
Experimental bounds on t-channel 
models with heavy flavours

Deborah Pinna
(University of Wisconsin) 

 

Roadmap of Dark Matter models for Run3 

CERN, 13-17 May 

Searches for DM and Long 
Lived Particles at the LHC

Alex Kastanas (Stockholm University)
On behalf of the ATLAS and CMS collaborations

La Thuile 2019 - Les Rencontres de Physique de la Vallée d'Aoste
March 15th 2019 



 Deborah Pinna - UW  13-17 May 2024                                 2

Empirical evidence of DM from astrophysical observations at different scales
- interacts gravitationally, long lived and neutral 
- no information about its nature

\ 

most studied class of theories: DM is a weakly interacting massive particle 

DM could be produced at colliders (rare process)

- no direct trace in the detector, but could create a pT imbalance (MET)  

- need visible particle to which DM particle recoils against 

- “mono-X searches”: X includes jets, vector bosons, top, … 

Which type of events do we study at colliders? can assume different interactions

 
 

 
 
 

benchmark models: kinematically distinct set of model parameters
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Dark matter? phenomenology at colliders 
Energy frontiers: 
GeV-TeV 

Simplified models:  
SM/BSM mediator

Specific models:  
eg. 2 Higgs Doublet Model

simpler

Complete models:  
eg. MSSM

(less
 parameters

)
more co

mplex

(more 

Simplified models

one s-channel mediator (t-channel med also possible) 
interaction type define most sensitive signatures
possible extensions with additional dark sector particles

invisible and visible final states 

Higgs boson could be the SM-DM mediator 

2HDM

two-Higgs doublet extensions with vector Z’ or pseudo-scalar a  

couplings prioritize third generation and signatures with vector 
and Higgs bosons

Which type of events do we study at colliders? 
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This paper presents a dedicated search for single top quarks produced in association with DM candidates,
exploiting final-state signatures characterised by the presence of: large ⇢miss

T ; jets, possibly arising from the
fragmentation of 1-hadrons (1-jets); and one or two charged leptons, either electrons or muons (✓ = 4, `).
The analysis is conducted using proton–proton (??) collisions at a centre-of-mass energy

p
B = 13 TeV

produced at the LHC and collected by ATLAS between 2015 and 2018, for a dataset corresponding to
139 fb�1. Three analysis channels, characterised by di�erent lepton or jet multiplicities, are optimised
to target di�erent processes: tW1L and tW2L (single-lepton and dilepton final states, respectively) for
the C,+DM events and tj1L for C-channel DM production. The results are interpreted in the context of
2HDM+0 models, considering various assumptions about the most relevant parameters, <0, <�

± , and
tan V. Furthermore, the mutually exclusive tW1L and tW2L analysis channels are statistically combined to
maximise the sensitivity to C,+DM processes.

Previous searches for 2HDM+0 models targeted associated production of DM candidates with Higgs or
/ bosons, as well as DM and a CC̄ pair (referred to as DMCC̄) (see Ref. [24] for CMS and Ref. [22] and
references therein for ATLAS). This search is targeting the unexplored models within ATLAS where
DM produced in association with single top quarks(for CMS results, see Ref. [25]). The analysis is also
sensitive to DMCC̄ processes in regions of the parameter space where the DMC and DMCC̄ production rates
are similar.
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(a)

directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.

Following the example of Ref. [?], the interaction Lagrangian is written as
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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Figure 1: Representative diagrams of the dark-matter particle j pair production from the 2HDM+0 model considered
in this analysis: (a)–(b) through the C-channel, and (c)–(d) through the C, channel.

