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Abstract This paper reports a summary of searches for a
fermionic dark matter candidate in the context of theoretical
models characterised by a mediator particle exchange in the
s-channel. The data sample considered consists of pp colli-
sions delivered by the Large Hadron Collider during its Run
2 at a centre-of-mass energy of »/s = 13 TeV and recorded
by the ATLAS detector, corresponding to up to 140 fb~!. The
interpretations of the results are based on simplified models
where the new mediator particles can be spin-0, with scalar or
pseudo-scalar couplings to fermions, or spin-1, with vector
or axial-vector couplings to fermions. Exclusion limits are
obtained from various searches characterised by final states
with resonant production of Standard Model particles, or pro-
duction of Standard Model particles in association with large
missing transverse momentum.
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1 Introduction

The presence of dark matter (DM) in the Universe has been
established for several decades, through astrophysical obser-
vations. Measurements of the cosmic microwave background
radiation [1,2] and the observation of the gravitational lens-
ing effect [3-6] confirm DM as one of the leading compo-
nents of the matter density of the Universe. Knowing little
about its nature, an intriguing option is that DM is a parti-
cle, with peculiar features to conform with the cosmological
observations.

Although gravitational interactions between dark matter
and ordinary matter have been observed, there is no evidence
for other types of interaction. The weakly interacting massive
particle (WIMP) paradigm postulates that DM consists of
massive particles that also have weak-scale interactions with
ordinary matter that result in a relic density consistent with
observation. In this paper, the ATLAS data are interpreted
using theoretical models extending the Standard Model (SM)
with additional parameters governing the WIMP interaction
with SM and beyond the SM (BSM) particles.

Assuming the particle nature of DM, there are three main
and complementary approaches for its experimental search:
observation of DM particle co-annihilation into SM particles,
such as photons, with peculiar kinematic features (indirect
detection), observation of DM particle scattering on SM par-
ticles, such as nuclei, through the recoil of the latter (direct
detection), and DM particle production in SM particle col-
lisions, as produced at the Large Hadron Collider (LHC) at
CERN. The complementarity of these three approaches can
only be assessed by assuming a common underlying model
describing the DM-SM particle interactions.

Several BSM extensions predict a suitable WIMP can-
didate. Such a particle is stable over cosmological scales

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-024-13215-5&domain=pdf
mailto:atlas.publications@cern.ch

1102 Page 2 of 37

Eur. Phys. J. C (2024) 84:1102

and weakly interacts with SM particles. For example, the
lightest non-SM particle predicted in (almost) complete R-
parity-conserving supersymmetric models [7-9] is itself a
reasonable WIMP candidate. Setting constraints on the set
of parameters characterising each of these DM-related BSM
models would be challenging for each analysis carried out
at a collider. Simplified DM models propose minimal exten-
sions of the SM that include a single DM particle candidate,
X, and a single massive mediator connecting the DM particle
with other SM particles [10,11].

During Run 1 of the LHC, a minimalistic approach
was considered to describe the DM-SM particle interac-
tions [12,13], based on Effective Field Theory (EFT) oper-
ators, upon which multiple searches set constraints. This
approach, though pragmatic, prevented a detailed compar-
ison between searches carried out by the ATLAS Collabo-
ration exploiting different experimental signatures, such as
searches for visible decays of the mediator (e.g. dijet, dilep-
ton) and semi-visible final states (e.g. X + E'T“i“). The sim-
plified DM models were adopted in Run 2 to enable the com-
parison of the exclusion reach of these searches.

The family of aforementioned models depends on the
spin-parity nature of the mediator, of the WIMP, and on
the corresponding couplings between the newly introduced
particles and the SM ones. These models are often non-
renormalisable and hence cannot be considered as a complete
theory. Instead, they are a useful proxy for more extended
theories, which can profit from the exclusion provided in the
context of simplified models. The sensitivity reach as a func-
tion of the few parameters of simplified models provides a
good insight into unexplored regions and indicates where to
focus future searches on this topic. In this paper the reinter-
pretation of the ATLAS DM-related searches is considered,
focusing on the simplified model’s signature via s-channel
mediator production, with the subsequent decay of the medi-
ator into either SM particles or DM candidate particles. As
reported by the LHC Dark Matter Working Group [11,14],
the s-channel processes are more promising relative to other
DM production mechanisms due to a larger cross-section and
clear experimental signatures.

With respect to a previous ATLAS publication [15], this
paper collects the latest results produced by the ATLAS Col-
laboration with interpretation in the context of s-channel DM
simplified models. Additional analyses, originally targeting
different dark matter models, are reinterpreted in the context
of s-channel DM simplified models. Several of the input anal-
yses considered in this paper searched for evidence of a DM
candidate but found no significant deviations relative to the
SM prediction; therefore, constraints were set on the presence
of BSM signals. To better highlight the sensitivity and com-
plementarity of the searches, constraints are provided for new
assumptions of the simplified model’s parameters, extend-
ing the information usually provided in benchmark scenarios
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[10,11]. A semi-analytical technique for dynamic rescaling
of existing limits to different values of model parameters is
exploited, and the reinterpretation of the results in terms of
DM-SM particle scattering is presented.

In Sect. 2 the ATLAS detector is briefly described, while in
Sect. 3 the details of the theoretical framework of s-channel
simplified models considered for the interpretation of DM
searches are presented. Section4 includes a summary of
the DM s-channel experimental signatures and the corre-
sponding ATLAS analyses. The semi-analytical method to
reinterpret analysis results is described in Sect.5, while the
approach considered to compare the ATLAS results with
those corresponding to DM direct detection (DD) experi-
ments is reported in Sect. 6. The results regarding spin-0 and
spin-1 mediated models are summarised in Sect.7 whereas
concluding remarks are provided in Sect. 8.

2 ATLAS detector

The ATLAS detector [16] at the LHC covers nearly the entire
solid angle around the collision point." It consists of an
inner tracking detector surrounded by a thin superconduct-
ing solenoid, electromagnetic and hadron calorimeters, and a
muon spectrometer incorporating three large superconduct-
ing air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial
magnetic field and provides charged-particle tracking in the
pseudorapidity range || < 2.5. The high-granularity silicon
pixel detector covers the vertex region and typically provides
four measurements per track, with the first hit normally being
inthe insertable B-layer (IBL) installed before Run2 [17,18].
It is followed by the silicon microstrip tracker (SCT), which
usually provides eight measurements per track. These sili-
con detectors are complemented by the transition radiation
tracker (TRT), which enables radially extended track recon-
struction up to |n| = 2.0. The TRT also provides electron
identification information based on the fraction of hits (typ-
ically 30 in total) above a higher energy-deposit threshold
corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range
In] < 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 |n| < 1.8 to cor-

' 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. 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
n = —Intan(6/2). Angular distance is measured in units of AR =

V(AN + (Ag).



Eur. Phys. J. C (2024) 84:1102

Page 3 0f 37 1102

rect for energy loss in material upstream of the calorime-
ters. Hadron calorimetry is provided by the steel/scintillator-
tile calorimeter, segmented into three barrel structures within
[n] < 1.7, and two copper/LAr hadron endcap calorimeters.
The solid angle coverage is completed with forward cop-
per/LAr and tungsten/LAr calorimeter modules optimised for
electromagnetic and hadronic energy measurements respec-
tively.

The muon spectrometer (MS) comprises separate trig-
ger and high-precision tracking chambers that measure the
deflection of muons in a magnetic field generated by the
superconducting air-core toroidal magnets. The field integral
of the toroids ranges between 2.0 and 6.0 T m across most of
the detector. Three layers of precision chambers, each con-
sisting of layers of monitored drift tubes, cover the region
In] < 2.7 and are complemented by cathode-strip cham-
bers in the forward region where the background is highest.
The muon trigger system covers the range || < 2.4 with
resistive-plate chambers in the barrel and thin-gap chambers
in the endcap regions.

The events of interest are selected 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) [19]. The first-level trigger
accepts events from the 40 MHz bunch crossings at a rate
below 100 kHz, which the high-level trigger further reduces
to record events to disk at about 1 kHz.

An extensive software suite [20] 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 Theoretical models

The results considered in this paper are interpreted in the
framework of simplified DM models [10,11]: extensions of
the SM that add a WIMP-like particle suitable as a DM can-
didate and a new particle mediating the interaction of DM
and SM particles. These DM simplified models, which over-
come some of the shortcomings of the previous EFT-based
DM models [12,13,21-24], can be classified according to the
properties of the mediator between the DM and SM particles.
This gives rise to collider signatures with different kinematic
characteristics and topologies.

