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This note presents the prospects of a search for weakly interacting dark matter produced in
association with heavy flavour quarks at the HL–LHC. The search is performed assuming
3000 fb−1 of proton-proton collisions collected by the ATLAS detector at a centre of mass
energy of 14 TeV. Two experimental signatures are investigated, characterised by missing
transverse momentum and either a pair of bottom quarks or two opposite-charge leptons
(electrons or muons) resulting from the decay of a top quark pair or a top quark and a W-
boson. The results are interpreted within the framework of Simplified Models which couple
the dark and Standard Model sectors via the exchange of colour-neutral spin-0 mediators,
assuming unitary couplings and a dark matter mass of 1 GeV. Compared to a previous
search conducted with 36.1 fb−1 of data at

√
s = 13 TeV, the reach achievable for dark

matter detection in events with bottom quarks is extended by a factor of 3–8.7 following the
increased luminosity and centre of mass energy expected for the HL–LHC final dataset, along
with the upgrades to the ATLAS detector. For events with top quarks in the final state, the
expected sensitivity to scalar mediator production extents by a factor of 5, and exclusion of
pseudoscalar mediator masses up to 385 GeV becomes possible.
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1 Introduction

While the existence of dark matter (DM) is supported by a plethora of astrophysical observations [1–4],
its particle nature remains largely unexplained. The Weakly Interacting Massive Particle (WIMP) [5] is a
well-motivated candidate for the bulk of dark matter, possessing the requisite properties and appearing in
many Beyond the Standard Model (SM) theories. WIMPs created at colliders escape detection, resulting
in a signature characterised bymissing transverse momentum. Searches forWIMP darkmatter, observable
by the presence of an accompanying SM particle(s), have been performed extensively at the Large Hadron
Collider (LHC) [6–12]. This note presents the prospects of a search for darkmatter produced in association
with heavy flavour (bottom or top) quarks at the High Luminosity LHC (HL–LHC).

Signatures involving heavy flavour quarks are expected to be the most sensitive to models where the dark
and SM sectors couple via the exchange of a spin-0 mediator [13]. This study therefore focuses on two
simplified models, defined by either a scalar, φ, or pseudoscalar, a, mediator [14–16]. In both cases,
the mediating particle is taken to be colour-neutral and the dark matter candidate is assumed to be a
weakly interacting Dirac fermion, χ, uncharged under the SM. The models are described by five common
parameters: the dark matter mass, m(χ), the mediator mass, m(φ) or m(a), the dark matter–mediator
coupling, gχ, the flavour-universal SM–mediator coupling, gν, and the decay width of the mediator, Γ(φ)
or Γ(a). For simplicity, an assumption of gχ = gν = g is made and the mediator width is taken to be the
minimal width described in Ref. [15]. For this scenario, χ χ̄ production in association with top-quarks is
expected to dominate at the HL–LHC. Two signatures featuring top quarks in the final state are therefore
considered. The first signature, denoted DM+tt̄, is characterised by two tops decaying di-leptonically as
shown in Figure 1(a). The second signature, DM+Wt, involves a single top produced in tandem with a
W-boson, both of which decay leptonically as shown in Figures 1(b) and 1(c).

While the couplings of the mediator to the up- and down-type quarks are assumed to be indistinguishable
in this study, the condition is by no means a necessary one. In the event that coupling to up-type quarks
is suppressed - a possibility in UV completions of the aforementioned models - production of dark matter
in association with bottom quarks becomes relevant. The DM+bb̄ final state is also well motivated as
an avenue for probing the parameter space of two-Higgs doublet models (2HDM). In the context of the
2HDM+a model [17, 18] for example, the rate for pp → bb̄ + a is enhanced by the ratio of the Higgs
doublet vacuum expectation values, tan β, if a Yukawa sector of type-II is realised. Constraints on tan β
can be extracted via a straightforward recasting of exclusion limits on the simplified pseudoscalar mediator
model (see Appendix A in Ref. [18]). Consequently, a search for DM+bb̄ targeting the latter model is
optimised to also set bounds on tan β. DM+tt̄/Wt, mono-X , and di-top searches can be exploited in a
similar manner, however the DM+bb̄ channel is uniquely situated to probe the high tan β region, a region
not currently well constrained in two-Higgs doublet models. Dark matter production in association with
b-quarks is therefore also considered in this note, an example diagram for which is shown in Figure 1(d)
where the model parameters are as defined in the previous paragraph.

A search targeting the DM+bb̄ and DM+tt̄ signatures was performed at the LHC using 36.1 fb−1 of data
collected in 2015 and 2016 at a centre of mass energy of 13 TeV [13]. No evidence of physics beyond the
SM was found and constraints were placed on the ratio of the measurable cross-section to the theoretically
predicted cross-section, σ/σ(g = 1.0), as a function of the mediator mass in the range 10-500 GeV.
Likewise, constraints on spin-0 mediator production with a DM+Wt signature were projected for 35 fb−1

and 300 fb−1 of data in Ref. [19]. This note presents the prospects for further constraining these models
with HL-LHC data and is divided into two independent analyses. The first is optimised for the DM+bb̄
final state and serves to additionally quantify the expected gain in performance potential for HL–LHC
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Figure 1: Representative tree-level diagrams for the production of dark matter (χ) in association with (a-c) top quarks
and (d) bottom quarks following the exchange of either a colour-neutral scalar (φ) or pseudoscalar (a) particle.

searches involving flavour tagged jets and large missing transverse momentum. Similarly, the second
analysis, which is optimised for the DM+tt̄ and DM+Wt final states, also serves to showcase the gain for
searches featuring a combination of flavour tagged objects, missing transverse momentum, and leptons.

