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1 Introduction

An overwhelming body of astrophysical evidence [1—4] primarily from galactic rotation velocity meas-
urements, from the gravitational lensing effect and from the spectral analysis of the cosmic microwave
background in the context of the Big Bang nucleosynthesis strongly supports the existence of dark matter
(DM). The Standard Model of particle physics (SM) does not provide a viable DM candidate. The particle
nature of DM is one of the major questions in physics.

Several extensions of the SM postulate a DM candidate y that is a stable, electrically neutral, and weakly
interacting massive particle (WIMP) [4]. Such WIMPs can potentially be produced in high-energy
collisions at the CERN Large Hadron Collider (LHC). Their production at the LHC would be characterized
by a striking signature with an imbalance in the measured transverse momentum_1 from the WIMPs escaping
detection, denoted as missing transverse momentum pr"° with magnitude E7 = |pT " |. Hence, a wide
class of DM models probed at the LHC postulate processes where one or more SM particles X are produced
recoiling against DM particles, resulting in an ‘X + E}"° signature. Searches at the LHC have considered
X to be a hadronic jet [5, 6], top or bottom quarks [7-12], a photon [13, 14], a W or Z boson [15-18], or a

Higgs boson [19-21].

Recently, exploration of a new X + Eg' 5 DM signature began at the LHC, where X is a hypothetical particle
that is produced in proton—proton (pp) collisions and decays into a vector-boson pair VV = W*W~ or

ZZ. It was first probed by the ATLAS Collaboration in the fully hadronic decay channel VV — qg'q ¢,
where the invariant mass of the diboson system, my,y,, is above 160 GeV [22].

This paper presents an exploration of the hitherto uncharted semileptonic decay channel W'W™ — vqq'
In the signal region (SR), events are required to have large ET" from DM particles escaping detection and
the neutrino from the leptonically decaying W boson, an energetic electron or a muon, and a hadronically
decaying W boson. Candidate W — ¢g’ decays are identified as a pair of small-radius jets with an invariant
mass consistent with the W boson mass my;, or, if sufficiently boosted, i.e. with a sufficiently high pr,
as a single large-radius jet with a similar invariant mass requirement. The latter category dominates the
sensitivity, due to significantly smaller backgrounds. Large-radius jets are identified using the track-assisted
reclustered (TAR) jet reconstruction technique [23] that was first employed in Ref. [22]. The background is
dominated by vector-boson production in association with jets, referred to as V +jets in the following. The
analysis employs a control region (CR), defined by requiring a large separation in polar angle between
the hadronic W candidate and the charged lepton, to improve the modelling of the W +jets background by
determining its yield from data. Another CR requiring two or more b-quark jets is used to constrain the
contribution of the ¢f background and to improve its modelling in the SR.

The discovery of a new boson [24, 25] consistent with the expectations for the SM Higgs boson confirmed
the Brout-Englert-Higgs (BEH) mechanism for electroweak symmetry breaking [26-31] that is ultimately
responsible for the generation of masses for SM particles. The experimental confirmation of the BEH
mechanism motivates a similar mechanism for mass generation in the dark sector that contains the DM
particle [32]. In this theoretical paradigm, a fermionic DM particle obtains its mass through Yukawa
interactions with a dark Higgs boson, s [33]. Another motivation for this theoretical scenario is the

! ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical 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 5 = —Intan(6/2). Angular distance is measured in units of
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Figure 1: Representative Born-level Feynman diagrams for resonant g§ — Z’ — sy x production where the dark
Higgs boson decays into semileptonic final states, s — W~ (£~ %)W" (¢q"). Diagram (a) typically dominates for high
my, while diagram (c) contributes most for m,+ < 2m, +m. Diagram (b) makes a sizeable contribution throughout
the parameter space considered. Charge-conjugated processes are implied.

provision of a new DM annihilation channel into SM particles involving the dark Higgs boson when it,
rather than the WIMP DM particle, is the lightest state in the dark sector. This feature addresses the
stringent experimental constraints from the observed DM relic density [34]. The dark Higgs boson can
be identified with the aforementioned resonance decaying into a pair of massive vector bosons, s — VV,
and produced in association with DM, which strongly motivates exploring the s(— VV) + Ef"™ signature

presented in this paper. This signature is complementary to the jet + E%“iss signature, which is always

miss

present for DM production at the LHC irrespective of the underlying model, since WIMPs result in E
and additional jet(s) can be produced from initial-state radiation.

A two-mediator-based DM model [35] is used for the optimization and interpretation of the search presented
in this paper. This model features a new U(1)" gauge symmetry, which yields an additional massive spin-1
vector boson Z” through the BEH mechanism involving a new complex Higgs field and producing the new
physical dark Higgs boson s. The characteristic model parameters are the mass m, of the Majorana DM
particle, which is a singlet under all SM symmetries, the Z’ mass m ., the dark Higgs mass m, the Z’
couplings g, to quarks, the Z " couplings g  to DM particles, and the mixing angle 6 between the SM and
dark Higgs bosons [33], which is set to a small value [22]. Representative Born-level Feynman diagrams
for the signal processes targeted in this search are shown in Figure 1. The s+ y y signal is produced through
the g§ — Z' — sy y process, which requires an off-shell intermediate state such as a Z’ or y. The dark
Higgs boson interacts with SM particles only via mixing with the SM Higgs boson, resulting in the same
decay branching fractions as a SM Higgs boson with a different mass as long as the s — y y process is
kinematically forbidden. The s — W*W¥ and s — ZZ processes become important for m > 160 GeV
and m 2 180 GeV, respectively [36]. The proposed dark Higgs two-mediator DM model framework
shares similarities with previously explored spin-1 simplified DM models [37-42], where s is the only
new additional particle and y is a Majorana fermion rather than a Dirac fermion. All choices of common
model parameters are made in alignment with Ref. [42] to facilitate comparisons between experiments and
between search channels. Other searches in pp collisions for a spin-1 mediator that is identified with the
Z' boson in the two-mediator-based DM model provide complementary sensitivity [43]. The strongest
limits come from dijet searches, which exclude the full m - range investigated in this paper with the chosen
parameters [44]. Nevertheless, the exploration of the s(— VV) + E}"° signature is still strongly motivated,
as the aforementioned complementarity relies on the assumptions about the underlying simplified model
which may not be realised in a complete model, and on the choice of couplings like g, and g,,.