Among the various types of simplified DM models, this
paper specifically considers those with a mediator sector
composed of a single massive particle, either of spin-0 or
spin-1, which is produced in the s-channel mode. The DM
candidate x is always assumed to be a Dirac fermion. Dif-
ferent assumptions, such as x being a Majorana fermion or a
scalar particle, significantly change the set of allowed inter-
actions, and hence the final state signatures and the total pro-

duction cross-section. In addition, changes in the kinematic
distributions of visible particles are expected when changing
the assumption on the nature of the DM particle.

Assuming the aforementioned mediator is produced in
pp collisions at the LHC, it should couple both to SM parti-
cles and to yet undetected DM candidates. Based on this prin-
ciple, the resulting experimental signatures can be grouped
into two categories:

e Semi-visible final states, where the mediator decays
into undetected DM particles, and hence produces an
imbalance in the observed momentum distribution in the
ATLAS transverse plane (referred to as missing trans-
verse momentum, with magnitude ETmiSS). The study of
these decays is possible by the reconstruction of at least
one visible object, X, in the final state. This kind of sig-
nature, often referred to as X + E?iss, is particularly
sensitive to the mass of the DM candidate (m ) in con-
nection with the mass of the mediator (mygeq). The latter
can decay into a pair of the former only if m , < mmeq/2.

e Visible final states, where the mediator decays into SM
particles without direct production of the DM particles.
These searches target evidence of the mediator itself, with
mild dependency on the mass of the DM particle, which
is mostly relevant only when the kinematic regime allows
for direct decay of the mediator to DM particles.

Profiting from the interplay between these two search cat-
egories, it is possible to probe a large fraction of the
(my, mmMed) plane, with each category covering different
regions.

This paper assumes that the width of the mediator is con-
sistently calculated as the smallest value possible from all
other parameters, based on the minimal width assumption
reported in Ref. [11]. While the two categories of mediators
are detailed in Sects.3.1 and 3.2, Table 1 summarises their
main features.

3.1 Spin-0 simplified models

The first category of models considered is a set of simplified
SM extensions that include a single spin-0 particle [11,25-
27], mediating the interaction between SM particles and the
Dirac DM WIMP. Assuming Minimal Flavour Violation [28],
this mediator has Higgs-like Yukawa couplings with SM
particles and hence this class of models is a subset of the
ultraviolet-complete theories predicting an extended Higgs
sector.”

2 The couplings of the mediator to W and Z bosons, as well as explicit
dimension-4 ¢-h or a-h couplings, are set to zero in this simplified model
following [25]. In addition, the coupling of the mediator to the dark
sector are not taken to be proportional to the mass of the DM candidate.

@ Springer
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Table 1 Summary of the s-channel DM simplified model benchmarks considered in this paper, along with the associated acronym, mediator
symbol used throughout and model’s parameter values. The last column lists the final-state signatures considered to set constraints on each model

Mediator Acronym Symbol JP Couplings Signatures
Spin-0 8q 8x
Scalar S ¢ ot 1.0 1O Jet+ EMSS¢f  ENSS ph 4 EMISS ¢ (W/j) + ENSS t7tf
Pseudo-Scalar PS a 0~ 1.0 1.0
Spin-1 8q 81 8x
Vector Vi zZy 1~ 0.25 0.0 1.0 Jet/yIW/Z +E¥“SS, Dilepton resonances, Dijet resonances
V2 0.1 0.01 1.0
V3 0.07 0.0 1.0
V4 0.15 0.03 1.0
Axial-Vector Al z, 1+ 0.25 0.0 1.0
A2 0.1 0.1 1.0
A3 0.07 0.0 1.0
A4 0.2 0.05 1.0

These models assume either a scalar (¢) or pseudo-scalar
(a) mediator with colour-neutral couplings to SM particles
with four free parameters: the mass of the mediator (m or
mg), the DM mass (m ), the mediator coupling to DM (g,)
and the flavour-universal term of the mediator coupling to SM
particles (gq).3 The parameter g, is combined with the cor-
responding SM-Yukawa coupling for each fermion to deter-
mine the mediator coupling to SM particles.

Figure 1 shows the most representative Feynman diagrams
for the spin-0 s-channel simplified models. The mediator is
primarily produced in association with heavy-flavour quarks
(Figs. 1(a), 1(b), 1(f) and 1(g)) or through gluon-gluon fusion
via a top-quark loop (Fig. 1(e)). The associated production of
spin-0 mediators with a single top quark (Figs. 1(c) and 1(d))
also has a sizeable, albeit non-dominant, cross-section [29—
31], in particular for higher-mass mediators. In this paper,
results are presented for: associated production of a media-
tor particle ¢ /a (with ¢ /a — x x) with a pair of top/bottom
quarks (DM-t7, DM-bb), single top quark production (col-
lectively referred to as DM-t), or with a jet (DM-monojet) as
well as four-top-quark production (DM-4top).

Depending on the masses of the mediator, the SM, and
DM particles, the mediator can decay into a pair of SM par-
ticles or a pair of DM particles. This leads to different final
states having complementary sensitivities used to constrain
the model’s parameter space. Final states with multiple heavy
quarks, associated or not with E‘T“iss, are useful to constrain
these models. Due to the flavour non-universality of Yukawa-
like couplings, the final states involving up-type or down-
type quarks are studied separately when the corresponding
searches are available.

3A single universal parameter g, = g, = g4 = g¢ is assumed for the
sake of simplicity.

@ Springer

3.2 Spin-1 simplified models

These models assume the presence of an additional U (1)
gauge symmetry under which the DM particles are charged,
with a resulting Z7, (vector - V) or Z', (axial-vector - AV)
boson mediator. Assuming the coupling of the mediator is
independent of the fermion flavour, the model has five free
parameters [11]: the masses of the mediator and of the DM
particle (m Zya and m , respectively), the flavour-universal

coupling of the Z’ boson to all quarks (g,), the coupling to
all leptons (g¢), and the coupling to DM (g, ).

Figure2 shows the two most representative tree-level s-
channel Feynman diagrams predicted by the aforementioned
model in p p collisions. The Z’ mediator can either decay into
a pair of SM fermions or a pair of the DM particles resulting
in either a fully visible or a semi-visible final state, respec-
tively. In the former case, the invariant mass reconstructed
from the two final state fermions (quarks or leptons of any
flavour family) are considered as a proxy for the mediator
mass myed. In the latter case, the final state DM particles
are undetected, hence, a search for this kind of process con-
siders an additional visible object produced in association
with the mediator as initial-state radiation (ISR), as shown
in Fig.2(a). Such a visible object can be a jet, a photon, or
a W or Z boson. In this paper, different coupling scenarios
are considered for the interpretation of these models and to
highlight the complementarity of each search. Of particular
interest are benchmark models in which the mediator is lepto-
phobic, with a null coupling to all SM leptons. These models
are compared with other scenarios in which the coupling to
leptons is non negligible. As shown in Table 1, two bench-
mark models with an axial-vector mediator (A1, A2) and two
with a vector mediator (V1, V2) are considered, as suggested
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b/t

(b)

(e) )

Fig. 1 Representative Feynman diagrams for spin-0 mediator asso-
ciated production with: (a) and (b) a top/bottom quark pair (DM-t1,
DM-bb), (c) a single top quark and a W boson (DM-tW), (d) a single

q v/V/g X q /
Z{,/A Z{//A

q x 4 f
(a) (b)

Fig. 2 Representative Feynman diagrams of the dominant production
and decay modes for the V/AV model

by the LHC DM Working Group [14] and already considered
in Ref. [15]. Benchmark models (A1, V1) are selected based
on Ref. [32] to balance the dijet and X + E%“i“ coverage,
while benchmark models (A2, V2) are selected to highlight
dilepton limits.