2 The LHC and HL–LHC

In the present data-taking period, the LHC delivered ∼150 fb−1 of proton-proton collisions with a peak
instantaneous luminosity of 2×1034 cm−2s−1 and an average number of collisions per bunch crossing of
〈µ〉 ∼ 35. A long shutdown (LS2) will follow, during which the injection chain is foreseen to be modified
to allow for instantaneous luminosities up to ∼2.5×1034 cm−2s−1. The data collected up to the next long
shutdown (LS3) will amount to ∼300 fb−1. An increase of the centre-of-mass-energy to 14 TeV is possible
and is assumed to happen for this study. An upgrade of the accelerator to the HL–LHC is planned to take
place during LS3, enabling luminosities of ∼7×1034 cm−2s−1 to be achieved. The HL–LHC is expected
to deliver an average number of pile up interactions per bunch crossing of 〈µ〉 ∼ 200 during its operation
with the total data collected amounting to ∼3000 fb−1.

3 The ATLAS Detector

The ATLAS experiment [20] is a multi-purpose particle detector with a forward-backward symmetric
cylindrical geometry and nearly 4π coverage in solid angle1. The interaction point is surrounded by an
inner detector (ID), a calorimeter system, and a muon spectrometer.

Upgrades to the detector and the triggering system are planned to adapt the experiment to the increasing
instantaneous and integrated luminosities expected with the HL–LHC [21–27].

1 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 upward. Cylindrical coordinates (r , φ) are used in the transverse plane, φ being the azimuthal angle around
the beam pipe. The pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2). Rapidity is defined as
y = 0.5 ln [(E + pz )/(E − pz )] where E denotes the energy and pz is the component of the momentum along the beam
direction.
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In the reference upgrade scenario, the ID will provide precision tracking of charged particles for pseu-
dorapidities |η | < 4.0 andwill be surrounded by a superconducting solenoid providing a 2 T axial magnetic
field. It will consist of silicon pixel and microstrip detectors.

In the pseudorapidity region |η | < 3.2, the currently installed high-granularity lead/liquid-argon (LAr)
electromagnetic (EM) sampling calorimeters will be used. The current steel/scintillator tile calorimeter
will be used, although the readout electronics will be replaced to enable improved triggering [23, 24].
A new high-granularity timing detector (HGTD) will also be installed in the forward regions to reduce
occupancy from |η | < 2.4 up to |η | < 4.0 in the high pile-up HL-LHC environment [27].

The muon spectrometer, consisting of three large superconducting toroids with eight coils each, and a
system of trigger and precision-tracking chambers, which provide triggering and tracking capabilities in
the ranges |η | < 2.4 and |η | < 2.7 respectively, could be upgraded with the addition of a very forward
muon tagger that would extend the trigger coverage up to |η | = 4.0 [22].

A two-level trigger system will be used to select events, reducing the event rate to about 10 kHz. In the
reference scenario, the bandwidth allocated to di-lepton (ee, µµ, eµ) triggers is expected to be 0.2 kHz per
trigger, where an offline selection of pT > 10 GeV for each lepton ensures full efficiency. For the missing
transverse energy (Emiss

T ) trigger, the bandwidth allocated is ∼ 0.4 kHz, with > 210 GeV representing the
offline Emiss

T above which a typical analysis would use the data according to the Technical Design Report
for the Phase-II upgrade of the ATLAS TDAQ system [25].

4 Monte Carlo Samples

Monte Carlo (MC) simulated event samples are used to predict the background from SM processes and
to model the dark matter signal. The most relevant MC samples have equivalent luminosities (at 14 TeV)
of at least 3000 fb−1. The technical implementation of these samples is summarised in Table 1, including
the packages used to perform matrix element generation and parton showering. The order at which the
cross-section is computed for a given process is also shown, along with the specific choice of Parton
Distribution Function (PDF) and tune. The dark-matter tt̄ and bb̄ signal samples are generated following
the prescriptions in Ref. [15] and the Wt signal samples (Wt + φ/a) are generated following Ref [19]. For
theWt+φ/a model the production cross-section is computed at leading-order (LO) accuracy in the strong
coupling constant αS. For the tt̄ + φ/a and bb̄ + φ/a models the production cross-section is computed at
next-to-LO (NLO) accuracy. Lastly, the Z/γ∗+jets and W+jets samples are generated with

√
s = 13 TeV.

A collision energy of 14 TeV is replicated by applying an event weight based on the momentum fraction
carried by the colliding partons and the ratio of PDF distributions for the different beam energies.