2 ATLAS detector

The ATLAS detector [26] is a multipurpose particle detector with a forward–backward symmetric
cylindrical geometry and nearly 4c coverage in solid angle.1 The inner tracking detector consists of pixel
and microstrip silicon detectors covering the pseudorapidity region |[ | < 2.5, surrounded by a transition
radiation tracker which enhances electron identification in the region |[ | < 2.0. A new inner pixel layer,
the insertable B-layer [27, 28], was added at a mean radius of 3.3 cm during the period between Run 1 and
Run 2 of the LHC. The inner detector is surrounded by a thin superconducting solenoid providing an axial
2 T magnetic field and by a fine-granularity lead/liquid-argon (LAr) electromagnetic calorimeter covering

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector. The
positive G-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive H-axis
pointing upwards, while the beam direction defines the I-axis. Cylindrical coordinates (A, q) are used in the transverse plane, q
being the azimuthal angle around the I-axis. The pseudorapidity [ is defined in terms of the polar angle \ by [ = � ln tan(\/2).
Rapidity is defined as H = 0.5 ln[(⇢ + ?I)/(⇢ � ?I)] where ⇢ denotes the energy and ?I is the component of the momentum
along the beam direction. The angular distance �' is defined as

p
(�H)2 + (�q)2.

3

- invisible: production of DM through the decay of a portal/SM particles 

- visible: dark mediator particles can decay back to SM particles (especially if sector’s lightest state) 

- displaced (long-lived): production of dark sector particle with significant lifetime that decays visibly to SM

Signatures: 



ATLAS: arXiv:2404.15930
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1 - Selection: events categorized based on #leptons

tt+MET search ATLAS: arXiv:2404.15930

1l 2l
1 lepton: isolated e,µ 
≥ 3 jets 
=1, ≥ 2 b-tagged jets 
large MET 

+NN techniques for had top 
reconstr. and improve sensitivity

2 OS leptons: e,µ 
≥ 1 jets 
≥ 1 b-tagged jets 
large MET 

+categ based on lepton flavour

2- Bkg: 

- tt, ttV, V+jets main bkg, 
from CRs 

 
 

3- Results: combined fit of SRs 
and CRs
- systematic unc. included as 

nuisance parameters
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Figure 4: Observed and expected events as a function of <T ⇥ @(✓) in the CR (top) and of the stop-NN output value
in the VR (middle row) and the SR (bottom) in the high-⇢miss

T 1b (left) and 2b (right) stop regions. The expected
distributions are as determined in the background-only fit with data in CRs and SRs for the C̃1 C̃1 search. The hatched
area around the total SM prediction includes statistical and systematic uncertainties. Uncertainties on predictions in
VRs are dominated by statistical uncertainties on simulated samples. The lower panels show the ratio of the observed
data to the expected SM events and the ratio of the sum of the SM and expected signal events to the SM events. In
CRs, the last (first) bin contains overflows (underflows).

17

1

10

210

3
10

E
ve

n
ts

Data Standard Model

 (other)tt btt

Single-top W+jets

Z+jets Ztt

Diboson Other ) = (10,1) GeVχ,φm(
) = (50,1) GeVχm(a,
 inv) = 0.3→H(B

ATLAS
-1 = 13 TeV, 139 fbs

tt0L-low + tt0L-high analyses

SR0X SRWX SRTX SRAT0 SRATW SRATT SRBT0 SRBTW SRBTT
2−

0

2
S

ig
n

ifi
ca

n
ce

(a)

1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2
,l) [rad]miss

T
p(φ∆

0

1

2

Da
ta

/S
M

,l) [rad]miss
T

p(φ∆

5

10

15

20

25

30

35

40

45

Ev
en

ts Data Standard Model
 (dileptonic)tt W+jets

Single-top Ztt
Other

) = (10,1) GeVχ,φm(
) = (50,1) GeVχm(a,
 inv) = 0.3→H(B

ATLAS
-1 = 13 TeV, 139 fbs

tt1L analysis

(b)

1

10

210Ev
en

ts
 / 

Bi
n

Data Standard Model
tt Ztt
Single-top +jetsγZ/
FNP Diboson
Other

) = (10,1) GeVχ,φm(
) = (50,1) GeVχm(a,
 inv) = 0.3→H(B

ATLAS
-1 = 13 TeV, 139 fbs

tt2L analysis
Same flavour leptons

100 120 140 160 180 200 220 240 260 280
 [GeV]T2m

0

1

2

Da
ta

/S
M

(c)