The results are extended to another new pair of benchmark
models (A3, V3) chosen such that the semi-visible signatures
(X + E%‘iss) are sensitive in a region of parameters (m,,
mmMed) Where hadronic resonance searches are not. The other
new benchmark models (A4, V4) are considered to highlight
the scenario in which the hadronic and leptonic final state
searches have similar sensitivity in the (m  , mMeq) parameter
space.

b W=
X
¢/a,<
< X
g t
(© (@)

(@

top quark and one (or more) jet(s) (DM-tj), (e) monojet production
(DM-monojet) and (f), (g) 4 tops (DM-4top)

4 Experimental signatures

Dark matter searches play a pivotal role in the overall
ATLAS physics program. This section provides an overview
of searches that set constraints in the context of s-channel
models, while more details can be found in the correspond-
ing referenced papers.

Tables2 and 3 summarise the DM searches for semi-
visible and visible final states respectively, including an
overview of the models constrained by each of these sig-
natures.

Most of the analyses considered in this paper exploited
the proton-proton collision data at /s = 13 TeV collected
during the entire Run 2 of the LHC, corresponding to an
integrated luminosity of 139 fb~!. A few recent analyses
profited from a slightly extended data sample [33] including
additional recovered data-taking periods, corresponding to
140 fb~!. Other analyses exploited only a subset of the Run
2 data, as reported in the following section. In the follow-
ing, analyses used the data corresponding to 139 fb~! unless
otherwise specified.

Electrons, muons, photons and jets were reconstructed
by combining the signals from the different components
of the ATLAS detector [34—43]. Leptons (£) in the follow-
ing refer to electrons or muons. In several analyses, events
with identified leptons were rejected from the signal region.

@ Springer
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Table 2 Summary of searches for semi-visible final states used to constrain the different s-channel DM models defined in Sect. 3. See the text for

symbol definitions

Analysis Models targeted Final state signature Key characteristics

bb + ERP's [54] S/PS 2 b-jets, EF'S, 0 ¢ Boosted decision tree and binned
likelihood fit of cos 6,

17 + EP' [55-58] S/PS 0-1-2¢, ESS, > 1 b-jets Statistical combination of 17 + E™* final
state analyses

tW + EisS 0-1¢ [59] S/PS 0-1¢, EMS, > 1 b-jets, Wtagged jets Binned likelihood fit of Eiss

tW + EisS 20 [60] S/PS 2¢,> 1 b-jet, EXiss Single bin likelihood fit

tj + EMSS [60] S/PS 1¢, 1-4 jet, 1-2 b-jet, EMss Binned likelihood fit of BDTs

Jet + E-‘l‘-1iSS [61] S/PS,V/AV 1 high-pr jet, E-‘r“i“, 0¢ Binned likelihood fit of E-'r“iss

Y + ENSS [62] V/AV 1 high-pr y, EF,0 ¢ Binned likelihood fit of £}

Z(€0) + EMiss [63] V/AV 2007, ERNSS 0 jets Binned likelihood fit of £

W(qq')Z(qq) + ESss [64] V/AV EMiss W /7 candidate (resolved and Binned likelihood fit of £

boosted topologies)

This is referred to here as a lepton veto. The analyses may
have implemented different lepton and photon selection cri-
teria for particle identification, and kinematic requirements
(pt, 7). Small-R and large-R jets were reconstructed from
energy deposits in the calorimeters using the anti-k; jet algo-
rithm [44,45] and using a radius parameter of R = 0.4
and R = 1.0, respectively. Reclustered large-R jets [46]
were reconstructed from small-R jets using a radius param-
eter of either R = 0.8 or R = 1.2. Particle-flow (PFlow)
jets [37] were considered in some analyses, using neutral
PFlow constituents and charged constituents associated with
the primary vertex as input, and using the anti-k; algorithm
with R = 0.4. Multivariate algorithms were used to iden-
tify small-R jets with pr > 20 GeV containing b-hadrons
(b-jets) [47-50], referred to as b-tagging. For large-R jets,
b-tagging was applied to their associated track-jets, which
were built from tracks reconstructed in the inner detector
using the anti-k; jet algorithm with R = 0.2 or with a vari-
able cone size [51]. The missing transverse momentum, p?iss
(with magnitude E'T“iss), was calculated from the negative
vector sum of transverse momenta (pr) of electrons, muons,
photons, jet candidates and an additional soft term [52] that
includes activity in the tracking system originating from the
primary vertex but not associated with any reconstructed
particle. Some analyses also considered hadronically decay-
ing 7-leptons in the p?iss reconstructions. The object-based
ErTniss significance [53] was used in some analyses to com-
pare the magnitude of the E%“iss relative to its resolution due
to the constituent objects.

4.1 Searches for semi-visible final states
The presence of one or a pair of undetected DM particles from

a collision would result in a significant energy imbalance in
the transverse plane, reconstructed in the form of E %“SS. This

@ Springer

invisible part of the final state was analysed together with the
visible objects in searches for X + E‘T“i“, where X denotes
additional particles. A mediator can decay directly into DM
particles only if its mass is above the kinematic threshold
for DM pair production, mmed 2 2 my. In the m, — mmed
plane, analyses aiming at the semi-visible final states were
therefore sensitive below the m, = myeq/2 threshold.

bl_)+E$iss The bb + EITIliss analysis [54] exploited a selec-
tion with two b-jets in the final state, vetoing all events with
any leptons satisfying the baseline selection criteria. Events
were further selected using a two-dimensional requirement
based on ErT‘fliSS and the pr of the leading jet. Boosted deci-
sion trees (BDT) were trained to discriminate between the
main background processes (top pair production, W+jets,
Z+jets) and two sets of kinematically similar signal mod-
els that were characterised by either low or high mediator
mass. The events were further divided into five bins using
the cos 6, = | tanh Anpp/2| discriminating variable, where
Anpp is the pseudorapidity difference between the two lead-
ing b-jets.

tf—i—E%’iss The rf+ E%‘iss final state has been intensively inves-
tigated in different analyses [55-58], taking advantage of
the three possible decays of the W bosons originating from
the top-quark-pair decay. Events were considered separately
based on the number of leptons produced by the decay of the
W bosons: zero leptons (both W bosons decayed hadroni-
cally), one lepton (one of the W bosons decayed leptonically
and the other one hadronically), and two leptons (both W
bosons decayed leptonically). The 17 + E%‘iss final state was
also characterised by the presence of b-tagged jets and sig-
nificant E%ﬁss. In this paper, the result for the 77 + ErTniSS final
state is reported as the combination of the three leptonic final
state analyses as in Ref. [58]. In addition a new and improved
1-lepton analysis targeting the ¢7 + E‘Tniss final state was pub-
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lished [56]. This updated analysis replaced the previous one
reported in Ref. [58].

The analysis targeting O-lepton final state [55,58] used the
Efrniss triggers to select events with large Efrniss and atleast one
highly energetic hadronically decaying top quark candidate.
Events with lower-momentum jets that fail to meet the former
trigger requirement were selected relying on a combination
of ErTniss and b-tagged jet triggers.

The analysis targeting the 1-lepton final state [56], based
on a data sample corresponding to 140 fb~!, selected events
with exactly one electron or muon using a combination of
E%‘iss and single lepton triggers. Two neural-network-based
classifiers were used for the reconstruction of the hadroni-
cally decaying top quark and to discriminate signal and back-
ground processes.

Finally, the analysis targeting the 2-leptons channel [57]
selected events with two opposite-sign leptons that were
inconsistent with a Z boson. Events were selected with dilep-
ton triggers and at least one b-jet was also required in the
selection.

t(W/ j)—i—E?iSS The monotop searches [59,60] targeted
events with one top quark and relatively large E‘T“i“. Three
analyses with this signature are considered in this paper. The
tj+ E{?iss analysis [60] selected events with one electron or
muon, collected using a single-lepton triggers, one to four
jets with pt > 30 GeV, one or two of which must be b-
tagged and large ETmiSS. To further improve the sensitivity,
a BDT was defined and a binned distribution of the BDT
output was then used to extract the final results in the signal
region. The tW+ ErT‘rliss 2-lepton analysis [60] selected events
with two oppositely charged leptons (electron or muon) col-
lected by dilepton triggers. Further selections using different
kinematic variables were used to define a single bin signal
region. The tW + E%‘iss 0-leptons and 1-lepton analysis [59]
selected events with zero or one charged lepton (electron or
muon) collected using a E%liss trigger, at least one b-jet, and
large E%‘iss. The selection required a large-R jet consistent
with the hadronic decay of a W boson.