The paper is organized as follows. The ATLAS detector and the analysed data set together with simulations



are discussed in Sections 2 and 3. The reconstruction of events is covered in Section 4, which is followed
by a description of the track-assisted reclustering algorithm in Section 5. The data analysis procedures are
summarized in Section 6 and the corresponding systematic uncertainties are estimated in Section 7. The
results are presented in Section 8 and conclusions are drawn in Section 9.

2 ATLAS detector

The ATLAS detector [45] at the LHC covers nearly the entire solid angle around the collision point. It consists
of an inner tracking detector (ID) surrounded by a thin superconducting solenoid, electromagnetic and
hadronic calorimeters, and a muon spectrometer incorporating three superconducting toroidal magnets.

The ID system is immersed in a 2 T axial magnetic field and provides charged-particle tracking in the range
|n] <2.5. The high-granularity silicon pixel detector covers the vertex region and typically provides four
measurements per track [46, 47]. It is followed by the silicon microstrip tracker, which usually provides
eight measurements per track for central |n|. These silicon detectors are complemented by the transition
radiation tracker, which enables radially extended track reconstruction up to || =2.0. This detector also
provides electron identification information based on the fraction of hits (typically 30 in total) above a
higher energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |r7| <4.9. Within the region |n| < 3.2, electromag-
netic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr) calorimeters,
with an additional thin LAr presampler covering || < 1.8 to correct for energy loss in material upstream of
the calorimeters. Hadronic calorimetry is provided by the steel/scintillator-tile calorimeter, segmented
into three barrel structures within |r7| < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid
angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules optimized
for electromagnetic and hadronic measurements respectively.

The muon spectrometer comprises separate trigger and high-precision tracking chambers measuring the
deflection of muons in a magnetic field generated by the superconducting air-core toroids. The field integral
of the toroids ranges between 2.0 and 6.0 T m across most of the detector. A set of precision chambers
covers the region || < 2.7 with three layers of monitored drift tubes, complemented by cathode-strip
chambers in the forward region, where the background is highest. The muon trigger system covers the
range |n7| < 2.4 with resistive-plate chambers in the barrel, and thin-gap chambers in the endcap regions.

Events are selected to be recorded by the first-level (L1) trigger system implemented in custom hardware,
followed by selections made by algorithms implemented in software in the high-level trigger (HLT) [48].
The L1 trigger accepts events from the 40 MHz bunch crossings at a rate below 100 kHz, which the HLT
reduces in order to record events to disk at about 1 kHz.

An extensive software suite [49] 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.

3 Data and simulated events

The data used in this analysis are proton—proton collisions provided by the LHC during 2015-2018 and
recorded by the ATLAS detector. The data were taken at a centre-of-mass energy of \/s = 13 TeV with a



minimum separation of 25 ns between consecutive crossings of proton bunches from the two beams. The
data set corresponds to an integrated luminosity of 139 fb~!, determined by using the LUCID-2 detector
[50] for the primary luminosity measurement. The corresponding uncertainty is 1.7% [51]. The data
were collected using a missing transverse momentum trigger in combination with single-muon triggers

[52-54]. The missing transverse momentum trigger is based on p " "'#% as computed from calorimeter

information. Depending on the data-taking period, the missing transverse momentum trigger was one of a

set with thresholds ranging from EJ"*" "8 = 70 GeV to £7°* """ = 110 GeV. In the absence of muons,
this set of triggers was measured to be fully efficient for events with Ex™ > 200 GeV, as reconstructed
using offline algorithms. Events with muons can escape the E7 triggers. This is because muons tend
miss, trigger

to deposit negligible amounts of energy in the calorimeters and hence contribute to p., that is
reconstructed using exclusively calorimeter information. This can result in a lower EITIl 195 ELET for signal

events in kinematic configurations where the muon counterbalances the py from the neutrino and the
WIMPs. To compensate for the decreased efficiency of the E’Tniss trigger, which is particularly pronounced
for high-p+ muons, a combination of single-muon triggers was added. Some of these with an isolation
criterion applied a low p threshold ranging from 20 GeV to 26 GeV in different data-taking periods, while
others without an isolation criterion applied a pt threshold ranging from 50 GeV to 60 GeV. In events
selected by a muon trigger, an offline reconstructed muon is required to match the trigger-level muon. This
combination of a missing transverse momentum trigger and single-muon triggers was measured to be fully

efficient for the examined final states after the selections described in Section 6.1.

Monte Carlo (MC) simulations were used to model the expected kinematic behaviour of SM background
processes as well as the investigated signal. They are described in the following, starting with the SM
background processes relevant to this analysis.

The W+jets production process was simulated with the SHERPA 2.2.10 generator [55] using next-to-leading-
order (NLO) matrix elements for up to two partons, and leading-order (LO) matrix elements for up to four
partons, calculated with the Comix [56] and OpeNLoops [57-59] libraries. They were matched with the
SHEerpA parton shower [60] using the MEPS @NLO prescription [61-64] and the set of tuned parameters
developed by the SHERPA authors. The samples were normalized to a next-to-next-to-leading-order (NNLO)
prediction [65]. The Z+jets process was generated using an identical set-up, except that SHErRPA 2.2.11 was
used and LO matrix elements were calculated for up to five partons.

Samples of diboson final states (VV) were simulated with the SHERPA 2.2.1 or 2.2.2 generator depending
on the process, including off-shell effects and Higgs boson contributions where appropriate. Fully leptonic
final states and semileptonic final states, where one boson decays leptonically and the other hadronically,
were generated using matrix elements at NLO accuracy in QCD for up to one additional parton and at LO
accuracy for up to three additional parton emissions. Samples for the loop-induced processes gg — VV
were generated using LO-accurate matrix elements for up to one additional parton emission. The matrix
element calculations were matched and merged with the SHERPA parton shower based on Catani—Seymour
dipole factorization [56, 60] using the MEPS@NLO prescription. The virtual QCD corrections were
provided by the OpenLoops library.

The electroweak V'V j j production processes, which include vector-boson scattering, vector-boson fusion
Higgs production, and triboson processes with this final state when taking interference into account, as
well as triboson (VVV) processes with other final states, were simulated with the SHERPA 2.2.2 generator
using factorized gauge-boson decays. To account for interference, the two sets of triboson processes
are treated together and labelled ‘triboson’ in the following. Matrix elements, accurate to NLO for the
inclusive process and to LO for up to two additional parton emissions (VVV) or accurate to LO (VVjj),



were matched and merged with the SHERPA parton shower based on Catani—Seymour dipole factorization
using the MEPS @NLO prescription. The virtual QCD corrections for matrix elements at NLO accuracy
were provided by the OpEnLoops library.