Figure 2: (a) Post-fit signal region yields for the tt0L-high and the tt0L-low analyses. The bottom panel shows the
statistical significance [108] of the difference between the SM prediction and the observed data in each region. The
definitions of SRAT0, SRATW, SRATT, SRBT0, SRBTW and SRBTT can be found in Ref. [28]. Representative
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tt events without extra jets or events with extra light-flavour jets. In the tt2L analysis, ‘FNP’ includes the contribution
from fake/non-prompt lepton background arising from jets (mainly c/ , heavy-flavour hadron decays and photon
conversion) misidentified as leptons, estimated in a purely data-driven way. ‘Other’ includes contributions from tt+, ,
C/ and C,/ processes, and also tt (semileptonic) for the tt1L analysis. The total uncertainty in the SM expectation is
represented with hatched bands and the expected distributions for selected signal models are shown as dashed lines.
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scalar/pseudoscalar interaction

3- Results: interpretation in terms of DM model with Dirac DM upper limits at 95% CL on xsec
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Figure 3: Exclusion limits for colour-neutral (a) scalar and (b) pseudo-scalar mediator dark matter models as a
function of the mediator mass <q (<0) for a dark matter mass <j 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 6@ = 6j = 6 = 1. The solid (dashed) lines show the observed (expected) exclusion limits for different
analyses.
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1 - Selection: events categorized based on #leptons

This paper presents a dedicated search for single top quarks produced in association with DM candidates,
exploiting final-state signatures characterised by the presence of: large ⇢miss

T ; jets, possibly arising from the
fragmentation of 1-hadrons (1-jets); and one or two charged leptons, either electrons or muons (✓ = 4, `).
The analysis is conducted using proton–proton (??) collisions at a centre-of-mass energy

p
B = 13 TeV

produced at the LHC and collected by ATLAS between 2015 and 2018, for a dataset corresponding to
139 fb�1. Three analysis channels, characterised by di�erent lepton or jet multiplicities, are optimised
to target di�erent processes: tW1L and tW2L (single-lepton and dilepton final states, respectively) for
the C,+DM events and tj1L for C-channel DM production. The results are interpreted in the context of
2HDM+0 models, considering various assumptions about the most relevant parameters, <0, <�

± , and
tan V. Furthermore, the mutually exclusive tW1L and tW2L analysis channels are statistically combined to
maximise the sensitivity to C,+DM processes.

Previous searches for 2HDM+0 models targeted associated production of DM candidates with Higgs or
/ bosons, as well as DM and a CC̄ pair (referred to as DMCC̄) (see Ref. [24] for CMS and Ref. [22] and
references therein for ATLAS). This search is targeting the unexplored models within ATLAS where
DM produced in association with single top quarks(for CMS results, see Ref. [25]). The analysis is also
sensitive to DMCC̄ processes in regions of the parameter space where the DMC and DMCC̄ production rates
are similar.
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(a)

directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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Figure 1: Representative diagrams of the dark-matter particle j pair production from the 2HDM+0 model considered
in this analysis: (a)–(b) through the C-channel, and (c)–(d) through the C, channel.

2 ATLAS detector

The ATLAS detector [26] is a multipurpose particle detector with a forward–backward symmetric
cylindrical geometry and nearly 4c coverage in solid angle.1 The inner tracking detector consists of pixel
and microstrip silicon detectors covering the pseudorapidity region |[ | < 2.5, surrounded by a transition
radiation tracker which enhances electron identification in the region |[ | < 2.0. A new inner pixel layer,
the insertable B-layer [27, 28], was added at a mean radius of 3.3 cm during the period between Run 1 and
Run 2 of the LHC. The inner detector is surrounded by a thin superconducting solenoid providing an axial
2 T magnetic field and by a fine-granularity lead/liquid-argon (LAr) electromagnetic calorimeter covering

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector. The
positive G-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive H-axis
pointing upwards, while the beam direction defines the I-axis. Cylindrical coordinates (A, q) are used in the transverse plane, q
being the azimuthal angle around the I-axis. The pseudorapidity [ is defined in terms of the polar angle \ by [ = � ln tan(\/2).
Rapidity is defined as H = 0.5 ln[(⇢ + ?I)/(⇢ � ?I)] where ⇢ denotes the energy and ?I is the component of the momentum
along the beam direction. The angular distance �' is defined as

p
(�H)2 + (�q)2.