Jet+E¥liss The jet + E%liss analysis [61] is characterised by
the presence of an energetic jet and large Ef"**. Events were
collected using an E‘TniSS trigger and vetoed if any charged
lepton or photon was reconstructed. The dominant SM back-
ground for this search arises from the irreducible process
Z — vvor W — {v in association with jets, where the
Whboson decays into either hadronically decaying t-leptons
or undetected electrons or muons. Additional contributions
include top-quark-pair or single-top-quark production, dibo-
son production, and non-collision and multijet backgrounds.
The estimate of the major SM processes in the analysis was
based on a profile likelihood fit to the distribution of the pt
of the system recoiling against the jets reconstructed in the
event, performed simultaneously in the signal region and in

orthogonal control regions enriched with the targeted back-
grounds.

y+E$iss The y + E?iss analysis [62] selected events with a
ET > 150 GeV photon and no leptons in the final state. The
leading photon was required not to overlap with the p?iss
by requiring A¢ (y, pI*) > 0.4. Events were rejected if
they contained more than one jet (pt > 30 GeV) or a jet
fulfilling A¢ (jet, p?iss) < 0.4. Four exclusive signal regions
were defined with E%‘iss ranges from 200 GeV and above. To
reduce the background from events with poorly reconstructed
physics objects, E%liss significance > 8.5 was requested [53].
The Wy, Zy, and y+jets backgrounds were normalised in
their control regions using a simultaneous likelihood fit of
all E‘TniSS regions, but with independent normalisation factors
for each region. The backgrounds due to photons from the
misidentification of electrons or jets in processes such as
W+jets, Z+jets, diboson, and multijet events were estimated

by using data-driven techniques.

Z(M)—i—E%‘iSS The Z(£2) —i—E%‘iSS analysis [63] selected events
by requiring significant E‘T’rliss and a pair of high- pt leptons.
Two opposite-sign, same-flavour leptons satisfying pr >
30 GeV and pr > 20 GeV was required, with an invari-
ant mass in the range 76 GeV < myy < 106 GeV, as a proxy
of the Zboson mass. No additional leptons with pt > 7 GeV
nor b-jets with pt > 20 GeV were allowed in the events. To
target events consistent with a boosted Zboson produced in
the direction opposite to p?iss, additional requirements were
imposed on the azimuthal angle between the dilepton system
and p%li“ and on the angular distance between the leptons. A
single inclusive EF"** signal region was defined with EF"$
> 90 GeV for each of the ee and it channels. The dominant
background, ZZ production, was estimated from simulated
events. The WZ background was normalised to data in a
three-lepton control region. The contributions from Z+jets
and non-resonant-££ backgrounds were estimated by using
data-driven techniques. A statistical combination of the ee
and pp channels was performed to obtain the final results.

W(qQ)/Z(qQ)+EPS The W(qq')/Z(qq) + EF™ analy-
sis [64] selects events with Ef"* > 200 GeV and a hadron-
ically decaying W or Z boson candidate from a data sam-
ple corresponding to 140 fb~!. The vector-boson candidate
was defined with one large-R jet with pt > 200 GeV in a
boosted topology (E‘TniSS > 250 GeV) or with two small-R
jets with the leading (subleading) one having pt > 45 GeV
(pt > 20 GeV) in a resolved topology. In both cases, a lep-
ton veto was applied. Additional requirements were applied
to the invariant mass of the boson candidate and on the sig-
nificance of the E%liss with respect to the hadronic activity
in the events [53]. The boosted topology region was further
split according to the high/low purity of the W/Ztagger. Sev-
eral control regions were defined according to lepton and
b-jet multiplicity. The normalisation on the 7 and W/ Z+jets
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Table 3 Summary of searches for visible final states used to constrain the different DM models defined in Sect. 3. See the text for symbol definitions

Analysis Models targeted Final state signature Key characteristics
Dijet [65] V/IAV 2 jets, mjj, y* Sliding-window fit of m j;
Dijet angular [66] V/AV 2 jets, mjj, y* Binned likelihood fit of y;
Dijet ISR resolved [67] V/AV 2jets, y,mjj, y* Sliding-window fit of m j;
Dijet ISR boosted [68] V/AV 1 small-R jet, 1 large-R jet, mj;, y* Data-driven extrapolation from control
region via transfer factor
Dijet TLA [69] V/AV 2 trigger-level jets, m j;, y* Sliding-window fit of m ;;
Dijet + lepton [70] V/AV 2 jets, £, m j; Fit of m j;
Dilepton [71] V/AV 2eor2 pu Z/y* — €L from fit of my
tt [72,73] V/AV, S/PS C+jets; 2 large- R jets Binned likelihood fit of m,;
1itt [74] S/PS Same-sign ¢*¢* and £+ ¢+ ¢F Binned likelihood fit of BDT

background processes were constrained using a simultaneous
fit of the EM distribution in all control and signal regions.
The subdominant contribution from diboson production and
other electroweak backgrounds were obtained from simula-
tion. Multijet contributions were estimated with a data-driven
technique.

4.2 Searches for visible final states

When the s-channel mediator decays into SM particles, anal-
yses can target its visible objects: hadronic jets or leptons. By
reconstructing such objects in the final state, it is possible to
reconstruct the kinematic properties of the originating medi-
ator candidate such as its mass mpeqd. This suite of analyses
is therefore characterised by the search for resonant pair of
objects over a smooth background of non-resonant produc-
tion of hadrons and leptons in p p collisions.

Dijet and Di-b-jet The dijet search [65] scrutinised events
with at least two small-R jets with the leading jet satisfy-
ing the requirement pt > 440 GeV and the subleading jet
pr > 60 GeV. The dijet selection required a rapidity differ-
ence between the two jets |y*| = |y; — y2| being < 0.6 and
the invariant mass of the dijet system to be m;; > 1.1 TeV.
Events were categorised based on the presence of zero, one,
two or more b-jets, to further optimise the sensitivity towards
specific scenarios of the considered suite of models. The
background estimate was obtained by fitting the falling m ;;
distribution. A sliding-window fitting technique was used,
where restricted regions of the spectrum were fitted with a
functional form. The values from the full set of windows were
then combined to create the background estimate for the full
mass range. Model-independent limits on the visible cross-
section for a Gaussian-shaped signal in the m;; spectrum
were extracted for different signal width hypotheses. This
analysis observed the highest-m j; event around 8.2 TeV.

Dijet angular A dijet selection can also be exploited to search
for deviations from the SM expectation in angular distribu-
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tions, characteristic of wide resonances where the nominal
dijet search would lose sensitivity. A dijet angular analy-
sis [66] was performed on events with two jets following
the pr requirements of the dijet search, but relaxing the |y*|
requirement to be below 1.7. The data collected by ATLAS
during the first part of Run 2 was considered for this search,
corresponding to 37 fb~!. Due to different kinematics in this
loosened selection, the mass of the dijet pair was required to
be m;; > 2.5 TeV. The analysis makes use of the variable
Xjj = 2V~ (14 cos0*)/(1 — cos6*),* constructed in
such a way that, in the limit of massless parton scattering and
when only the 7-channel scattering contributes to the partonic
cross-section, the angular distribution d N /d x j; is approxi-
mately independent of x;;. Simulated events from multi-
jet production were modelled at leading-order in QCD, and
reweighted to next-to-leading-order predictions from NLO-
JET++ [75,76] using mass- and angle-dependent correction
factors. Additional electroweak mass- and angle-dependent
correction factors were applied. The data were compared
with a SM template in different m ;; ranges and different
Xjj bins.

Dijet TLA The aforementioned dijet search was limited by
the high-pT requirement imposed on the leading jet due
to the limited bandwidth available for the single-jet trig-
ger algorithms. This limitation was overcome by record-
ing only HLT jet information, rather than the full detector
readout, which significantly reduced the average event size
and bandwidth usage. This allowed a higher rate of events
to be stored, including all events satisfying the single-jet
L1 trigger, with a lower pt threshold relative to the dijet
search. The dijet trigger-level analysis (TLA) [69] consid-
ered events from data corresponding to 29.3 fb~!, required
to have at least two trigger-level jets with pt > 185 GeV.
Two selection criteria were imposed: |y*| < 0.6 in the mass
range 700 GeV < mj; < 1.8 TeV and |y*| < 0.3 for

4 0* is defined as the polar angle relative to the direction of the initial
partons in the dijet centre-of-mass frame.
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450 GeV < mj; < 700 GeV. The leading trigger-level jet
was required to have pt > 185 GeV and pt > 220 GeV
for the |y*| < 0.3 and |y*| < 0.6 selections, respectively,
to ensure full efficiency of the L1 triggers. The search was
then interpreted in terms of resonances with masses between
450 GeV and 1.8 TeV. The background contribution was
estimated with the same strategy as the previously described
dijet search.

