 = 1.0, with the +1o signal theory uncertainties (PDF & scale) in the observed limit and the
410 and +20 uncertainties in the expected limit (inner and outer shaded bands).

mass hypothesis with m, = 350 GeV and m4 = 1000 GeV, which correspond to Scenario 4
introduced in section 3. Values down to 0.6 (1.0) of pg4 are excluded for the low (high)
mass hypothesis at sinf = 0.6.

The exclusion limits on p44 as a function of the DM mass m, with sinf = 0.35 and
tan 8 = 1.0 are shown in figure 12. The masses of m, and m4 are fixed to 400 GeV and
1000 GeV, respectively, corresponding to Scenario 5 introduced in section 3. The result
excludes psiy down to 2.0 for m, = 100 GeV.
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Limits on Bj_inv. Expected limit Observed limit

Merged topology 0.341“8:(1)3 0.38
Resolved topology 0.54f8:%§ 0.71
Combined 0.3110 43 0.34

Table 6. Upper limits at 95% CL on the branching ratio of the Higgs boson decaying invisibly.

Invisible decaying Higgs boson. In the search for the invisible decay of the Higgs boson,
the result is interpreted as a 95 % CL upper limit on the branching ratio. The signal yields
are dominated by V'h associated production (69.4 %) in the SRMHP region. The gluon-gluon
fusion production dominates in the SRMLP (65.6 %) and SRR (65.2 %) regions. As shown in
table 6, an observed (expected) upper limit of 0.34 (0.3170:03) is obtained at 95 % CL on the
branching ratio Bj_iny. The observed (expected) upper limits are also shown for the merged
and resolved topologies obtained by running separate fits only considering the merged and
resolved regions, respectively. The merged topology dominates the sensitivity.

Simplified Dark Matter model with a vector or axial-vector mediator. In the
simplified DM model with a vector or axial-vector mediator, the exclusion limits on masses
of the DM (m,) and mediator (mZ(//A) are obtained, assuming Dirac DM with couplings
9q = 0.25, g, = 1.0 and ¢; = 0. Figure 13 shows the observed and expected 95 % CL exclusion
limits for the vector mediator and axial-vector mediator models. The masses of the vector
mediator up to 955 GeV are excluded for m, = 1GeV. For the axial-vector mediator model,
masses up to 965 GeV are excluded for m, = 1 GeV. Both extend the reach of the previous
results obtained with an integrated luminosity of 36.1fb~1 [20, 86]. The masses corresponding
to the relic density [54] as determined by the Planck [87] and WMAP satellites [88], are also
presented which cross the excluded region at m 7, = 950 GeV and m,, = 97 GeV for the vector
mediator model and m 7, = 750 GeV and m, = 210 GeV for the axial-vector mediator model.
The specific values of the coupling constants are fixed based upon benchmarks provided by
the LHC DM Working Group [54]. The exclusion limits are found to be strongly dependent
on the choice of coupling constants as presented in ref. [89].

8 Conclusion

A search for new particles has been performed in events with missing transverse momentum
and either a large-R jet or a pair of small-R jets compatible with the hadronic decay of a
W or Z boson using 140 fb~! of proton-proton collision data at /s = 13 TeV recorded with
the ATLAS detector at the LHC between 2015 and 2018. In addition to the increased data
sample size and the use of improved criteria and reduced uncertainties for reconstructed
objects, the analysis implements several improvements in the selection of events, for instance
improved b- and V-tagging and the 7-lepton veto, to provide better sensitivity. No significant
excess is observed above the expected SM background.

Model-independent upper exclusion limits are derived in the range from 79.5fb to 0.3 fb
at 95 % CL for increasing missing transverse momentum thresholds for all the search regions.
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Figure 13. Exclusion contours at 95 % CL on the DM and mediator masses in the simplified DM
model with (a) a vector or (b) an axial-vector mediator. The solid (dashed) curve shows the observed
(expected) limit, with the £10 signal theory uncertainties (PDF @ scale) in the observed limit and
the +10 and 420 uncertainties in the expected limit (inner and outer shaded bands). The previous
ATLAS observed limit is shown with the lighter solid curve [20, 86]. The hashed curves show the set of
points for which the expected relic density is consistent with the Planck and WMAP measurements (i.e.
Qh? = 0.12), as computed with MADDM [90]. The area on the hashed side of this curve corresponds
to predicted values of the relic density abundance larger than the measured one (Qh? > 0.12).

Exclusion limits are derived for the coupling c5 in the ALP model; couplings c5, above 0.1
are excluded for f, = 1TeV. Exclusion limits are also derived for the two-Higgs-doublet model
with a pseudo-scalar mediator for all five benchmark scenarios. Masses of the pseudo-scalar
mediator m, are excluded up to 340 (420) GeV for my = 900 GeV, sin § = 0.35 (0.7), and
tan S = 1.0. The observed upper limit on the branching ratio of the Higgs boson to invisible
final states, Bj_siny, is found to be 0.34 at 95% CL; the corresponding expected limit is
0.31. The expected limit is a factor of 1.9 better than the previous ATLAS ErTniss + V search
based on 36fb~!. In the simplified model in which the DM is produced via an s-channel
exchange of a vector mediator, mediator masses up to 955 GeV are excluded for a DM mass
of 1 GeV and a fixed choice of couplings; in the case of an axial-vector mediator, the exclusion
region covers mediator masses up to 965 GeV.
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