3

This paper presents a dedicated search for single top quarks produced in association with DM candidates,
exploiting final-state signatures characterised by the presence of: large ⇢miss

T ; jets, possibly arising from the
fragmentation of 1-hadrons (1-jets); and one or two charged leptons, either electrons or muons (✓ = 4, `).
The analysis is conducted using proton–proton (??) collisions at a centre-of-mass energy

p
B = 13 TeV

produced at the LHC and collected by ATLAS between 2015 and 2018, for a dataset corresponding to
139 fb�1. Three analysis channels, characterised by di�erent lepton or jet multiplicities, are optimised
to target di�erent processes: tW1L and tW2L (single-lepton and dilepton final states, respectively) for
the C,+DM events and tj1L for C-channel DM production. The results are interpreted in the context of
2HDM+0 models, considering various assumptions about the most relevant parameters, <0, <�

± , and
tan V. Furthermore, the mutually exclusive tW1L and tW2L analysis channels are statistically combined to
maximise the sensitivity to C,+DM processes.

Previous searches for 2HDM+0 models targeted associated production of DM candidates with Higgs or
/ bosons, as well as DM and a CC̄ pair (referred to as DMCC̄) (see Ref. [24] for CMS and Ref. [22] and
references therein for ATLAS). This search is targeting the unexplored models within ATLAS where
DM produced in association with single top quarks(for CMS results, see Ref. [25]). The analysis is also
sensitive to DMCC̄ processes in regions of the parameter space where the DMC and DMCC̄ production rates
are similar.
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.

Following the example of Ref. [?], the interaction Lagrangian is written as

W+

H�

a

q

b

q�

�

�̄

t

W
a

b

q̄

t

�̄

�

q̄

a

g

b

t

�̄

�

W�

H�
a

g

b

W�

�̄

�

t

1

(b)

directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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Figure 1: Representative diagrams of the dark-matter particle j pair production from the 2HDM+0 model considered
in this analysis: (a)–(b) through the C-channel, and (c)–(d) through the C, channel.

2 ATLAS detector

The ATLAS detector [26] is a multipurpose particle detector with a forward–backward symmetric
cylindrical geometry and nearly 4c coverage in solid angle.1 The inner tracking detector consists of pixel
and microstrip silicon detectors covering the pseudorapidity region |[ | < 2.5, surrounded by a transition
radiation tracker which enhances electron identification in the region |[ | < 2.0. A new inner pixel layer,
the insertable B-layer [27, 28], was added at a mean radius of 3.3 cm during the period between Run 1 and
Run 2 of the LHC. The inner detector is surrounded by a thin superconducting solenoid providing an axial
2 T magnetic field and by a fine-granularity lead/liquid-argon (LAr) electromagnetic calorimeter covering

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector. The
positive G-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive H-axis
pointing upwards, while the beam direction defines the I-axis. Cylindrical coordinates (A, q) are used in the transverse plane, q
being the azimuthal angle around the I-axis. The pseudorapidity [ is defined in terms of the polar angle \ by [ = � ln tan(\/2).
Rapidity is defined as H = 0.5 ln[(⇢ + ?I)/(⇢ � ?I)] where ⇢ denotes the energy and ?I is the component of the momentum
along the beam direction. The angular distance �' is defined as
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Figure 7: Comparison of the background-only fit SM predictions extrapolated to all SRs with the observed data. The
normalization of the backgrounds is obtained from the fit to the CRs. The upper panel shows the observed number of
events and the predicted background yields. The ‘Others’ category includes contributions from rare processes such
as C,/ , C/ , triboson, CCC, CC̄CC̄, CC, and CC�. All uncertainties defined in Section 6 are included in the uncertainty
band. The bottom panel shows the statistical significance [119] of the excesses and deficits of data events relative to
the predicted SM background.