Resolved dijet ISR Another approach for resonance searches
in the low-mass region is to select events with a pair of jets
recoiling against a high-prt object, such as a photon or an
additional jet from ISR. A recent analysis [67] considered
the full Run 2 data sample, corresponding to 140 fb~! of
data, to search for dijet resonances associated with either an
ISR photon or an ISR jet. In the ISR photon case events were
selected with a single-photon trigger algorithm, which was
fully efficient for photons with pt > 150 GeV. In the ISR
jet case events were selected with a single-jet trigger algo-
rithm, which was fully efficient for events with a jet with
pr > 475 GeV. Different event categories were defined
based on whether the two jets from the resonance were tagged
as b-jets or not. The dijet invariant mass spectrum was scru-
tinized to constrain the presence of BSM resonances in the
range from 150 GeVto 850 GeV.

Boosted dijet ISR In the case of a dijet+ISR selection, if the
associated ISR photon or jet has large transverse momen-
tum, the dijet resonance candidate was reconstructed as a
large-R jet [68] of radius 1.0 with mass m. To enhance the
sensitivity to quark pair decays, jet substructure techniques
were used to discriminate between a two-particle jet from a
decay of a boosted resonance and a single-particle jet [77].
Events were required to have a large-R jet, a resonance can-
didate, and at least one ISR object candidate. The azimuthal
angular separation between the resonance candidate and the
ISR object was required to satisfy A¢ > /2. A pt > 2m
requirement ensures sufficient collimation of the resonance
candidate. In the ISR jet (photon) channel, the large-R jet
satisfied pt > 450(200) GeV and the ISR jet (photon) had
pr > 450(155) GeV. A data-driven technique was used to
estimate the expected background in the signal region via a
transfer factor that extrapolates from a control region with
inverted jet substructure requirements to the signal region.
Data corresponding to an integrated luminosity of 36.1 fb~!
were scrutinized to search for resonant BSM signals in the
range from 100 GeVto 220 GeV.

Dijet + lepton A search for hadronic resonances was car-
ried out in events with an associated charged lepton [70].
Events considered were required to have a single high-pt
charged lepton (either e or w) that satisfied the single lepton
trigger selection with pt > 60 GeV. At least two jets with
pt > 20 GeV were required to be reconstructed in the final
state, and the two leading ones were considered as coming

from the mediator decay, and hence were used to reconstruct
its mass. A minimum requirement of m;; > 0.22 TeV was
applied to guarantee that the event rate of the background
contribution due to uncorrelated non-resonant dijet produc-
tion was monotonically decreasing and can therefore be mod-
elled directly from data by performing a fit to the smoothly
falling m j; spectrum.

Dilepton The dilepton analysis [71] selected events with
at least two same-flavour leptons. The pair of electrons or
muons with the highest pt was chosen as the resonance can-
didate. Only the muon channel candidates were required to
have opposite charge, due to higher charge misidentification
for high- pt electrons and the pt misreconstruction associ-
ated with wrongly measured charge in muons. Background
processes with two prompt leptons were modelled by fitting
the dilepton mass distribution to data with a smooth func-
tional form tested on simulated background templates. The
analysis explored the dielectron and dimuon invariant mass
spectra in the range 250 GeV < my, < 6 TeV.

tt resonance Two ¢7 resonance analyses were carried out
by selecting events with two top-quark candidates, one in a
final state including a lepton and hadronic jets [72], and the
other one considering a fully hadronic final state [73]. The
semileptonic search considered 36 fb~! of collected data,
while the fully hadronic search considered the entire data
sample collected during Run 2 of the LHC.

The semileptonic signature was characterised by events
including a charged lepton and E%liss consistent with a lep-
tonic decay of a Wboson, and a small-R jet nearby. Events
were classified as boosted or resolved depending on their
hadronic activity. In the boosted selection, events contained
one large-R jet satisfying top-tagging requirements [78],
while in the resolved selection events had at least four small-
R jets and failed to satisfy the boosted selection. The ¢ invari-
ant mass m,; was reconstructed from the decay products
of the two top-quark candidates in the events. The b-jet
multiplicity was used for further event categorisation. The
SM trproduction was estimated by using simulated sam-
ples and fixed-order theory calculations. The multijet and
W+jets background contributions were estimated by using
data-driven techniques.

The fully hadronic signature was characterised by events
with at least two large-R jets having pr > 500 GeV and
pt > 350 GeV. Leptons were vetoed to maintain orthogonal-
ity to the semileptonic tzsearch. The invariant mass of the two
large-R jets, m j y, was considered as a proxy of the mediator
mass, and was scrutinised for events having m ;5 > 1.4 TeV.
Such jets were required to be top-tagged [78] and were fur-
ther categorised based on the number of small-R jets tagged
as b-jets. The dominant background originates from SM pro-
duction of top-quark pairs and multijet events and was esti-
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mated from data by performing a fit to the smoothly falling
myj spectrum.

4-top The 4-top analysis [74] targeted a final state with
exactly two leptons with same-sign electric charges or at least
three leptons. Multivariate analysis techniques were used to
separate the signal from the SM backgrounds. This was done
through two sequential classifiers based on BDTs: the first
one, called SM BDT, separates SM ritt events from other SM
backgrounds. The second BDT, called BSM pBDT, discrimi-
nates between BSM #7¢7 events and all background contribu-
tions. The BSM pBDT was parameterised as a function of the
mass of the heavy Higgs boson by introducing the mass as a
labelled input in the training [79]. The reducible background
contribution due to electron charge misidentified events was
estimated by using a data-driven technique, while all other
signal and background processes were modelled using sim-
ulated samples.

5 Reinterpretation of experimental results to arbitrary
couplings

Spin-1 related results are usually expressed as limits on BSM
signals by assigning a fixed value to most of the model param-
eters, such as the mediator couplings. Traditionally, assessing
the sensitivity to different model’s parameter choices would
require each of the DM-related analyses to generate multiple
variations of the benchmark BSM signal for each parame-
ter combination to be probed. This is a time and resource-
consuming process. Instead, the semi-analytical technique
described in Ref. [80] is exploited to rescale the published
results and provide results corresponding to different param-
eter choices.

The semi-analytical rescaling procedure starts from an
analysis constraint on a given DM model signal strength,
assuming a given choice of the mediator coupling values,
my and myeqd, and evaluates a scale factor to derive the
corresponding constraints on the signal strength for differ-
ent mediator coupling values. This rescaling always assumes
MMed 1s unchanged, while m, can vary together with the
mediator couplings. The procedure is different when consid-
ering a fully visible or a semi-visible final state, but both cases
are handled in a coherent scenario. The rescaling procedure
was validated by comparing the rescaled limits to those set
by the original analysis, covering the cases with the largest
considered mediator widths and between axial-vector and
vector Lorentz structures. Checks of the mediator width in
the considered phase space were carried out to verify that the
underlying assumptions of the rescaling procedure are valid.

The resonant final state searches considered in this paper
typically set upper limits on the cross-section of generic
Gaussian-shaped signals with different relative widths, as a
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function of the central value of such signals. The range of con-
sidered widths was constrained by the background estimate
technique: the estimate obtained from a fit to data may be
biased by wide resonance signals. Limits on Gaussian-shaped
signals should be translated in the context of s-channel model
parameters. To do so, simulated signals are smeared by the
experimental di-fermion mass resolution and are considered
for different choices of DM model parameters. The resonance
width is evaluated and the corresponding limit on that signal
is obtained comparing the limit on the Gaussian signal with
a similar width and the theoretically predicted cross-section.

The procedure described in Ref. [80] is based on the semi-
analytical rescaling technique that parametrises few relevant
observables. This approach considers variations of the BSM
signal cross-section, the intrinsic width of the mediator, and
the branching fraction of its decay into a specific final state,
while assuming the mediator mass unchanged. A change of
the intrinsic width affects the analysis reach only when this
becomes comparable with the experimentally reconstructed
mediator mass resolution, hence affecting searches for lep-
tonic resonances more than hadronic ones.