To emulate the Phase-II run conditions and detector response, the signal and SM background samples are
smeared using performance functions derived from MC events passed through a full Geant 4 simulation
of the upgraded ATLAS detector [28–30]. Specifically, smearing is applied to the resolution and recon-
struction efficiencies of the physics objects discussed in Section 5 using parameterisations made with
〈µ〉 = 200. The contribution from pileup is emulated by overlaying jets from a dedicated library.
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Table 1: Summary of the simulated signal and SM background event samples used in this analysis, including the
event generator, parton shower package, cross-section normalisation, PDF set, and underlying event parameter tune.

Physics process Generator Parton shower Cross-section PDF set Tune
normalisation

tt̄ + φ/a Signal aMC@NLO 2.3.3 Pythia 8.212 NLO NNPDF30NLO A14 [31]
bb̄ + φ/a Signal

Wt + φ/a Signal aMC@NLO 2.4.3 Pythia 8.212 LO NNPDF23LO A14

tt̄ Powheg-Box v2 [32–34] Pythia 8.186 [35] NNLO NNLO CT10 [36] A14

Single-top
(t-channel) powheg-box v1 Pythia 6.428 NNLO+NNLL [37] NLO CT10f4 Perugia2012
Single-top
(s- and Wt-channel) powheg-box v2 Pythia 6.428 NNLO+NNLL [38, 39] NLO CT10 Perugia2012

tt̄W/Z/γ∗ aMC@NLO 2.2.2 Pythia 8.186 NLO [40] NNPDF2.3LO A14
Diboson Sherpa 2.2.1 [41] Sherpa 2.2.1 Generator NLO CT10 [36] Sherpa default

tt̄h aMC@NLO 2.2.2 Herwig 2.7.1 [42] NLO [43] CTEQ6L1 [44] A14
Wh, Zh aMC@NLO 2.2.2 Pythia 8.186 NLO [43] NNPDF2.3LO A14
tt̄WW , tt̄tt̄ aMC@NLO 2.2.2 Pythia 8.186 NLO [40] NNPDF2.3LO A14
tZ , tW Z , tt̄t aMC@NLO 2.2.2 Pythia 8.186 LO NNPDF2.3LO A14
Triboson Sherpa 2.2.1 Sherpa 2.2.1 Generator LO, NLO CT10 Sherpa default

Z/γ∗+jets Sherpa 2.2.1 [45] Sherpa 2.2.1 [45] NNLO [46] NLO CT10 [36] Sherpa default
W+jets Sherpa 2.2.1 [45] Sherpa 2.2.1 [45] NNLO [46] NLO CT10 [36] Sherpa default

5 Final State Object Selections

Selecting events consistent with the production of dark matter in a final state with either bottom or top
quarks requires the reconstruction of jets, muons, electrons, and missing transverse momentum, ®pmiss

T ,
where Emiss

T = | ®pmiss
T |. This section describes the object definitions and kinematic variables used to

discriminate signal from SM background processes in the two search channels.

In the previous search, ®pmiss
T is calculated as the negative vector sum of the transverse momenta of all

identified physics objects [13]. A soft term constructed from all tracks unmatched to any physics object
and originating from the primary vertex is also added. For the studies performed in this note however, the
®pmiss
T is computed at generator-level as the vectorial sum of the momenta of all neutral weakly-interacting

particles in an event, including neutrinos and the dark matter candidate. This quantity is then smeared
based on the ®pmiss

T resolution associated with the smeared sum of energies of interacting particles in the
event.

Jet candidates are reconstructed using the anti-kt jet clustering algorithm with a radius parameter R
= 0.4 [47] and are required to have transverse momentum pT > 20 GeV and |η | < 3.8. Tracking
confirmation is applied to all jets to reduce the contribution from particle decays originating from pile-up
interactions [48].

Decays from b-quarks are identified (b-tagged) using parametrisations that model the performance of
the Run-2 multivariate b-tagging algorithm MV2c10 [49–51] as a function of jet pT and η. Candidate
b-jets must pass an identification requirement corresponding to an efficiency of 70% for jets containing
b-hadrons in simulated tt̄ events. This requirement represents the tightest set of restrictions on b-jets for
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which flavour-tagging performance functions are available. The corresponding rejection factor for jets
originating from the fragmentation of a c (light) quark is ∼20 (750) [26].

Baseline electron candidates with pT > 7 GeV are reconstructed in the region |η | < 4.0 and required to
pass the “loose” likelihood-based identification requirements [52, 53]. Similarly, muon candidates with
pT > 6 GeV and |η | < 2.7 are required to pass the “medium” identification criteria [54, 55]. Signal
leptons in the DM+tt̄/Wt channels are further required to have pT > 20 GeV, to ensure constant trigger
efficiencies in the relevant phase, and |η | < 2.47 (2.5) for electrons (muons). The reduced pseudorapidity
range compared with the DM+bb̄ channel is motivated by the topologies of DM+tt̄/Wt events, which are
characterised by central leptons.