Table 7: Event yields showing the observed data and the background-only fit SM predictions in the tW0L signal
regions. Signal regions are defined according to the five ⇢

miss
T bins presented in Section 5.1 for the tW0L channel,

corresponding to increasing ⇢
miss
T values in bins 1–5. SM predictions are decomposed into the main backgrounds

of the analysis. Smaller backgrounds (C,/ , C/ , triboson, CCC, CC̄CC̄, CC, and CC� events) are grouped together and
labelled as ‘Others’. The quoted uncertainties in the fitted SM background include both the statistical and systematic
uncertainties.

SRbin1
tW0L

SRbin2
tW0L

SRbin3
tW0L

SRbin4
tW0L

SRbin5
tW0L

Observed events 67 33 25 2 6

Fitted SM bkg. events 64 ± 8 41 ± 6 25 ± 4 9.6 ± 2.1 7.0 ± 1.7

/ + jets 22 ± 5 14.1 ± 2.9 10.4 ± 2.7 3.4 ± 0.9 2.5 ± 0.8
,+ jets 14.2 ± 3.2 8.8 ± 1.8 4.4 ± 1.3 2.4 ± 0.8 1.51 ± 0.28
CC̄ 14.2 ± 2.6 8.3 ± 3.3 3.9 ± 1.2 1.1 ± 0.5 0.7 ± 0.6
CC̄/ 3.6 ± 1.6 2.9 ± 1.1 2.3 ± 0.9 1.0+1.0

�1.0 0.5 ± 0.4
Single-top 3.3 ± 2.5 2.5+3.1

�2.5 1.4 ± 1.1 0.6+0.8
�0.6 0.5+1.0

�0.5
Diboson 5.6 ± 1.2 3.2 ± 0.8 2.3 ± 0.8 0.92 ± 0.26 1.02 ± 0.31
Others 1.29 ± 0.23 0.96 ± 0.17 0.66 ± 0.11 0.20 ± 0.04 0.20 ± 0.04

25

2- Bkg: 

- tt, ttV, V+jets main bkg, from CRs 
 
 
 

3- Results: combined fit of SRs and CRs
- systematic unc. included as 

nuisance parameters

2tW+MET: 0l, 1l

ATLAS: arXiv:2404.15930

https://arxiv.org/abs/2404.15930
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3- Results: interpretation in terms of DM model with Dirac DM upper limits at 95% CL on xsec

Analysis sensitive also to DM+tt processes:  low H± masses → DM+t dominates, high m(H±)→ DM+tt dominates
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Figure 10: The expected and observed exclusion contours as a function of (a)–(b) (<0,<�
±), (c)–(d) (<�

± , tan V)
assuming <0 = 150 GeV and (e)–(f) (<�

± , tan V) assuming <0 = 250 GeV. The individual tW0L (green line),
tW1L (red line) and tW2L (orange line) analysis channels are shown together with their statistical combination (blue
line). Only C,+DM contributions are considered in (a), (c) and (e), while (b), (d) and (f) consider C,+DM and
CC̄+DM contributions. Experimental and theoretical systematic uncertainties, as described in Section 6, are applied to
background and signal samples and illustrated by the ±1 standard-deviation yellow band and the blue dashed contour
lines, respectively, for the statistical combination.
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Figure 3: Exclusion limits for colour-neutral (a) scalar and (b) pseudo-scalar mediator dark matter models as a
function of the mediator mass <q (<0) for a dark matter mass <j 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 6@ = 6j = 6 = 1. The solid (dashed) lines show the observed (expected) exclusion limits for different
analyses.
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simplified model - scalar 2HDM+𝑎 model 

ATLAS: arXiv:2404.15930tj(tW)+MET search 
1 - Selection: events categorized based on #leptons

This paper presents a dedicated search for single top quarks produced in association with DM candidates,
exploiting final-state signatures characterised by the presence of: large ⇢miss