All SHERPA weak-boson samples were generated using the NNPDF3.0nNLo set of parton distribution
functions (PDFs) [66], along with the dedicated set of tuned parton-shower parameters developed by the
SHERPA authors. For all weak-boson processes, uncertainties from missing higher orders were evaluated [67]
using seven variations of the QCD factorization and renormalization scales in the matrix elements by
factors of 0.5 and 2, excluding variations in opposite directions. Uncertainties associated with the PDF set
were evaluated according to the PDF4ALHC recommendations [68]: uncertainties in the nominal PDF set
were calculated using 100 replica variations. The effect of the uncertainty in the strong coupling constant
a, was assessed by variations of £0.001. Uncertainties arise from the scale choices for the matching of the
matrix elements (CKKW) [69] and the resummation calculations to the SHERPA parton-shower algorithm.
These uncertainties are evaluated by changing the nominal CKKW scale of 20 GeV to either 15 GeV or
30GeV and by varying the resummation scale by a factor of 0.5 or 2. The same relative uncertainties
were assumed for VVV and VVjj backgrounds per analysis region. For Z+jets, all uncertainties were
extrapolated from W +jets in order to avoid large effects from statistical fluctuations.

The production of 7 events was modelled using the Pownec Box v2 [70-73] generator at NLO with the
NNPDF3.0nLo PDF set and the hg,,,, parameter set to 1.5 m,,, [74]. The h gy, parameter is a resummation
damping factor and one of the parameters that controls the matching of PowHEG matrix elements to the
parton shower and thus effectively regulates the high-p radiation against which the #7 system recoils. The
events were interfaced to PyThia 8.230 [75] to model the parton shower, hadronization, and underlying
event, with parameter values set according to the A14 tune [76] and using the NNPDF2.31r0 set of PDFs [77].
The decays of bottom and charm hadrons in all MC samples involving top quarks were performed by
EvTGen 1.6.0 [78].

The production of top quarks in association with W bosons (tW) was modelled by the Pownec Box v2 [71-
73, 79] generator at NLO in QCD, using the five-flavour scheme and the NNPDF3.0nLo set of PDFs.
The diagram removal scheme [80] was used to remove interference and overlap with 77 production. The
related uncertainty was estimated by comparing these events with an alternative sample generated using
the diagram subtraction scheme [74, 80]. The events were interfaced to PyThia 8.230, which used the A14
tune and the NNPDF2.3r0 set of PDFs.

Single-top ¢-channel production was modelled by the Pownec Box v2 [71-73, 81] generator at NLO in
QCD, using the four-flavour scheme and the corresponding NNPDF3.0nLo set of PDFs. The events were
interfaced with PyTHia 8.230, which used the A14 tune and the NNPDF2.3L0 set of PDFs. Single-top
s-channel production was studied and found to be negligible.

For all processes involving top quarks, the uncertainty due to initial-state radiation was estimated by
simultaneously varying the g, parameter and the renormalization and factorization scales y, and py, and
choosing the Var3c up/down variants of the A14 tune as described in Ref. [82]. The impact of final-state
radiation was evaluated by raising or lowering the renormalization scale for emissions from the parton
shower by a factor two. To evaluate the PDF uncertainties for the nominal PDF, the 100 variations for
NNPDF3.0nLo were taken into account; for 7 the effect of a £0.001 change in @, was also evaluated. The
uncertainty due to the parton-shower and hadronization model was evaluated by comparing the nominal
samples of events with samples where events generated by Pownec Box v2 [71-73, 79] were interfaced to
Herwig 7.04 [83, 84], using the H7UE set of tuned parameters [84] and the MMHT2014L0 PDF set [85].
To assess the uncertainty in the matching of NLO matrix elements to the parton shower, the PowHEG Box



samples where compared with samples of events generated with MApDGraPHS_AMC@NLO 2.6.0 interfaced
with PytHia 8.230. The MADGRraPHS_AMC@NLO calculation used the NNPDF3.0xLo set of PDFs, and
PyTHiA 8 used the A14 tune and the NNPDF2.310 set of PDFs.

Simulated event samples for the pp — Z" — syx — WW ™ xx — 4t vy x process were generated at
LO in QCD with up to one additional parton in the event, using MADGrAaPHS_aAMC@NLO 2.8.1 [86] with
the NNPDF3.0nLo PDF set. Other processes arising from the dark Higgs model could also contribute to
the analysis regions of this search but were not considered. These include the s — hh decay channel, which
contributes a small fraction of the signal for m > 250 GeV. The parton-showering process was simulated
with PyTHia 8.244 using the A14 tune and the NNPDF2.31L0 set of PDFs. Samples were generated in the
(my, mg)plane for 0.3 < m, < 3.3TeV andfor 115 < m < 385 GeV. Other dark Higgs model parameter
values were chosen as m,, = 200 GeV to avoid s — yx decays in the m range considered, g, = 1.0,
84 = 0.25 [40, 42], and sin 6 = 0.01 [22]. Uncertainties due to QCD factorization and renormalization
were estimated using seven variations of the scales by factors of 0.5 and 2, avoiding variations in opposite
directions. Uncertainties from the PDF set were estimated using 100 replica variations. The uncertainties
due to the parton-shower and hadronization model were estimated by comparing the nominal samples with
alternative samples from the same matrix element generator but interfaced with HErwic 7.2.1, using the
H7UE set of tuned parameters and the NNPDF3.0nLo PDF set.

The effect of multiple interactions in the same and neighbouring bunch crossings (pile-up) was modelled by
overlaying the simulated hard-scattering event with inelastic pp events generated with PyTaia 8.186 [87]
using the NNPDF2.3L0 set of PDFs and the A3 tune [88]. The detector response for all MC samples was
modelled with a full detector simulation [89] based on GEanTt4 [90].

4 Event reconstruction

Each event requires the presence of at least one pp collision vertex that is reconstructed from at least two
ID tracks with p* > 0.5 GeV. The vertex with the highest Y (p'=*)? in the event is designated the
primary vertex (PV). The ID tracks must have at least seven hits and satisfy pp > 0.5 GeV and |p| < 2.5
requirements [91, 92]. Their transverse and longitudinal impact parameters relative to the PV must satisfy
|dy| <2 mm and |z, sin(f)| < 3 mm, respectively, where 6 is the polar angle of the track.