To resolve reconstruction ambiguities, an overlap removal algorithm is applied to baseline leptons and
jets. Where a baseline electron is found to lie within ∆R =

√
∆φ2 + ∆η2 = 0.2 of a candidate jet, the jet

is removed if it fails to pass b-jet identification criteria corresponding to an efficiency of 85%. The same
is applied to jets in the DM+bb̄ (DM+tt̄/Wt) channel which lie within ∆R = 0.2 (0.4) of a selected muon
and which are not true b-jets. To avoid rejecting events featuring leptonic c- or b-hadron decays, electrons
(muons) are discarded if they are found within a cone of ∆R = 0.4 (∆R = max(0.4, 0.04 + (10 GeV)/pµT ))
of any surviving jet.

6 Signatures with b-quarks and Emiss
T

To isolate the event topology of the DM+bb̄ final state, events are required to have at least two b-tagged
jets. The contribution from SM background processes is suppressed via the application selection criteria
based on that of the 13 TeV analysis and updated to align with HL–LHC design considerations.

To reduce the contribution from leptonic and semi-leptonic tt̄ decays and from leptonic decays of W
and Z bosons, events containing at least one baseline lepton (NB

l
) are vetoed. A further requirement of

no more than 2 or 3 jets is imposed in order to control the large background from hadronic tt̄ decays
which are typically characterised by high jet multiplicities. A minimum requirement on the azimuthal
separation between each jet, j, and the missing transverse momentum, ∆φ( j, ®pmiss

T ) > 0.4, is also imposed
in accordance with the treatment used at 13 TeV to suppress fake Emiss

T in multi-jet events.

To reduce the contribution from the dominant Z+jets background, several variables exploiting the difference
in spin between the scalar and pseudoscalar particles and the Z boson are defined. These variablesmake use
of the pseudorapidity and azimuthal separations between jets, b-jets and the missing transverse momentum
and include:

• The azimuthal correlation variables:

δ− = ∆φ( j, ®pmiss
T ) − ∆φ(b, b)

δ+ = |∆φ( j, ®pmiss
T ) + ∆φ(b, b) − π |

where ∆φ( j, ®pmiss
T ) = φ( j) − φ( ®pmiss

T ) is the azimuthal separation between any jet in an event and
®pmiss
T , and ∆φ(b, b) = φ(b1) − φ(b2) is the azimuthal separation between the leading b-jet (b1) and

sub-leading b-jet (b2).
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• The momentum imbalance between the leading and sub-leading b-jets:

Imb(b, b) =
pT (b1) − pT (b2)

pT (b1) + pT (b2)

• The cosine of π − ∆φ(b, b):
cos(π − ∆φ(b, b))

• The hyperbolic tangent of the pseudorapidity separation between the leading and sub-leading b-jet,
∆η(b, b) = η(b1) − η(b2):

cos θ∗bb =
����tanh

(
|∆η(b, b)|

2

)����
b-jets produced in association with vector particles are expected to yield a reasonably flat cos θ∗

bb
dis-

tribution. For b-jets accompanying the production of a heavy scalar or pseudoscalar mediator however,
cos θ∗

bb
is expected to peak around 1. The distribution of this variable, along with those of other key

discriminants, is shown in Figure 2.

To reduce the contribution from processes where spin anti-correlations are not present or easily exploited,
events are required to pass a cut on Hratio

T , the ratio of the leading jet transverse momentum, pT ( j1), to the
scalar sum of the transverse momenta of all jets in the event, HT. Also used is the hyperbolic tangent of
the η separation between the leading ( j1) and third-leading jet ( j3):

cos θ∗j1 j3 =
����tanh

(
∆η( j1, j3)

2

)����
In signal events with 3 jets the first and third jet are largely produced back-to-back, leading to a peak
at approximately 1 in the cos θ∗j1 j3 distribution. In contrast, j1 and j3 in events from SM background
processes – in particular, from tt̄ decays – exhibit strong collinearity, leading to dominance in the region
below 0.5 as shown in Figure 2(b). Note that a cut on cos θ∗j1 j3 is only applied to events with 3 jets.

As seen from Figure 2(c), the shape of the cos θ∗
bb

distribution for the scalar and pseudoscalar signals
can depend strongly on the mass of the mediating particle. Consequently, separate selections are derived
for m(φ/a) < 100 GeV and m(φ/a) ≥ 100 GeV. The resulting signal regions, denoted by SRb,low and
SRb,high respectively, are defined in Table 2.

The cos θ∗
bb

variable provides the best discrimination between signal and background events. As such,
SRb,low and SRb,high are divided into four equal-width exclusive bins in cos θ∗

bb
, reflecting the con-

figuration used in Run 2. The bins are denoted by the labels SRb,X-bin1 through SRb,X-bin4 where
X = {low, high}.
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Figure 2: Distributions of several key discriminants in the DM+bb̄ analysis following the requirement of Emiss
T

>210 GeV, no leptons, 2 or 3 jets, and at least two identified b-jets. The hatched bands and error bars represent the
statistical uncertainty on the total SM background and signal yields respectively.