T ; jets, possibly arising from the
fragmentation of 1-hadrons (1-jets); and one or two charged leptons, either electrons or muons (✓ = 4, `).
The analysis is conducted using proton–proton (??) collisions at a centre-of-mass energy

p
B = 13 TeV

produced at the LHC and collected by ATLAS between 2015 and 2018, for a dataset corresponding to
139 fb�1. Three analysis channels, characterised by di�erent lepton or jet multiplicities, are optimised
to target di�erent processes: tW1L and tW2L (single-lepton and dilepton final states, respectively) for
the C,+DM events and tj1L for C-channel DM production. The results are interpreted in the context of
2HDM+0 models, considering various assumptions about the most relevant parameters, <0, <�

± , and
tan V. Furthermore, the mutually exclusive tW1L and tW2L analysis channels are statistically combined to
maximise the sensitivity to C,+DM processes.

Previous searches for 2HDM+0 models targeted associated production of DM candidates with Higgs or
/ bosons, as well as DM and a CC̄ pair (referred to as DMCC̄) (see Ref. [24] for CMS and Ref. [22] and
references therein for ATLAS). This search is targeting the unexplored models within ATLAS where
DM produced in association with single top quarks(for CMS results, see Ref. [25]). The analysis is also
sensitive to DMCC̄ processes in regions of the parameter space where the DMC and DMCC̄ production rates
are similar.
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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Figure 1: Representative diagrams of the dark-matter particle j pair production from the 2HDM+0 model considered
in this analysis: (a)–(b) through the C-channel, and (c)–(d) through the C, channel.

2 ATLAS detector

The ATLAS detector [26] is a multipurpose particle detector with a forward–backward symmetric
cylindrical geometry and nearly 4c coverage in solid angle.1 The inner tracking detector consists of pixel
and microstrip silicon detectors covering the pseudorapidity region |[ | < 2.5, surrounded by a transition
radiation tracker which enhances electron identification in the region |[ | < 2.0. A new inner pixel layer,
the insertable B-layer [27, 28], was added at a mean radius of 3.3 cm during the period between Run 1 and
Run 2 of the LHC. The inner detector is surrounded by a thin superconducting solenoid providing an axial
2 T magnetic field and by a fine-granularity lead/liquid-argon (LAr) electromagnetic calorimeter covering

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector. The
positive G-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive H-axis
pointing upwards, while the beam direction defines the I-axis. Cylindrical coordinates (A, q) are used in the transverse plane, q
being the azimuthal angle around the I-axis. The pseudorapidity [ is defined in terms of the polar angle \ by [ = � ln tan(\/2).
Rapidity is defined as H = 0.5 ln[(⇢ + ?I)/(⇢ � ?I)] where ⇢ denotes the energy and ?I is the component of the momentum
along the beam direction. The angular distance �' is defined as

p
(�H)2 + (�q)2.

3

This paper presents a dedicated search for single top quarks produced in association with DM candidates,
exploiting final-state signatures characterised by the presence of: large ⇢miss

T ; jets, possibly arising from the
fragmentation of 1-hadrons (1-jets); and one or two charged leptons, either electrons or muons (✓ = 4, `).
The analysis is conducted using proton–proton (??) collisions at a centre-of-mass energy

p
B = 13 TeV

produced at the LHC and collected by ATLAS between 2015 and 2018, for a dataset corresponding to
139 fb�1. Three analysis channels, characterised by di�erent lepton or jet multiplicities, are optimised
to target di�erent processes: tW1L and tW2L (single-lepton and dilepton final states, respectively) for
the C,+DM events and tj1L for C-channel DM production. The results are interpreted in the context of
2HDM+0 models, considering various assumptions about the most relevant parameters, <0, <�

± , and
tan V. Furthermore, the mutually exclusive tW1L and tW2L analysis channels are statistically combined to
maximise the sensitivity to C,+DM processes.