Charged leptons ¢ = e, u are used to identify events with leptonic final states produced in decays of W
bosons. This includes 7-lepton decays into £. Hadronic 7-lepton decays are not considered due to their
small contribution to the overall sensitivity of the analysis. Electrons [93] are reconstructed by matching
clusters of energy deposited in the calorimeter to an ID track. Candidate electrons are identified using a
likelihood-based method, and must satisfy the ‘Medium’ requirement and be matched to the PV of the
event. Furthermore, they must fall within |n| < 2.47, have p; > 7 GeV, and be isolated from additional
activity reconstructed in the calorimeter and the tracker, following the ‘Loose’ isolation requirement.
To veto additional electrons in the event, the identification requirement is relaxed to satisfy the ‘Loose’
working point and have a hit in the innermost layer of the pixel detector, while the isolation requirement
remains unchanged. Muons [94] are reconstructed by matching a track or track segment detected in the
muon spectrometer, depending on the p and || range, to an ID track that is matched to the PV. Muon
candidates must satisfy ‘Medium’ requirements, have py > 7 GeV and fall within || < 2.5. Furthermore,
they must be isolated from additional activity reconstructed in the tracker within a cone of p-dependent
angular size AR around the muon, following the ‘FixedCutTightTrackOnly’ isolation requirement. To
veto additional muons, the identification requirement is relaxed to satisfy the ‘Loose’ working point and



Table 1: Overview of the electron and muon selection criteria.

Feature Electron Veto electron Muon Veto muon
Pseudorapidity range 7| < 2.47 7| < 2.47 In| < 2.5 In| < 2.7
Transverse momentum pr >7GeV ppr>7GeV  pr >7GeV pr > 7GeV
Identification Medium Loose Medium Loose
Isolation Loose Loose FixedCutTightTrackOnly -

the muon is required to fall within || < 2.7, which corresponds to the acceptance region of the muon
spectrometer, while the isolation requirement is dropped. The selections for leptons are summarized in
Table 1. Electrons and muons which satisfy only the relaxed definition are labelled as ‘veto leptons’.

To avoid reconstruction ambiguities, if a muon and an electron share a track, the muon is removed if it is
calorimeter-tagged, and the electron otherwise. Calorimeter-tagged muons are identified as an ID track
that can be matched only to an energy deposit in the calorimeter compatible with a minimum-ionizing
particle. Since muons of this type have no muon spectrometer information, they have lower purity than
other muon types [94].

Jets of hadrons are used to identify the hadronically decaying W bosons and other hadronic activity in
the event. Particle-flow (PFlow) jets are constructed from charged constituents associated with the PV
and neutral constituents [95] using the anti-k, algorithm [96, 97] with a radius parameter of R = 0.4. The
energy of PFlow jets is calibrated to the particle scale using a sequence of corrections, including pile-up
subtraction and in situ calibration [98], and the energy resolution in MC simulations is calibrated to match
that found in data. PFlow jets are required to have p >?20 GeV and fall within the acceptance region of the
ID, i.e. || < 2.5. The jet vertex tagger (JVT) discriminant is applied to reject jets with py < 60 GeV and
|n| < 2.4 originating from pile-up interactions through the use of tracking and vertexing information [99].
PFlow jets closer than AR = 0.2 to an electron are rejected. A similar requirement is applied to PFlow jets
with fewer than three tracks in the vicinity of a muon. Electrons or muons at an angular distance of less
than AR = min(0.4,0.04 + 10 GeV/ p%) from a jet are rejected, as they are likely to originate from hadron
decays within jets. Here, AR oc 1/ p% accounts for tighter collimation of electromagnetic showers from
electrons and final-state radiation from electrons and muons with increasing p-.

The decay products of boosted W bosons with p > 150 GeV are collimated, which makes the matching
of the energy deposits to the individual quarks from the W — ¢g’ decay challenging. This is addressed
through jets that are formed from the energy in three-dimensional clusters of calorimeter cells using the
anti-k, algorithm with a small radius parameter of R = 0.2. The energy of the input calorimeter cells is
corrected for dead material, out-of-cluster losses for pions, and calorimeter response to hadronic energy
clusters, which are identified using their topology and energy density. These corrections are implemented
with a local cell signal weighting (LCW) method [100]. Corrections for pile-up and the energy scale and
resolution—following methodologies similar to those in Ref. [101]—are subsequently applied to R = 0.2
jets. The R = 0.2 jets must have py > 20 GeV and fall within the acceptance region of the ID, i.e. || < 2.5.
The reconstruction of highly boosted, hadronically decaying W bosons is discussed in Section 5.

In order to suppress contributions from background processes that involve top quarks, which decay almost
exclusively to b-quarks, a multivariate deep-learning algorithm, DL1r, is used to identify (b-tag) jets
containing b-hadrons. The b-tagging is performed using PFlow jets with a working point corresponding to
an efficiency of 77% [102] for jets containing b-hadrons. Events containing b-tagged jets are rejected.



The p} 5 vector is computed as the negative vector sum of the transverse momenta of the veto electrons,
veto muons, PFlow jet candidates, and ID tracks not associated with the aforementioned objects [103].

Hadronically decaying 7-leptons and photons are not explicitly considered in the p?iss calculation. In

addition, an object-based ET" 15§ gnificance S is used to reject multijet background events. The S observable
miss

is computed from the expected resolutions for all the objects used in the E; > calculation [104].

S Track-assisted reclustering

With increasing momenta of the dark Higgs boson, its decay products and ultimately the products of
the W — ¢4’ decay become more boosted and hence more collimated. The track-assisted reclustering
(TAR) algorithm [23] is employed to reconstruct the topological substructure of boosted W — ¢g’ decays.
This algorithm improves the resolution of jet substructure observables by considering both tracking and
calorimeter information, combined with the flexibility of jet reclustering. The TAR jets are formed from
R = 0.2 jets reclustered into larger jets with R = 1 using trimming parameters optimized for the ATLAS
experiment [105]. The trimming procedure was shown to improve the mass resolution of W decay jets
despite the pile-up corrections to the input R = 0.2 jets. Any R = 0.2 jets overlapping with an electron
within AR = 0.2 are not considered in the reclustering process. The mass and other substructure observables
of TAR jets are reconstructed using ID tracks. For this, ID tracks are first matched to the R = 0.2 jets that
constitute the R = 1 jets using a two-step procedure. First, ID tracks are matched to R = 0.2 jets using
ghost association [106]. Second, any remaining tracks closer than AR = 0.3 to R = 0.2 jets are matched to
the closest R = 0.2 jet in AR. Tracks associated with electrons or muons are not considered in the matching
procedure. Subsequently, the p of tracks matched to a given R = 0.2 jet are rescaled such that their sum
equals the pr of that jet:

R=0.2
track,new __ __track, old Pr
T —FT Z track, old ’
i FT,i

where the sum in 7 runs over all tracks matched to a given R = 0.2 jet. The jet mass and other jet substructure
observables of a reclustered R = 1 jet are then reconstructed from these rescaled tracks. This procedure
compensates for the neutral jet components missed by the tracker and improves the reconstruction of jet
substructure observables, which is limited by the angular resolution of the detector [23]. Furthermore, the
TAR algorithm provides a straightforward method to calibrate and assign uncertainties to jet substructure
observables by propagating calibrations and uncertainties from the well-defined constituent R = 0.2 jets
and tracks, as is detailed in Section 7.