7 Signatures with top quarks and Emiss
T

In order to target dark matter produced in association with one (DM+Wt) or two (DM+tt̄) top quarks,
one signal region is defined, and it is denoted denoted SR2` . Events are required to have exactly two
opposite electric charge leptons, electrons or muons, either same- or different-flavour with an invariant
mass (regardless of the flavours of the leptons in the pair), m`` , being larger than 100 GeV in order to
reduce the tt̄ background. Furthermore, candidate signal events are required to have at least one identified
b-jet. Different discriminators and kinematic variables have been used to further separate the tt̄ + φ/a and
Wt + φ/a signal from the SM background.

• mmin
b2` is the smallest invariant mass computed between the leading pT b-tagged jet and each of the

two leptons in the event. In events with two top quarks decaying dileptonically, at least one of the
two mass combinations must be bounded from above by mmin

b2` <
√

m2
t − m2

W .

• p``T,boost: defined as the vector

8



p``T,boost = pmiss
T + pT(`1) + pT(`2).

The p``T,boost variable, with magnitude p``T,boost, can be interpreted as the opposite of the vector sum
of all the transverse hadronic activity in the event.

• ∆φboost: the azimuthal angle between the pmiss
T vector and the p``T,boost vector [56].

• mT2: lepton-based stransverse mass. The stransverse mass [57, 58] is a kinematic variable used
to bound the masses of a pair of intermediate particles which are presumed to each have decayed
semi-invisibly into one visible and one invisible particle. The stransverse mass is defined as

mT2(pT,1, pT,2, qT) = min
qT,1+qT,2=qT

{
max[ mT(pT,1, qT,1),mT(pT,2, qT,2) ]

}
,

where mT indicates the transverse mass2, pT,1 and pT,2 are the transverse momentum vectors of the
two particles (assumed to be massless), and qT,1 and qT,2 are the unknown transverse momentum
vectors of the invisible particles, with qT = qT,1 + qT,2. The minimisation is performed over all
the possible decompositions of qT. For tt̄ or WW events, where the transverse momenta of the
two leptons in each event are taken as pT,1 and pT,2, and pmiss

T as qT, mT2(`1, `2, Emiss
T ) is bounded

sharply from above by the mass of the W boson [59, 60], while signal events do not respect this
bound because of the additional Emiss

T coming from the undetected DM particles.

A summary of the analysis selections of SR2` is presented in Table 2. For reference, the distribution of
the mT2 variable for events passing all of the SR2` requirements except that on mT2 is shown in Figure 3.

For the exclusion limits presented in Section 9, the mT2 distribution is divided into five exclusive bins
between ([200,220],[220,240],[240,260],[260,280],[>280]) GeV following an approach similar to that
used for SRb,low and SRb,high. The bins are denoted by the labels SR2`-bin1 through SR2`-bin5 and span
the range of mT2 between 200 GeV and 300 GeV. The last bin also includes events with mT2 > 300 GeV.

2 The transverse mass is defined as mT =
√

2|pT,1 | |pT,2 |(1 − cos(∆φ)), where ∆φ is the angle between the particles with
transverse momenta pT,1 and pT,2 in the plane perpendicular to the beam axis.
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Figure 3: Distribution of mT2 for events satisfying the SR criteria except that on mT2. The contributions from all
SM backgrounds are shown; the hatched bands represent the systematic uncertainty. The rightmost bin includes
overflow events.

Table 2: Summary of the analysis selection criteria (see text for details).

SRb,low SRb,high SR2`

N` 0 0 2
Njets 2 or 3 2 or 3 ≥ 1
Nb-jets ≥ 2 ≥ 2 ≥ 1
|ηj | < 3.0 < 3.8 < 2.5

m`` - - > 100 GeV
Emiss
T > 210 GeV > 300 GeV > 300 GeV

mmin
b2` - - < 150 GeV
∆φboost - - < 1.5
pT ( j1) > 130 GeV > 200 GeV > 100 GeV
pT ( j3) < 50 GeV < 90 GeV -
Hratio
T > 0.75 > 0.4 -

δ− [rad] - < 0.5 -
δ+ [rad] - < 1.0 -
Imb(b,b) - < 0.6 -
cos(π − ∆φ(b, b)) > 0.75 - -
cos θ∗j1 j3 > 0.8 > 0.75 -
mT2 - - > 200 GeV
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8 Systematic Uncertainties

Systematic uncertainties based on those in Ref. [13] are applied to signal and SM background processes.
The uncertainties are scaled to align with HL–LHC extrapolations developed by the ATLAS and CMS
Collaborations and documented inRef. [30]. During Phase-II operation, the theorymodelling uncertainties
are expected to halve, while the degree of reduction of experimental uncertainties like, for example,
the jet energy scale and b-jet mis-identification depend on the signal region. This results in a total
expected systematic uncertainty on the SM background of 13.42% for SRb,low/SRb,high and 13% for SR2` ,
corresponding to a reduction of ∼15% and ∼54% respectively compared to the 13 TeV analysis. Statistical
uncertainties due to the limited size of the Monte Carlo samples used for the modelling of signal and SM
background processes are neglected.