Previous searches for 2HDM+0 models targeted associated production of DM candidates with Higgs or
/ bosons, as well as DM and a CC̄ pair (referred to as DMCC̄) (see Ref. [24] for CMS and Ref. [22] and
references therein for ATLAS). This search is targeting the unexplored models within ATLAS where
DM produced in association with single top quarks(for CMS results, see Ref. [25]). The analysis is also
sensitive to DMCC̄ processes in regions of the parameter space where the DMC and DMCC̄ production rates
are similar.
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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Figure 1: Representative diagrams of the dark-matter particle j pair production from the 2HDM+0 model considered
in this analysis: (a)–(b) through the C-channel, and (c)–(d) through the C, channel.

2 ATLAS detector

The ATLAS detector [26] is a multipurpose particle detector with a forward–backward symmetric
cylindrical geometry and nearly 4c coverage in solid angle.1 The inner tracking detector consists of pixel
and microstrip silicon detectors covering the pseudorapidity region |[ | < 2.5, surrounded by a transition
radiation tracker which enhances electron identification in the region |[ | < 2.0. A new inner pixel layer,
the insertable B-layer [27, 28], was added at a mean radius of 3.3 cm during the period between Run 1 and
Run 2 of the LHC. The inner detector is surrounded by a thin superconducting solenoid providing an axial
2 T magnetic field and by a fine-granularity lead/liquid-argon (LAr) electromagnetic calorimeter covering

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector. The
positive G-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive H-axis
pointing upwards, while the beam direction defines the I-axis. Cylindrical coordinates (A, q) are used in the transverse plane, q
being the azimuthal angle around the I-axis. The pseudorapidity [ is defined in terms of the polar angle \ by [ = � ln tan(\/2).
Rapidity is defined as H = 0.5 ln[(⇢ + ?I)/(⇢ � ?I)] where ⇢ denotes the energy and ?I is the component of the momentum
along the beam direction. The angular distance �' is defined as

p
(�H)2 + (�q)2.

3
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Figure 2: The main discriminator distribution (p
miss
T ) employed in the AH channel for the three

SRs: 0f (left), 1f (center), and 2b (right). The last bin contains overflow events. The various
background processes are represented with color-filled histograms as indicated in the legend.
A representative signal model distribution is also shown. The grey dashed area in the upper
panel represents the total post-fit background and one signal hypothesis summed together and
their associated statistical and systematic uncertainties. The data points are shown as black
dots with vertical and horizontal error bars. The lower panel shows the post-fit values and
uncertainties of the ratio between the observed data and the predicted SM background. The
figure comprises the total collected data in Run 2.

7 Results
The results are interpreted in terms of the signal model for scalar and pseudoscalar mediator
masses between 50 and 500 GeV, with mc = 1 GeV and gq = gc = 1. The results are interpreted
in terms of the signal strength parameter µ, defined as the ratio between the measured and the
theoretical cross sections for the t/t+DM and tt+DM production modes summed together. The
theoretical cross sections for both signal models are obtained at LO.

For masses of the mediator particle below 200 (300) GeV for the scalar (pseudoscalar) model,
the leading contribution to the sensitivity stems from tt+DM processes because of their larger
cross sections with respect to t/t+DM production. However, the t/t+DM cross section drops
less rapidly as a function of the mediator particle mass in comparison to the tt+DM mode and
the p

miss
T distribution for a given mediator mass leans towards higher values for the t/t+DM

signal. This causes the t/t+DM signal to drive the sensitivity for the highest mediator masses
considered.

Upper limits at 95% confidence level (CL) are computed using a modified frequentist approach
with a test statistic based on the profile likelihood in the asymptotic approximation and the
CLs criterion [57–59]. The results are shown in Fig. 5 for scalar (left) and pseudoscalar (right)
models. Overall, we expect to exclude mediator masses below 400 (380) GeV for the benchmark
cross sections of the scalar (pseudoscalar) hypothesis. A signal-like excess is observed in data.
Because the signal kinematics are not very sensitive to the mass of the mediator, this excess is
consistent with all mediator mass hypotheses. The largest excess for all mediator hypotheses
is within two standard deviations. Because of this excess, we only exclude mediator masses
below 280 (290) GeV for the scalar (pseudoscalar) mediator.