For dilepton resonance searches the shape of the DM sig-
nal is not easily reproduced by a Gaussian and SM-BSM
interference effects produce a lower tail relative to the core
of the signal peak [14]. This contribution was studied in detail
and the largest effect observed is of the order of 5% when
considering do/dmyge in a mass window within a distance
of five times the signal width (I") distance from the signal
peak. For this reason fiducial cuts of mgy > mpyeq — 21" are
applied when the DM signal and its corresponding fiducial
cross-section in leptonic final states are considered.

The rescaling starting point considered for dijet and dilep-
ton resonances are of two different kinds: 95% confidence
level (CL) upper limits on either the cross-section of a new
Gaussian BSM signal (opss) as a function of mpeq (assum-
ing a choice of the other coupling parameters), or on the medi-
ator’s coupling values to SM particles, g, or g¢ for hadronic
and leptonic searches, respectively. In both cases, limits as
a function of myeq are rescaled to determine correspond-
ing exclusion depths in the (m,, mmeq) plane, for arbitrary
choices of DM model couplings. For resonant and visible
final states, a good knowledge of the cross-section for each
process is available, given the on-shell decays of the mediator
to SM particles in the meg range considered.

When considering X + E‘Tniss final states, the mediator
decays into undetected DM particles, and hence the off-shell
mediator decay becomes more relevant. Following the rescal-
ing procedure described in Ref. [80], the transition between
on-shell and off-shell regimes is handled by integrating the
full Breit-Wigner propagator term over the allowed phase
space [11]. The rescaling of X 4 E%“iss searches usually starts
from exclusion depths (95% CL upper limit on the signal
strength w) on a grid of (m,, mMeq) points. In this case,
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rescaling factors are evaluated for each (m,, mpeq) combi-
nation and interpolation is applied between grid points.

The rescaling of limits to different mediator structures
considers the parton-level cross-sections as functions of the
partonic centre-of-mass energy S, together with the effect of
the parton distribution functions. Ratios of such parton-level
cross-sections can be used to rescale results from axial to
axial-vector assumptions and vice versa.

6 Comparison with direct detection experiments

Limits on the DM model signal strength as a function of the
model parameters can be translated into limits on the spin-
dependent (spin-independent) y —proton and x —neutron
(x —nucleon) scattering cross-sections as a function of m,
following the procedure described in Ref. [81]. This enables
a comparison of the results obtained in this paper to the limits
set by direct detection experiments.

For the spin-independent (SI) case, the scattering cross-
section for the s-channel simplified model considered can be
written as a function of the model parameters as:

VO
os) = ——— L, (1)
M\ fed
where w,, = mumy/(m, + my) is the y—nucleon

reduced mass. The f(g,) term is the mediator-nucleon cou-
pling and depends on the mediator-quark coupling. This is
equal to 3g, when considering a vector mediator while for a
scalar mediator, assuming it couples to all quarks, is evalu-
ated to be f(g,) = 1.16-1073g, [81].

For the spin-dependent (SD) case, the scattering cross-
section can be written as:

31%(gq)8o 12
osp = #, 2)
ijMed

where in this case f, ,(g,4) differs between protons and
neutrons but, assuming that the coupling g, is equal for all
quarks, it can be set to 0.32g, when considering the axial-
vector mediator scenario.

When considering pseudo-scalar mediators, the rate of
direct detection experiments is suppressed due to the intro-
duction of supplementary velocity-dependent terms in the
cross-section. Consequently, direct detection experiments
exhibit limited sensitivity in this scenario, rendering it
impractical to show LHC results with standard constraints on
scalar and spin-dependent cross-sections. Instead, it proves
more meaningful to evaluate LHC bounds against those
established by indirect detection experiments.

These limits are expressed in terms of the cross-section
(0 Urel) (¢,¢) [81] for the annihilation into a gg final state:

(OVrel)q = G 5 5 5 S 1-— I
2 m
<mMed - 4mX> + Mytea Med Med
3)
or into a pair of gluons:
2.2
o 848x
<0Urel)g - 3 2 2
2mv 2 _4 2 + 2 1_,2
MMed — My Mfed! Med
2\ |2
2 Mg 4
: mquS _2 ) ( )
m
q X
where fps(t) = arctan? (\/%) and «; is the strong cou-

pling constant. The total annihilation cross-section is given
by the sum of the quark and gluon contributions calculated
using Egs. (3) and (4).

7 Results
7.1 Spin-0

The most stringent limits on scalar and pseudo-scalar models
considered are obtained from the ¢7 + E‘TniSS final state com-
bination. This combination exploits all top-quark-pair chan-
nels: fully hadronic, single lepton, and dilepton final states.
The results exclude at 95% CL scalar (pseudo-scalar) media-
tors with unitary couplings g, = g5 = g = 1 up to mediator
masses of 400 GeV, assuming a specific m, of 1 GeV. The
strongest upper limit of the ratio of the signal production
cross-section to the nominal cross-section (oops/0Th(g =
1)), referred to as signal strength, is obtained at the lowest
mediator mass considered, as shown in Figs.3(a), 3(b). The
limits are derived considering both contributions from DM-
t7 and DM-1 models. The limits of the three 1 (W /j) + ERis
analyses are similar, extending between 0.4 and 1.1 on the
cross-section ratio for both the scalar and the pseudo-scalar
mediator masses below 200 GeV.

For mediator masses greater than 350 GeV, the decay
channel of the mediator into a pair of top quarks is open.
In the high mediator mass region, the limit produced by
the 7 + ES analysis is weaker while the limit from the
tttt analysis becomes the dominant. Models with mediators
produced through loop-induced gluon fusion are constrained
by the jet + Efrniss analysis. Pseudo-scalar mediator mod-
els with unitary coupling are excluded up to 402 GeV by
the jet 4 E%liss analysis. For scalar mediators, the limits are
weaker due to the lower jet + E%‘iss cross-section. Finally,
limits from bb + E%‘iss final states also constrain the DM-
bb simplified models. The bb + E%liss search set upper lim-
its on the signal strength between 5 and 10, specifically for
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Fig. 3 Exclusion limits for colour-neutral (a) scalar and (b) pseudo-
scalar mediator dark matter models as a function of the mediator mass
mg(my) for a dark matter mass m, of 1 GeV. The limits are calculated
at 95% CL and are expressed in terms of the ratio of the excluded cross-
section to the nominal cross-section for a coupling assumption of g, =
gy = & = 1. The solid (dashed) lines show the observed (expected)
exclusion limits for different analyses. The jet + E’Tniss constraint is
strengthened around m, = 350 GeV due to an enhancement in the
signal cross-section

mediator masses below 20 GeV, for both the scalar and the
pseudo-scalar mediators. These findings provide a quantita-
tive measure of the sensitivity of these models when up-type
couplings are suppressed.

7.1.1 Comparison with direct detection

The exclusion limit on the production cross-section of colour-
neutral scalar mediator particles can be converted into a
limit on the spin-independent DM—nucleon scattering cross-
section using the procedure described in Sect. 6. The deriva-
tion of the limits is based on the assumption of constant
acceptance as a function of m, in the my,, < 2m, phase-
space [11]. Figure4 shows the resulting constraints’ in the
plane defined by the dark-matter mass and the scatter-
ing cross-section, which are derived from the 7 + E%‘iss
analysis considering only the contribution from the DM-
tf model [56]. The most stringent direct detection limits to

> 90% CL limits are reported to be consistent with the convention used
to report results from direct detection experiments.
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366 GeV. The results are compared with limits from direct detection
experiments from DarkSide-50 QF MIGD [82], PandaX-4T [83,84],
and LZ [85]
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Fig. 5 Inferred 95% CL limits on the WIMP annihilation rate as a
function of the DM mass, for the pseudo-scalar mediator model. The
annihilation rate is defined as the product of cross-section o and rela-
tive velocity vy, averaged over the DM velocity distribution ({0 v )).
Both the g4 annihilation and the gg fusion channels are considered in
the calculation of the annihilation rate. Results from gamma-ray tele-
scopes [86] are also shown. The comparison is model-dependent and
solely valid in the context of this model, assuming minimal mediator
width and the coupling values g, = 1and g, =1

date from DarkSide-50 QF MIGD [82], PandaX-4T [83,84],
and LZ [85] are overlaid for comparison. Figure 5 shows the
translation of the pseudo-scalar limit to the 1, -(0 Ure1) plane
considering the ¢7 + E%‘iss analysis. The limit is calculated
using the contribution derived from Egs. (3) and (4) assum-
ing m, = 384 GeV and m, between 1 GeV and m, /2. The
limits from the gamma-ray telescopes Fermi-LAT [86] are
overlaid for comparison.
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Fig. 6 95% CL upper limits on (a) g, and on (b) g¢ as a function of m . In these figures, m, is set to 10 TeV to prevent the mediator from
decaying into dark matter in the considered range of masses. The other parameters of the model are fixed to the values indicated in the figure, or

equal to zero if not specified
7.2 Spin-1
7.2.1 Coupling limits versus mediator mass