Two types of hypothesis tests are performed in order to extract expected discovery p-values and 95% CL
exclusion limits. For the p-values, a cut-and-count experiment is employed assuming uncertainty only
on the SM background yield. The value of this uncertainty is set to the total background uncertainty
reported above. For the exclusion limits, the sensitivity is evaluated by performing a profile-likelihood
fit to pseudo-data corresponding to the expected background and signal yields in each multi-bin signal
region. The likelihood is built as the product of Poissonian terms, one for each of the bins considered.
Systematic uncertainties are incorporated as Gaussian distributed nuisance parameters affecting both the
overall normalisation of the fit variable and the individual bin yields. For the former, the uncertainty on the
SM background contribution is modelled by a nuisance parameter with value equal to the total background
uncertainty. For the signal contribution, experimental uncertainty is accounted for by a nuisance parameter
with a value of 10% (9.4%) for SRb,low/SRb,high (SR2`), corresponding to the HL–LHC extrapolation of
the Run 2 detector- and reconstruction-based uncertainties. A separate nuisance parameter with a value
of 5% is also included to account for theoretical uncertainties on the signal models. The nuisance
parameters affecting the individual bin yields account for potential inaccuracies in the extrapolated theory
and experimental uncertainties. Such inaccuracies may result from, for example, the difference in selection
criteria between a HL–LHC search and the reference Run 2 search.

9 Results

The predicted yields in the SRb,low, SRb,high and SR2` signal regions are reported in Tables 3, 4 and 5
respectively. For both SRb,low and SRb,high, the main background consists of Z/γ∗+jets events followed by
hadronic decays of tt̄. A significant contribution also comes from single top quark processes and events
featuring a W-boson produced in association with jets (“W+jets”). Note that the minor background from
di-boson, tri-boson, and tt̄ + Z/W , tt̄ +WW/Z Z/W Z processes in SRb,low and SRb,high is referred to
collectively as “Others”.

In SR2` , the dominant background consists of di-leptonic decays of tt̄ and tt̄Z with Z → νν. As with
SRb,low and SRb,high, the SM processes that make a minor contribution are merged into an “Others”
category. In SR2` , this category contains the background from di-/tri-boson, Z/γ∗+jets, tt̄ tt̄, and tt̄+WW
processes.

11



SRb,low-bin1 SRb,low-bin2 SRb,low-bin3 SRb,low-bin4

SM events 2542 ± 75 2436 ± 92 2861 ± 103 2585 ± 138

Z/γ∗+jets events 1337 ± 64 1410 ± 82 1885 ± 96 2030 ± 136
tt̄ events 785 ± 37 708 ± 41 685 ± 35 384 ± 26
Single top quark events 166.8 ± 8.0 137.6 ± 8.0 143.8 ± 7.3 146.0 ± 9.8
W+jets events 252.9 ± 12.1 151.0 ± 8.8 108.1 ± 5.5 24.7 ± 1.7
Others events 0.81 ± 0.04 28.2 ± 1.6 39.1 ± 2.0 −−

bb̄ + φ (10 GeV) 12.21 ± 0.83 11.43 ± 0.86 14.55 ± 0.98 15.0 ± 1.2
bb̄ + a (10 GeV) 10.48 ± 0.50 14.62 ± 0.85 14.73 ± 0.75 13.11 ± 0.88

Table 3: Expected yields in SRb,low for SM background processes and a selection of signal masses for an integrated
luminosity of 3000 fb−1at

√
s = 14 TeV. The uncertainties on the quoted numbers correspond to the MC statistical

uncertainty.

SRb,high-bin1 SRb,high-bin2 SRb,high-bin3 SRb,high-bin4

SM events 1130 ± 54 1208 ± 47 1218 ± 52 1054 ± 52

Z/γ∗+jets events 572 ± 45 594 ± 39 665 ± 46 698 ± 49
tt̄ events 346 ± 27 343 ± 23 312 ± 22 214 ± 15
Single top quark events 101.4 ± 8.0 110.3 ± 7.3 108.2 ± 7.5 101.6 ± 7.1
W+jets events 40.4 ± 3.2 108.1 ± 7.1 104.6 ± 7.2 40.1 ± 2.8
Others events 69.8 ± 5.5 53.2 ± 3.5 28.2 ± 2.0 −−

bb̄ + φ (300 GeV) 0.70 ± 0.05 0.76 ± 0.045 0.92 ± 0.06 1.22 ± 0.07
bb̄ + a (300 GeV) 0.51 ± 0.04 0.68 ± 0.04 0.66 ± 0.05 0.94 ± 0.07

Table 4: Expected yields in SRb,high for SM background processes and a selection of signal masses for an integrated
luminosity of 3000 fb−1at

√
s = 14 TeV. The uncertainties on the quoted numbers correspond to the MC statistical

uncertainty.