As already mentioned above, TAR jets with R = 1 are used to reconstruct W — ¢g’ candidate decays,
leading to a two-prong jet signature. When the final-state particles from the s — WW — £vqg’ decays
are collimated due to a significant boost of the dark Higgs boson, this leads to a dense environment with
the charged lepton often being very close to the hadronic W decay products, as schematically shown in
Figure 2. In this situation, additional tracks from charged leptons and calorimetric energy clusters from
electrons tend to fall into the catchment area of the R = 1 jet used to reconstruct the W — ¢g’ decay. For
‘standard’ large-R jets [107], this was shown to distort the kinematic properties and substructure of W
boson candidate jets, resulting in a significant reduction of their identification efficiency. This effect is
particularly pronounced in the s > WW — ev,qg’ decay channel. With the TAR algorithm, this challenge
can be met by appropriately preselecting the input tracks and R = 0.2 jets, rejecting those associated with



Figure 2: Sketch of the s — WW — ¢vqq’ decay where the dark Higgs boson is significantly boosted, reconstructed
as a large-R jet in the detector. The collimation due to the boost of the dark Higgs decay products often leads to an
overlap of the charged lepton £ and the large-R jet from the W — ¢4’ decay.

leptons, as described above. This ensures that only hadronic objects are considered in the reconstruction of
the W — ¢g’ candidates using TAR jets. Hence, the typical two-prong structure with a reconstructed mass
near the W boson mass is preserved. The small radius parameter of R = 0.2 used for the reconstruction of
anti-k, subjets forming TAR jets prevents significant numbers of hadronic components from being removed
because of their proximity to electrons.

The criteria used to identify W candidates in this search are the TAR jet mass and the ratio of energy
correlation functions Df =1 [108], which is a measure for judging whether the topological substructure of a
jet is consistent with a two-prong decay. The identification criteria are chosen to optimize the W — ¢q’
identification efficiency while effectively rejecting fake W candidates from QCD jets present in the dominant
W +jets background processes. This is further described in Section 6.2.

6 Analysis

As a reminder, the target signature of this analysis, s — WW — fvqq’, is characterized by a single
charged lepton ¢, missing transverse momentum, and a hadronically decaying W boson candidate W, 4.
The SR is split into two categories based on the reconstruction method used for W,,4: a merged category,
where the hadronically decaying W boson candidate is reconstructed as a single R = 1 TAR jet, and a
resolved category, where the candidate consists of two R = 0.4 jets. The merged reconstruction method
is characterized by its excellent background rejection, but also a relatively low signal efficiency. This
motivates the addition of the resolved category to accept signal events that fail to meet the strict criteria
for the merged category but still contribute to the overall sensitivity. The orthogonality of the merged
and resolved categories is ensured by prioritizing the more sensitive merged category: events fulfilling its
selection criteria are not considered for the resolved category.

Dedicated control regions (CR) are constructed to improve the modelling of the W+jets and ¢7 background
processes by determining their normalizations from data. These CRs are referred to as CRW and CRTT,
respectively. Each CR is split into a merged and a resolved category using the same approach as in the SR
to closely match its kinematics. The final discriminant to separate signal from background in the SR is
mi"", which represents the minimum possible mass of the dark Higgs boson that is compatible with the
signal process given the kinematic properties of the measured reconstructed objects; this observable is
introduced in detail in Section 6.3. No my " information is used in the CRs that are used to constrain the
overall yield of the W+jets and #f processes. The individual data analysis steps are described in greater

detail in the following.
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6.1 Preselection

Events that are found to contain any jets with properties consistent with beam-induced backgrounds,
cosmic-ray showers, or noisy calorimeter cells are rejected [109]. All events are required to have exactly
one lepton and no additional veto leptons. A missing transverse momentum of EITniss > 200 GeV is required,
with a significance of S > 5. At least one TAR jet or at least two R = 0.4 jets are required. Since a majority
of SM background events with this signature originate from events where a single neutrino froma W — {v
decay is the only source of pT"°, a leptonic transverse mass of mp > 150 GeV is required. The leptonic
transverse mass is defined as

mT = \/ZPT’gE'II?iSS (1 — COS ((b[ - ¢p¥iss)) .

where the subscript ¢ indicates kinematic observables of the charged lepton. Stricter criteria are applied
depending on the analysis region, as described in the following sections.

6.2 Signal regions

The selection requirements for the SR are summarized in Table 2 for the merged category and in Table 3 for
the resolved category. In the following, a qualitative description of the used observables and the motivation
for their use is given.

Table 2: Selection criteria for the merged category. The two CRs are analysed inclusively, i.e. not considering any
my"" information. In this category the W boson candidate W, 4 is the pr-leading TAR jet.

can

Requirement ‘ SR CRW CRTT
Trigger EXS or single muon
Nf = 1
my [GeV] > 220
EMS [GeV] > 200
N tets 0 0 22
NTAR Jets 21
my, [GeV] 68, 89]
> 16 > 12 > 12
AR(W 0. €) <12 >18 <12
D5 <Ll
; 125,165,190, . .
m§"" binning [GeV] [ 22’ 5.375] incl.  incl.

In the merged category, the pr-leading TAR jet is used to reconstruct the hadronically decaying W boson

candidate W,,q. The invariant mass of the TAR jet, my, . isrequired to be close to the W boson mass rny,,

which is taken to be 80.4 GeV [110]. Additionally, the topological jet substructure observable D/; =! [108]
is employed to select for a two-prong structure consistent with a W — ¢g’ decay. Figure 3(a) shows the
efficiency of this reconstruction method, defined as the fraction of events with at least one TAR jet, where
the pr-leading TAR jet passes the my, and Dg =! requirements as described in Table 2, in a sample

11



Table 3: Selection criteria for the resolved category. The two CRs are analysed inclusively, i.e. not considering any
information. In this category the W boson candidate W, 4 is a combination of two R = 0.4 PFlow jets

min
mg

Requirement ‘ SR CRW CRTT
Orthogonality ‘ Fails merged category selections
Trigger EMS or single muon
my [GeV] > 200
ET" [GeV] > 250
N b-Jets 0 0 >2
NJets =2
my  [GeV] [65,95]
S > 16
AR(W yn450) <14 >14 <14
pr,w,,, [GeV] > 150
mg  binning [GeV] 275.325.375] incl. incl.

of signal events passing the preselection requirements from Section 6.1. This efficiency ranges between
5% and 30% as a function of m . For the dominant W+jets background, the corresponding efficiency is
(1.35 + 0.38)%, where the uncertainties are statistical only.