The hadronic and leptonic resonance searches were exploited
to set limits on a spin-1 axial-vector mediator’s coupling to
quarks, g4, and leptons, g;. The 95% CL upper limits on
the respective couplings are presented in Fig.6 as a func-
tion of the mediator mass m Z, The remaining parameters of
the simplified model are fixed to specific values: in Fig. 6(a)
my = 10 TeV, g¢ = 0, and g, = 1.0 according to the
Al benchmark model, while in Fig.6(b) m, = 10 TeV,
gg = 0.1, and g, = 1.0 according to the A2 benchmark
model. The expected limits from each search are indicated
by dotted lines while observed ones are indicated by solid
lines. In Fig. 6(a) the limit from the TLA dijet analysis has
two parts, employing different data sets with different selec-
tions in the rapidity difference y*, as indicated. The limit
from the dijet+ISR(y) analysis also has two parts, each using
a different trigger strategy, and each further studied in inclu-
sive and b-tagged channels. Two lines are also shown for
the di-b-jet search, resulting from two separate analyses: one
used b-jet triggers and sets the limit in the low mediator
mass region, while the other used inclusive jet triggers and
sets the limit in the high mediator mass region. The coupling
values above the solid lines are excluded for signals nar-
row enough to be detected using each search. The TLA dijet
search with |y*| < 0.6 was sensitive up to mediator relative
width T'/m 7= 7%. The TLA dijet search with |y*| < 0.3
and the dijet+ISR searches were sensitive up to 10% of the
mediator relative width. The dijet and di-b-jet searches were
sensitive up to 15% of the mediator relative width. The dijet
angular search was sensitive up to 50% of the mediator rela-

tive width while no limitation in sensitivity arises from large
width resonances in the 7 analysis. Benchmark width lines
are indicated in the plot; the 50% mediator relative width line
lies beyond the canvas borders.

7.2.2 Models constraints in the m, versus mmed plane

Limits from both the resonant searches and the X+E%niss
searches are considered to set constraints on s-channel sim-
plified models for a spin-1 mediator in the (m,, mMMeq)
plane. The sensitivity of each analysis depends on the spe-
cific choice of the mediator spin-parity and couplings. Using
the rescaling technique described in Sect.5, the exclusion
reach of the most sensitive searches is evaluated for different
coupling hypotheses. The exclusions from a set of analyses
are grouped as the union of excluded points as indicated in
the figure captions. Figure 7 reports 95% CL exclusion limits
in the (m,, mmeq) plane for different choices of g, for the
hadronic signatures and g, for the leptonic signatures. From
these figures it is possible to appreciate the dependence of
the sensitivity of each analysis on the mediator coupling and
how the excluded region changes accordingly.

As shown in Table 1, eight benchmark combinations of
model coupling choices are considered to highlight the com-
plementarity of the different searches considered spanning
the (m,, mmMeq) plane. Figures8 and 9 depict the different
95% CL exclusion contours from the considered analyses
for the four benchmarks considered for the axial-vector and
vector mediators. In these plots each shaded region shows
the contribution to exclusion coming from a particular set
of results: dijet resonances, 17 resonances, bb resonances,
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Fig. 7 Comparison of 95% CL exclusion contours for signal hypothe-

ses (a),(b) varying in g, for the dijet and X+E-‘rniss analyses (dijet, dijet
TLA, dijet ISR resolved, y + EWSS, and Jet + EX%), and (c),(d) vary-
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ing gy for the dilepton analysis, for Axial-Vector (left plots) and Vector
(right plots) mediator hypotheses. The unions of multiple contours from
the aforementioned analyses are displayed together
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Fig. 8 Exclusionsin the (m,, mueq) plane for axial-vector benchmark
models (a) Al, (c) A2, and (e) A4, and vector benchmark models (b)
V1, (d) V2, and (f) V4. The unions of multiple contours are plotted
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dilepton resonances, and X+E¥1iSS final states.® The X+E%1iSS
final state curves are interpolated by splines. Dashed curves
labelled “thermal relic” correspond to combinations of DM
and mediator mass values that are consistent with a DM den-
sity of Q#% = 0.12 and a standard thermal history, as com-
puted in MadDM [14,87]. Between the two curves, annihi-
lation processes described by the simplified model deplete
Qh? to values below 0.12. A dotted line indicates the kine-
matic threshold where the mediator can decay on-shell into
DM. Regions that are in tension with perturbative unitarity
considerations are shaded in the upper left corner.

Searches carried out in visible final states (e.g. dijet, dilep-
ton) produced exclusions that are sensitive to the presence of
aresonance of a given mass. These exclusions have a reduced
dependency on the DM particle mass m, , resulting in almost
vertical exclusion regions. When the exclusions approach the
end of the sensitivity of their corresponding search, the decay
branching fraction of the mediator to DM particles, allowed
when m, < mmeq/2, indirectly affects the branching frac-
tion to SM particles. This creates a significant reduction of
the aforementioned sensitivity for low m, values. Searches
considering semi-visible final states (X + E?iss) produced
exclusions within the m, < mmeq/2 parameter space, with
a modest extension into a slightly off-shell region. These
exclusions extend towards high mpeq values with minimal
dependence on m, .

7.2.3 Limits on the mediator mass in the coupling-coupling
plane

The rescaling procedure described in Sect.5 is used to pro-
duce 95% CL lower limits on the mediator mass, mped, in the

6 The rescaling procedure only considers the set of most sensitive sig-
natures for which the needed inputs are available.

@ Springer

; 0.5 7] - Dijet resonance
) / 1 « Dijet, 139 fb"
g 7 = JHEP 03 (2020) 145
-—;{0.45 Q»;V / E « Dijet TLA, 20.3 fb"
I3 L ] PRL 121 (2018) 081801
0.4k & 7 i « Dijet+ISR, 140 o’
AE U;\@Q 7 ] arXiv:2403.08547
E Q@ 7 ] miss
> 7 g — Ef+X
0.35: q}@q’ y 1 T rsem
E S E JHEP 02 (2021) 226
0.3 y: s « E]*+jet, 139 fb"
E PRD 103 (2021) 112006
F B « EP4V(qq), 140 b
0.25F = arXiv:2406.01272
0.2F E
0.15F E
0.1F =
F Vector mediator, Dirac DM 7
0.05F 9,7007,9=0,9g =1
F 7 Al limits at 95% CL i
0

T2 14 16
mz, [TeV]

(b)

consistent with a thermal relic DM density of A% = 0.12, with the
over-dense side shaded. The interplay between the coverage of visible
and semi-visible final state searches is visible here

(g4, g¢) coupling plane. Each figure corresponds to the sen-
sitivity of a specific analysis, assuming either an axial-vector
or vector mediator. The dijet and dilepton resonant searches
are reported as the most sensitive ones to hadronic and lep-
tonic couplings. The mass of the DM candidate is fixed to a
value of 100 GeV, allowing the mediator to decay into a light
DM particle. For each (g4, g¢) combination in the plane, the
rescaling procedure is used to evaluate the exclusion depth
as a function of the mediator mass. The lowest non-excluded
mediator mass is extracted for the given choice of (g4, ge¢).
Figure 10 reports the limits obtained from the dijet and dilep-
ton searches under the axial-vector or vector assumption on
the mediator spin-parity.

7.2.4 Comparison with direct detection

Selected results from Figs.8 to 9 are translated into con-
straints on the DM scattering cross-section into nucleons
using the procedure described in Sect.6. This permits a
comparison with direct detection experiments under spin-
dependent and spin-independent scattering cross-section
assumptions. Figure 11 shows the constraints from selected
analyses as a function of the DM mass m, for four of the
benchmarks described in Table 1. The regions excluded by
the ATLAS searches can be extended to lower values of m ,
but it has to be noted that below m, >~ 1 GeV some of the
WIMP assumptions are not fully valid. The results achiev-
able for massless DM is not significantly different relative to
the m, = 1 GeV case since the DM is relativistic in both
cases.