The results are translated into constraints on the scalar and pseudoscalar models using the HistFitter
package [61], which employs a profile-likelihood-ratio test statistic to perform hypothesis testing [62].
The package is used to compute the expected discovery p-values for the scalar and pseudoscalar mediator
models. For a flavour-universal coupling between φ/a and the SM quarks, only SR2` is sensitive to dark
matter production. Scans of the expected discovery significance in this signal region are shown in Figure 4
as a function of the mediator mass. The 5σ discovery potential for the full HL–LHC dataset is expected
to extend up to m(φ) = 105 GeV and m(a) = 150 GeV for the DM+tt̄ channel. Addition of the DM+Wt
channel further extends the discovery potential to m(φ) = 155 GeV and m(a) = 250 GeV.

The HistFitter package is also used to compute the expected exclusion limits for each model with the CLs

prescription [63] and assuming no excess in the observed data. The limits are shown in Figures 5 and 6 for
φ/a → χ χ̄ production in association with bottom quarks and top quarks respectively for L = 3000 fb−1

at
√

s = 14 TeV. The contours correspond to the 95% CL upper limit on the ratio of the measurable cross-
section with respect to the theoretically predicted cross-section for g = 1.0. Also shown for comparison
are the corresponding limits at

√
s = 13 TeV with 36.1 fb−1 of data [13].

For the DM+bb̄ channel, cross-sections ∼45–100 times the theoretically predicted for g = 1.0 and
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SR2` SR2`-bin1 SR2`-bin2 SR2`-bin3 SR2`-bin4 SR2`-bin5

133 ± 21 49 ± 14 35 ± 10 10.0 ± 7.1 6.4 ± 3.0 33.3 ± 8.3

tt̄ events 33.3 ± 5.3 15.1 ± 4.5 7.1 ± 2.2 4.05 ± 2.9 2.0 ± 1.0 5.0 ± 1.3
tt̄ +V events 92 ± 15 29.9 ± 8.8 24.9 ± 7.7 6.00 ± 4.3 3.7 ± 1.8 27.4 ± 6.7
Single top quark events 3.82 ± 0.61 0.76 ± 0.23 2.30 ± 0.70 −− −− 0.76 ± 0.20
Others events 4.30 ± 0.43 3.00 ± 0.70 0.60 ± 0.18 −− 0.66 ± 0.32 −−

tt̄/Wt + a (50 GeV) 235 ± 18 62.9 ± 9.6 42.6 ± 7.3 45.1 ± 8.6 19.6 ± 4.3 64.5 ± 8.1
tt̄/Wt + φ (50 GeV) 219 ± 33 61 ± 17 58 ± 16 10.6 ± 4.4 17.0 ± 9.8 71 ± 22
tt̄/Wt + a (400 GeV) 39.0 ± 4.9 6.9 ± 1.8 6.8 ± 1.8 8.3 ± 3.3 2.8 ± 1.0 14.1 ± 2.6
tt̄/Wt + φ (400 GeV) 57.2 ± 6.6 16.8 ± 3.7 8.2 ± 2.0 4.0 ± 2.0 7.5 ± 2.0 20.6 ± 3.4

Table 5: Expected yields in SR2` for SM background processes and a selection of signal masses for an integrated
luminosity of 3000 fb−1at

√
s = 14 TeV. The uncertainties on the quoted numbers correspond to the MC statistical

uncertainty.
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Figure 4: Expected compatibility, represented by the p-value p0, of the background-only hypothesis with the
production of a colour-neutral (left) scalar or (right) pseudoscalar mediator in association with one or two top quarks
for 3000 fb−1 of 14 TeV proton-proton collision data. The compatibility is given as a function of the mediator mass
assuming φ/a→ χ χ̄ and g = 1.0.

m(φ/a) < 100 GeV are excluded with the anticipated HL–LHC dataset. This corresponds to a factor of
3–3.5 (3–4.3) improvement with respect to the previous reach achievable for the scalar (pseudoscalar)
mediator model. Similarly, for m(φ/a) ≥ 100 GeV, the extended coverage in pseudorapidity afforded
by the upgrade to the ATLAS Inner Tracker allows for better exploitation of anti-correlations in jet and
b-jet spin-sensitive variables like cos θ∗

bb
. This results in a larger gain in the exclusion potential for the

high-mass region, equivalent to a factor of 5.8–8.7 (3–5) increase with respect to the 13 TeV limit for
scalar (pseudoscalar) masses in the range 100–500 GeV.

As mentioned previously, the DM+bb̄ channel is better motivated within the context of the 2HDM+a
model, offering appealing prospects for constraints on tan β. Using the same 2HDM+a model as in
Ref. [18] and assuming a large mass splitting between the two pseudoscalar states (A and a with m(A) >
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m(a)), an upper bound on tan β can be approximated by the formula [17]:

tan β '
[

gχgν

yχ sin θ

(
σ

σ(g = 1.0)

)]1/2
=

[
1

yχ sin θ

(
σ

σ(g = 1.0)

)]1/2

where σ/σ(g = 1.0) corresponds to the value of the exclusion limit for pp → a + bb̄ in the context of
the simplified pseudoscalar mediator model. For sin θ = 0.35 and yχ = 1 (a common choice of parameter
values), expected bounds on tan β achievable at the HL–LHC range from ∼19 for m(a) = 10 GeV to ∼100
for m(a) = 500 GeV, significantly extending the current phase space coverage.