In the resolved category, the W, 4 candidate is reconstructed as a combination of two R = 0.4 PFlow jets.
If several combinations of jets are possible, the pair whose invariant mass is closest to my;, is chosen.
Since the W boson is expected to be significantly boosted due to the recoil from the DM particles, a high
transverse momentum pry, is required for the Wy 4 candidate. As in the merged category, the invariant
mass my, of the Wy 4 candidate is required to be close to my, . The efficiency of finding a Wy,,4 candidate
fulfilling these criteria as summarized in Table 3 is shown in Figure 3(b). This efficiency is determined in a
sample of events passing the preselections from Section 6.1 but not all of the requirements of the merged
category, and ranges between 55% and 65% as a function of m . For the dominant W+jets background, the
corresponding efficiency is (31.3 + 2.7)% considering only statistical uncertainties.

The mass distributions of the respective W, 4 candidates in the merged and resolved categories are shown
in Figure 4. The my, window in the merged category is tighter than in the resolved category to maximize
the sensitivity.

An important kinematic feature of signal events that distinguishes them from SM background events is that
the momenta of the two W bosons are almost collinear because they recoil against an energetic pair of
DM particles. This leads to a small angular separation between the charged lepton and the hadronic W
candidate. By contrast, that angular separation is expected to be large for W+jets or diboson processes or
other backgrounds where the hadronic W candidate does not originate from a real W boson. Hence, an
upper bound is placed on AR(W_,,4, ), as shown in Tables 2 and 3 for the merged and resolved categories,
respectively. The distributions of this observable in both categories are shown in Figure 5.

Events containing any b-jets are rejected in order to suppress the background contribution from ## production.
The exact requirements on the observables described here and in Section 6.1 were optimized by maximizing
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Figure 3: Probability of finding (a) at least one TAR jet, where the pr-leading TAR jet passes the my, and Dg =!
requirements in Table 2, as a function of m . The probability is determined in a sample of signal events passing
the preselections from Section 6.1. Probability of finding (b) a W, 4 candidate reconstructed as a pair of R = 0.4
PFlow jets following requirements in Table 3, as a function of m,. The probability is determined in a sample of
signal events passing the preselections from Section 6.1 but not all of the requirements of the merged category. The
statistical uncertainties due to finite MC samples are indicated as vertical error bars.
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Figure 4: Distributions of my, in the signal region for the merged (a) and resolved (b) category, before any
fit (‘Pre-fit’). The contributions from all SM backgrounds are shown as a histogram stack. The ‘multiboson’ category
includes contributions from VV, VVV, and electroweak VVj j production. The hatched bands represent the total MC
statistical uncertainty of the SM expectation. The expected signal from a representative set of dark Higgs models
withg, =0.25, ¢ =1,m, =200 GeV, and sin 6 = 0.01 scaled for presentation purposes is also shown for reference.
All selection criteria for the corresponding category (see Tables 2 and 3) are applied, except the one for the displayed
observable.
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Figure 5: Distributions of AR(W_,,4, €) in the signal region for the merged (a) and resolved (b) category, before any
fit (‘Pre-fit’). The contributions from all SM backgrounds are shown as a histogram stack. The ‘multiboson’ category
includes contributions from VV, VVV, and electroweak VVj j production. The hatched bands represent the total MC
statistical uncertainty of the SM expectation. The expected signal from a representative set of dark Higgs models
withg, =0.25, ¢ =1,m, =200 GeV, and sin 6 = 0.01 scaled for presentation purposes is also shown for reference.
All selection criteria for the corresponding category (see Tables 2 and 3) are applied, except the one for the displayed

observable.

the expected Asimov discovery significance [111], which is calculated as

+b)(b+0? b? z ’
Zgan = |2(s +b) [In M ~ |1 —22
b"+ (s+b)oy oy b(b+0})

where s and b are the expected total number of signal events and background events, respectively, and o7,
is the statistical uncertainty of the expected total number of background events. The optimization was
performed within the merged and resolved categories separately. The typical acceptance X efficiency of
this analysis for the studied dark Higgs model is about 1% in both the merged and resolved categories.

6.3 Dark Higgs reconstruction strategy

An exact kinematic reconstruction of the four-momentum of the dark Higgs particle s is not possible
because three invisible particles in the final state contribute to p7 " : the neutrino from the W — v decay
and the two DM particles y. Hence, a dedicated method is used to calculate the minimum possible dark
Higgs mass mgnin given the four-momentum of the hadronically decaying W boson candidate W, 4, the
lepton four-momentum, and the invariant mass of the charged lepton and neutrino being equal to my; .

Neglecting the lepton mass, the solution for the neutrino energy in this approach is

2
My

E, = .
V' 2E,(1—cosb,,)
After a rotation into a coordinate system where the charged lepton travels along the z-axis and the W, 4
momentum is in the xz-plane, the neutrino four-momentum becomes

(1

2
My

- 2E,(1 —coséb,,,)

D, (sinf,, cos ¢,,sinb,, sing,,cosb,,,1).
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The invariant mass of the s — WW system is then

m

2= (pw,, +Pc+p)’
= (Ew_, +E/+E)* —(p,w,_, +E,sin0, cosg,)’ )
— (E, sin6,,sing,)* — (E, + p.w,, *E,cos 0,,)°.
It can be shown that the minimum occurs when ¢,, = 0. Using this and Eq. (1), Eq. (2) can be written as

2
2 2 | 2
myy myy /1 —cos” 6,

= |E,+ +E - |* sin +
" T 2E,(1-cosf,,) = Wen P Weang Wend® © 2, (1 - cosb,,)

2 2
myy cosb,,

+ b
2E€(1 — COS 9[1,)

- Ef + ’chand‘ cos QWcand[

which leaves only cos 6., as an unknown. Minimizing this function over cos 6, leads therefore to the

desired observable my™":

min

The distributions of mg  in the merged and resolved categories of the SR are shown in Figure 6.
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Figure 6: Distributions of mgni" in the signal region for the merged (a) and resolved (b) category, before any fit (‘Pre-fit’).
The contributions from all SM backgrounds are shown as a histogram stack. ‘Multiboson’ includes contributions
from VV, VVV, and electroweak VVjj production. The hatched bands represent the total MC statistical uncertainty
of the SM expectation. The expected signal from a representative set of dark Higgs models with g, = 0.25, g, =1,

m,, =200 GeV, and sin ¢ = 0.01 scaled for presentation purposes is also shown for reference. All selection criteria

for the corresponding category (see Tables 2 and 3) are applied except for the binning in m;ni".