8 Conclusion

The ATLAS Collaboration has searched for evidence of
dark matter, carrying out several analyses over a wide vari-
ety of final-state signatures. These searches are based on
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Fig. 10 95% CL lower limits on the mediator mass myeq as a function of g, and g,. The mass of the DM is fixed to 1 TeV. The figures report
the results for (a),(b) the dijet search and (c),(d) the dilepton searches under the (a)-(c) axial-vector or (b)-(d) vector assumption on the mediator

spin-parity

proton-proton collision data at a centre-of-mass energy /s =
13 TeV provided by the LHC, and correspond to an inte-
grated luminosity of up to 140 fb~!. The simplified dark
matter models proposed by the LHC Dark Matter Work-
ing Group provide a framework to interpret the results of
these searches together, highlighting their complementarity.
In this paper spin-0 and spin-1 mediators produced through
the s-channel with four parity types are considered: scalar,
pseudo-scalar, vector, and axial-vector. The 95% CL limits
of several resonant and X + ErTniss analyses are rescaled for
the first time using the procedure described in Sect. 5, to fur-
ther extend the interpretation of these results in the model’s

parameters space. The constraints from the different analyses
cover much of the accessible parameter space in DM mass,
mediator mass, and couplings, hinting at where to focus for
the next searches.

For models with spin-0 mediators, exclusion limits for
the simplified model of dark matter production including a
colour neutral scalar (pseudo-scalar) mediator are compared
for tt_+E3FniSS, t(W/j)+ETmiSS,jet+Efr“iss, and 7t final states.
These limits span the mediator mass range from 10 GeV to
1500 GeV. The results are also interpreted as constrains on
spin-independent DM—nucleon cross-section and (o vy) for
a comparison with the results from several direct detection
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Fig. 11 Comparison of limits with direct detection experiments in four
scenarios: (a) V1 and (b) V3 with spin-independent x-nucleon cross-
sections, (c) A2 with spin-dependent yx -proton cross-sections, and (d)
A4 with spin-dependent x -neutron cross-sections. The results are com-

experiments. ATLAS searches extend beyond the exclusion
reach of direct detection experiments in the range of small
DM mass.

For models with a spin-1 mediator, limits are derived sep-
arately for couplings to hadronic and leptonic particles for
axial-vector mediator masses up to 5 TeV. Exclusion con-
tours in the (m,, mmMeq) plane are set for the eight spin-1
benchmark models with m, < 1.6 TeV and mz < 4 TeV.
These benchmark scenarios extend those considered in the
previous publications, highlighting the complementarity and
maximum reach of the different signatures when varying
model parameter values. For the first time, lower limits on the
mediator mass are provided in the (g, g,) plane for the most
sensitive corresponding resonance searches, reaching exclu-
sion up to 5 TeV. The constraints from different analyses are

@ Springer

— Dijet resonance
« Dijet, 139 fb!
JHEP 03 (2020) 145
«Dijet TLA, 29.3 fb"
PRL 121 (2018) 081801
« Dijet+ISR, 140 fb!
arXiv:2403.08547
miss
— Ef>+X

4
E
i
=

JHEP 02 (2021) 226
3 « E7+et, 139 fb!
PRD 103 (2021) 112006
«E7**+V(qq), 140 b
arXiv:2406.01272

Al

DarkSide-50 QF MIGD

E ATLAS limits at 95% CL, direct detection limits at 90% CL
n n s

E "§ = DarkSide-50 QF MIGD
F 3 PRL 130 (2023) 101001
10°%F = — PandaX-4T
E 3 m,=8 GeV: PRL 127 (2021) 261802
—45 [ - m, <8 GeV: PRL 130 (2023) 021802
10 g' -1z
46 F 4 PRL 131 (2023) 041002
10 r Z "
107 F 4
‘ector mediator, Dirac DM 3
1078k 9,=007,9=0,g =1 E

107 . ’
1 10 10 10
m, [GeV]
—-37
(\E 10 E T T "3 — Dilepton
FATLAS 1 F
() F 9 PLB 796 (2019) 68
= 10® Vs = 13 TeV, 29.3-140 fb 4 -
c E ’ " 3 — Dijet resonance
o F 3 «Diet 139"
= 39 \ JHEP 03 (2020) 145
> 1 O 3 3 « Dijet TLA, 29.3 fb!
g E E| PRL 121 (2018) 081801
q a0 ] « Dijet+ISR, 140 fo!
S 1077E = anxiv:2403.08547
a 3 q_ pmiss,y
bw 10_41 [ ] ng‘“w, 139 o'
E 7 3 JHEP 02 (2021) 226
F H v J eETet 130"
42| PRD 103 (2021) 112006
10 E H O CEIV(ga) 140"
F 3 arXiv:2406.01272
B 7| — XENONnT
1043 E H  PRL131(2023) 041003
F -1z
1074 m PRL 131 (2023) 041002
1 0745 [ Axial-vector mediator, Dirac DM ]
E g,=0.20, g =0.05, 9,= 1 3
F ATLAS limits at 95% CL, direct detection limits at 90% CL 7
1 0—46 L n s
3
1 10 107 10
m, [GeV]

(d)

pared with limits from direct detection experiments from DarkSide-
50 QF MIGD [82], PandaX-4T [83,84], XENONnT [88], LZ [85],
LUX [89], and PICO-60 C3F3 [90]

compared in several scenarios to the limits set by direct detec-
tion experiments. ATLAS limits are particularly stringent in
the case of spin-dependent scattering cross-sections.

The results in this paper provide a comprehensive sum-
mary of the most recent limits on DM and s-channel media-
tors by the ATLAS Collaboration.
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Appendix
Appendix A Signal model generation details

The model implementations, settings and parameter scans
used in this paper follow the prescriptions of the DM
Forum/LHC DM Working Group [11,14,81,91] and all gen-
eration settings used for signal models in this paper are sum-
marised in Tables 4 and 5.
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Table 4 Details of the generator configuration and Universal FeynRules Output (UFO) model used for the spin-1 mediator simplified models

Model and Final State UFO Generator and Parton Shower Cross-section Additional details
Z'(xx)+j DMV [61,92] POWHEG BOx V2 [93] + PYTHIA 8.205 [94] NLO Particle-level rescaling of leptophobic Z;‘ scenario
of Ref. [61]
Z'(xx)+v DMSimp [95,96] MADGRAPHS_AMC@NLO 2.4.3 (NLO) [97] + NLO Leptophobic ZA scenario simulated, other scenarios
PYTHIA 8.212 obtained by cross-section rescaling
Z'(qq) or Z'(qq)+ISR DMSimp MADGRAPH5_AMC@NLO 2.2.3 (NLO) + PYTHIA NLO Leptophobic Z/, scenario simulated, other scenarios
8.210 obtained by Gaussian resonance limits and
cross-section rescaling
Z'(bb) DMSimp MADGRAPHS5_AMC@NLO 2.2.3 (NLO) + PYTHIA NLO Leptophobic Z;‘ scenario simulated, other scenarios
8.210 obtained by Gaussian resonance limits and
cross-section rescaling
Z'(e0) DMSimp MADGRAPHS_AMC@NLO 2.2.2 (NLO) + PYTHIA NLO Gaussian resonance limits and cross-section
8.212 rescaling
Z'(tr) DMSimp MADGRAPH5_AMC@NLO 2.4.3 (LO) + PYTHIA LO Particle-level rescaling of the topcolour-assisted

8.186

technicolour samples [72]

Table S Details of the generator configuration and Universal FeynRules Output (UFO) model used for the spin-0 mediator models

L€J0 0z 38ed  TOIT

Model and Final State UFO Generator and Parton Shower Cross-section Additional details

DM-monojet DMS_tloop [98,99] POWHEG BOX V2 + PYTHIA 8.205 NLO Ref. [61]

DM-t7, DM-t W, DM-¢j, DM-4top DMScalarMed_loop [98,100] MADGRAPH5_AMC@NLO 2.3.3 (LO) + PYTHIA 8.186 NLO [95] Up to one additional parton. Ref. [58]
DM-bb DMScalarMed_loop MADGRAPH5S_AMC@NLO 2.3.3 (LO) + PYTHIA 8.186 NLO [101] Up to one additional parton. Ref. [58]
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