The exclusion limits in Figure 6 include the contributions from both the DM+tt̄ and DM+Wt final
states. Considering only the DM+tt̄ channel, the limit is expected to extend up to m(φ) = 405 GeV and
m(a) = 385 GeV. In the case of the scalar mediator model, this represents a factor of 5 improvement with
respect to the 13 TeV result. The statistical precision of the signal models has been found to be the main
limiting factor in assessing the sensitivity of the DM+tt̄/Wt channel. If a single-bin signal region defined
by the inclusive selection (SR2`) is considered in place of the multi-bin selection, the exclusion limits in
Figure 6 are reduced by a maximum of 20%, with scalar mediator masses below 100 GeV predominantly
affected. For reference, the statistical uncertainties on the signal and SM background yields are provided
in Table 5. Statistical uncertainties are also provided for the DM+bb̄ channel in Tables 3 and 4.
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(b)

Figure 5: Exclusion limits for the production of a colour-neutral (left) scalar or (right) pseudoscalar mediator in
association with bottom quarks and decaying to a pair of dark matter particles with mass 1 GeV. The limits,
calculated at 95% CL, are given as a function of the mediator mass and represent the ratio of the excluded cross-
section to the theoretically predicted cross-section for a coupling, g = 1.0, and for 3000 fb−1 of 14 TeV proton-proton
collision data. The solid bands correspond to the expected limit ±1σ. Also shown for comparison is the expected
limit for 36.1 fb−1 of 13 TeV proton-proton collision data taken from the previous analysis [13] (pink).

For each dark matter and mediator mass pair, 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 Ref. [64]. Figure 7 shows the resulting
constraints in the plane defined by the dark-matter mass and the scattering cross-section, which are
derived considering only the contribution from the tt̄ + φmodel. The maximum value of the DM–nucleon
scattering cross-section shown in the plot corresponds to the value of the cross section for a mediator
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Figure 6: Exclusion limits for the production of a colour-neutral (left) scalar or (right) pseudoscalar mediator in
association with one or two top quarks and decaying to a pair of dark matter particles with mass 1 GeV. The
limits, calculated at 95% CL, are given as a function of the mediator mass and represent the ratio of the excluded
cross-section to the theoretically predicted cross-section for a coupling, g = 1.0, and for 3000 fb−1 of 14 TeV
proton-proton collision data. The solid bands correspond to the expected limit ±1σ. Also shown for comparison is
the expected limit for 36.1 fb−1 of 13 TeV proton-proton collision data taken from the previous analysis [13] (pink).

mass of 10 GeV. The red contour is the exclusion limit at 90% CL. The green contour indicates the 5σ
discovery potential. The lower horizontal line in the green (red) contour corresponds to the value of the
cross section for m(φ) = 105 GeV (m(φ) = 430 GeV). Overlaid for comparison are the most stringent
direct detection limits to date from the LUX [65, 66], CRESST-III [67], XENON1T [68], PandaX [69]
and DarkSide-50 [70] Collaborations.
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Figure 7: Comparison of the 90% CL limits on the spin-independent DM-nucleon cross-section as a function of DM
mass between these results and the direct-detection experiments, in the context of the colour-neutral simplifiedmodel
with scalar mediator. The green contour indicates the 5σ discovery potential at HL–LHC. The lower horizontal line
of the DM–nucleon scattering cross-section for the red (green) contour corresponds to value of the cross section for
m(φ) = 430 GeV (m(φ) = 105 GeV). The grey contour indicates the exclusion derived from the observed limits for
36.1 fb−1 at 13 TeV taken from Ref. [13]. The results are compared with limits from direct detection experiments.

10 Conclusion

This note presents an estimate of the ATLAS sensitivity to dark matter production in association with
heavy flavour quarks with 3000 fb−1 of proton-proton collisions at

√
s = 14 TeV. Feasibility studies

are carried out for two simplified models in which the dark and SM sectors are assumed to couple via
the exchange of a spin-0 mediator. The studies are divided into two categories: dark matter production
in association with a pair of bottom quarks, and dark matter production in association with one or two
top quarks. Parametrisations derived from performance studies are used to emulate the response of the
upgraded ATLAS detector with 200 interactions per bunch crossing. Exclusion limits are derived at
95% CL for mediator masses in the range 10–500 GeV assuming systematic uncertainties consistent with
current forecasts. In comparison to results obtained with 36 fb−1 in Run 2, the exclusion potential at
the HL–LHC is found to improve by a factor of ∼3–8.7 for scalar and pseudoscalar masses produced in
association with bottom quarks, assuming unitary couplings and a dark matter mass of 1 GeV. In final
states with one or two leptonically-decaying top quarks, the mass range for which a colour-neutral scalar
mediator is expected to be excluded extends from 80GeV to 405 GeV. Similarly, exclusion of pseudoscalar
masses up to 385 GeV is expected.
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