The m§"" observable is used as the final discriminant in the SR to separate the signal, which is resonant

in m™, from the backgrounds, which tend to be non-resonant in m™". To effectively use the m™"

information, both the merged and resolved categories of the SR are split into bins. Taking into account the
expected number of events and their predicted distribution in my"", the merged category is split into four
my"" bins of unequal width, as indicated in Table 2. In a similar spirit, the resolved category is divided into

five equal-width bins of 50 GeV in m™", as displayed in Table 3.

N

15



6.4 Background estimation

Control regions are used to improve the modelling of dominant backgrounds. The CRs are split into merged
and resolved categories in analogy with the SR to mimic its kinematic properties. In order to obtain a
sufficient number of events in the CRs for the merged category, the requirement on S is lowered to S > 12,
while all other selection requirements remain identical to those for the SR. It was confirmed that with this
change the events in the CRs still closely mimic the kinematic properties of the SRs.

In order to improve the MC prediction for the dominant W +jets background, a dedicated control region
is used to normalize this process. This CR with suppressed signal contribution is defined by requiring
AR(TAR Jet,£) > 1.8 in the merged category and AR(W_,4.¢) > 1.4 in the resolved category. In a
similar fashion, a CR is used for the sub-dominant ¢7 process, and requires at least two b-tagged jets. The
exact definitions of the CRs can be found in Tables 2 and 3. Other sub-dominant and minor backgrounds
include Z+jets, diboson, triboson and single-top processes. The predictions for these backgrounds are
based purely on MC simulations, normalized to their respective theoretical cross sections. About 20% of
the total background is contributed by multiboson production, of which about 90% is diboson production.
Generally, good agreement between data and MC simulation is found in the CRs, given the uncertainties.
A potential contribution from QCD multijet production was studied and found negligible.

To predict the SM background yields in the SR, a simultaneous profile likelihood fit [112] is performed to
constrain the MC yields with the observed data in the CRs, using standard minimization algorithms [113,
114]. Four background normalization factors are used separately for the W +jets and ¢7 processes in the
merged and resolved regimes, and are allowed to float freely in the fit. The systematic uncertainties
discussed in Section 7 are parameterized as nuisance parameters with Gaussian or log-normal prior
probabilities in the fit.

7 Systematic uncertainties

In the following, the estimation of the relevant systematic uncertainties for background and signal processes
is discussed. The systematic effects are studied coherently across all analysis regions. The impact of
the uncertainties is quantified as the fractional effect relative to the total background yield in the merged
(resolved) category of the SR before any fit, using an X% (Y %) format.

A major source of uncertainty is the statistical uncertainty of the MC simulation, the W +jets sample being
the main contributor. This dominant uncertainty amounts to 9% (5%). Theoretical uncertainties of the
W+jets and 17 backgrounds that affect their normalization are significantly reduced through the use of CRs
and are limited by the statistical uncertainty of the data and the extrapolation to the SR. The evaluation of
theoretical modelling uncertainties is described in Section 3. The leading theoretical uncertainties are the
uncertainties related to the matrix element generator for the ## sample, amounting to 4% (1%), as well as
for the single-top sample, amounting to 3% (1%), the diboson scale uncertainty, amounting to 3% (2%),
and the W+jets scale uncertainty, contributing 2% (6%). The leading experimental systematic uncertainties
are related to the jet energy scale (JES) and jet energy resolution (JER). These uncertainties are derived as
a function of the pt and 7 of the jet, the pile-up conditions, and the jet-flavour composition of the selected
sample. They are estimated separately for R = 0.4 PFlow jets [98] and R = 0.2 LCW jets, following
methodologies similar to those in Ref. [115]. The effect of the JER uncertainty amounts to 9% (5%), and
that of the JES uncertainty to 7% (5%). Sub-dominant experimental uncertainties considered are associated

miss

with the modelling of E1 > [103], amounting to 3% (1%), the track reconstruction efficiency [116] (3% in
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the merged category) and the luminosity uncertainty [51] (2% in the both categories). Other considered,
but less important, uncertainties are associated with the modelling of b-tagging efficiencies [102], the
reconstruction efficiency, energy scale, energy resolution, and trigger efficiency of leptons [48, 54, 93, 94],
the pile-up reweighting, and the tagging and suppression of pile-up jets [117].

While quantifying the impact of a given systematic uncertainty as the fractional effect relative to the total
background yield in each SR category is useful, it does not capture effects that are differential in mISnin
Hence, the effect of systematic uncertainties is quantified in Table 4 in terms of their contribution to the fitted
signal uncertainty relative to the theory prediction. In this procedure, each systematic uncertainty’s squared
contribution is given by the difference between the squares of the total uncertainty and the uncertainty
obtained by neglecting the systematic uncertainty source in question, where in the latter fit the signal value
is fixed to its value considering all uncertainties. This is done for three representative signal models that

span the range of the dark Higgs model parameter space that this analysis is sensitive to.

Table 4: Dominant sources of uncertainty for three dark Higgs scenarios after the fit to data. The uncertainties
are quantified in terms of their contribution to the fitted signal uncertainty, which is expressed relative to the
theory prediction. Three representative dark Higgs signal scenarios with g, = 0.25, g, = 1.0, sin¢ = 0.01 and
m,, =200 GeV are considered, which are indicated using the (m,’, m,) format in units of GeV in the table columns.
‘Total uncertainty’ is the quadrature sum of statistical and total systematic uncertainties, which consider correlations.
Only the largest systematic uncertainties are shown.

Uncertainty [%]

Source of uncertainty (2100, 210) (1000, 140) (1000, 360)

W +jets modelling 4 5 2
Diboson modelling 5 4 1
tt modelling 7 4 1
Single top modelling 9 5 11
Signal modelling 1 3 0
Statistical uncertainty of MC 26 15 29
R = 0.4 jet energy scale 11 12 14
R = 0.4 jet energy resolution 9 4 7
R = 0.2 jet energy scale 9 9 14
R = 0.2 jet energy resolution 13 10 16
EDS 7 1 7
Track reconstruction 5 2
Lepton reconstruction 2 3 1
Systematic uncertainty 38 28 40
Statistical uncertainty of data 38 32 37
Total uncertainty 53 43 55

8 Results

The data analysis is performed in several steps and with the SR initially blinded to minimize any human
bias. First, a fit to the SM backgrounds is performed only with data from the W +jets and ¢ CRs, split into
the merged and resolved categories analogously to the SR. The resulting observed and fitted yields in the
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Figure 7: Data overlaid on SM background yields stacked in each SR and CR category after the fit to data (‘Post-fit’).
The maximum-likelihood estimators are set to the conditional values of the CR-only fit, and propagated to the SR
and CRs. The lower panel displays the ratio of data to SM expectations after the fit, with its systematic uncertainty
considering correlations between individual contributions indicated by the hatched band. The lower panel also
displays the blue line representing the ratio of pre-fit to post-fit background predictions.

CR categories are shown in Figure 7. To demonstrate the propagation of constraints on the W +jets and #¢
backgrounds and experimental uncertainties from the CRs to the SR, Figure 7 also shows the yields of
background processes predicted in the SR when using the observed parameter values from the CR-only
fit. This fit slightly reduces the overall V +jets contribution. The fitted normalization of the dominant
W +jets background is 0.99 + 0.17 (0.94 + 0.07) in the merged (resolved) category. The 77 background
normalization falls to 0.75 = 0.13 in the merged category, and rises to 1.14 + 0.22 in the resolved category.
Given the uncertainties, no significant discrepancy between the yields in the SR categories is observed.

Finally, a simultaneous fit to the SR and the CRs is performed considering both the merged and resolved
categories. The reconstructed dark Higgs candidate mass m} " is used as the main discriminant between
signal and background in the SR in this fit set-up. Figure 8 shows the m}"" distributions of the dark Higgs
candidate in the merged and resolved SR categories, obtained after a simultaneous fit to the SR and the
CRs under the hypothesis that only the SM predictions are present. In the combined SR and CR fit the
data distributions are found to be well described by MC simulations within the estimated uncertainties,
similarly to the CR-only fit. The data are found to be one standard deviation above the MC simulations in
the merged category for m§" < 165 GeV, but this trend is not reproduced in the resolved category. A data

event deficit of about 1.5 standard deviations is observed for m;nin > 325 GeV in the resolved category.

The results of this search are interpreted by setting upper limits on the product of the pp — syy
production cross section and the decay branching fraction 8(s — W*W™), using a modified frequentist
approach (CL,) [118] with a test statistic based on the profile likelihood in the asymptotic approxima-
tion [112]. Upper limits on the ratio of the measured signal cross section to its theoretically predicted
value are determined at 95% confidence level (CL). Exclusion contours in the (m,/, m,) plane for the
dark Higgs model with g, = 0.25, g, = 1.0, and sin 6 = 0.01 are presented in Figure 9. Consistency with
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Figure 8: Distributions of the invariant mass of the dark Higgs candidates in the signal region for the merged (a) and
resolved (b) category, after the fit to data (‘Post-fit’). The upper panels compare the data with the SM expectation
before (blue dashed line) and after the background-only fit (histogram stack). The lower panels display the ratio of
data to SM expectations after the fit, with its systematic uncertainty. Also shown is the ratio of SM expectations before
and after the fit (blue dashed line). The expected signal from a representative dark Higgs model with g, = 0.25,
8y = 1, m, = 200 GeV, and sin 8 = 0.01 assuming m,» = 2.1 TeV and m = 210 GeV, with a cross section of 3.9 fb
for the s — W~ (£~ ¥)W*(qg") decay mode, is shown as the dash-dotted line and scaled for presentation purposes.

the observed relic density can indicate the preferred model parameters if it is assumed that no additional
particles beyond s and Z” are present. For m; < 200 GeV, the relic density suggests m,, masses of about
850 GeV, and increases with growing m . For m, > 200 GeV, a lower m - value of about 760 GeV is
preferred for consistency with the observed relic density; this is due to annihilation of WIMP pairs into
pairs of on-shell dark Higgs bosons becoming kinematically impossible. The sensitivity of the search is
highest for m - ~ 750 GeV and for this m - value a wide range of dark Higgs boson masses from 140 GeV
to 390 GeV can be excluded. The existence of a hypothetical Z" boson with a mass of up to 1.8 TeV
is excluded for 150 < m; < 250 GeV at 95% CL. In this dark Higgs boson mass range, the observed
exclusion at high m is weaker than expected owing to the small excess in data at m|"" < 165 GeV in the
merged region that was discussed above. For m > 300 GeV, the exclusion limits are somewhat stronger

than expected owing to the deficit in data at mISnin > 325 GeV in the resolved region.
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Figure 9: Exclusion contours for the dark Higgs model in the (m, my) plane for g, = 0.25, g, = 1,m, =200 GeV,
and sin @ = 0.01. The observed (expected) 95% CL exclusion is represented by the solid line (dashed line), along with
the +10 (£20°) expected uncertainty as the filled green (yellow) band. The area within the contour curve is excluded.
The parameter values where the relic density value, as calculated with MadDM [119], matches the observed relic
density [34] are shown by the short-dashed line. Values of m - above this line correspond to an overabundance

=1

of DM. The observed exclusion contour from the analysis of the s — VV — ¢gg'q”’q""’ decay channel [22], where
VV = WYW~ or ZZ, is also shown.

9 Conclusion

A search for dark matter in final states with large ET' S and semileptonic decays of resonantly produced

W*W™ pairs is presented. The search uses the full Run 2 data set recorded with the ATLAS detector
at the LHC in 2015-2018, which corresponds to 139 ! of pp collisions at v/s = 13TeV. A new
technique of track-assisted reclustering was used to identify merged hadronic W boson candidates as a
single large-radius jet, in addition to a resolved method using a combination of small-radius jets. The data
are found to be consistent with the Standard Model predictions. The result is interpreted as upper limits at
95% confidence level on the dark Higgs model parameters. The most stringent limits on m - can be set for
mg = 160 GeV, excluding the range 500 < m,- < 2100 GeV, and the most stringent limits on m can be
set for m,» = 750 GeV, excluding the range 140 < m < 390 GeV. This result substantially extends the
sensitivity into mass regions beyond the reach of previous analyses by the ATLAS and CMS collaborations
in fully hadronic final states and fully leptonic final states for dark Higgs boson masses above 140 GeV.
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