8 Summary
A search for dark matter (DM) produced in association with a single top quark or a top quark
pair in interactions mediated by a neutral scalar or pseudoscalar particle in proton-proton col-

8. Summary 17
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Figure 4: The main discriminator distribution (NN) employed in the DL channel for the four
SRs devised: tt+DM OF (upper left), tt+DM SF (upper right), tW+DM OF (lower left), and
tW+DM SF (lower right). The last bin contains overflow events. The various background pro-
cesses are represented with color-filled histograms as indicated in the legend. A representative
signal model distribution is also shown. The grey dashed area in the upper panel represents
the total post-fit background and one signal hypothesis summed together and their associated
statistical and systematic uncertainties. The data points are shown as black dots with vertical
and horizontal error bars. The lower panel shows the post-fit values and uncertainties of the
ratio between the observed data and the predicted SM background. The figure comprises the
total collected data in Run 2.
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3- Results: interpretation in terms of DM model with Dirac DM upper limits at 95% CL on xsec
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Figure 5: The expected 95% CL limits on the DM production cross sections relative to the theory
predictions shown for the scalar (left) and pseudoscalar (right) models. The expected limit on
the sum of both signals is shown by the black dashed line with the 68 and 95% CL uncertainty
bands in green and yellow, respectively, while the observed limit is shown by the solid black
line. The solid horizontal line corresponds to s/sth = 1.

lisions at a center-of-mass energy of 13 TeV has been presented. The data correspond to an
integrated luminosity of 138 fb�1 recorded by the CMS experiment between 2016 and 2018.
Various decay modes of the top quark are probed, resulting in three separate channels based
on the number of leptons in the final state, namely the all-hadronic (zero leptons), semileptonic
(one lepton), and dileptonic (two leptons) final states.

The results are interpreted in the context of a simplified model in which a scalar or pseudoscalar
mediator particle couples to the top quark and subsequently decays into two DM particles.
Scalar and pseudoscalar mediator masses below 400 and 380 GeV, respectively, are expected
to be excluded at 95% confidence level assuming a DM particle mass of 1 GeV and mediator
couplings to fermions and DM particles equal to unity. A signal-like excess is observed in data.
Because the signal kinematics are not very sensitive to the mass of the mediator, this excess is
consistent with all mediator mass hypotheses. The largest excess for all mediator hypotheses
is within two standard deviations. Because of this excess, we only exclude mediator masses
below 280 (290) GeV for the scalar (pseudoscalar) mediator.
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for SRD.

The combined fit to SRA and SRB is also used to set limits on the model where pairs of scalar third-
generation down-type leptoquarks are produced. Limits at 95% CL are set on the branching ratio

B
⇣
LQ3

3 ! Cg

⌘
= 1 � B

⇣
LQ3

3 ! 1ag

⌘
as a function of the leptoquark mass. The result is shown in

Figure 9. LQ3

3 masses up to 1260 GeV are excluded for B
⇣
LQ3

3 ! Cg

⌘
= 0, while the limit decreases to

400 GeV if B
⇣
LQ3

3 ! Cg

⌘
= 95%. The same event deficit in SRAmct350, SRAmct450 and SRAmct550

already discussed in relation to Figure 8(a) is responsible for the discrepancy between the observed and
expected limit for leptoquark masses around 700 GeV.

Finally, exclusion limits are set on DM production models with scalar or pseudoscalar mediators in
Figure 10. The limits are obtained by taking for each point the signal region (either SRD-low or SRD-high)
that yields the better expected CLS value. Limits on the cross-section are provided for a j mass of 1 GeV
and unity coupling of the mediator to the dark matter particles, separately for scenarios with a scalar or a
pseudoscalar mediator. In both cases, cross-sections exceeding between 5 and 300 times the predicted rate
for mediators with masses between 10 and 500 GeV are excluded.

20

8

250 500 750 1000 1250 1500 1750 2000 2250 2500

10

210

310

410

510

610

710

810

Ev
en

ts
/b

in

 = 350GeVam

H Single t QCD
WW/WZ/ZZ tt )+JetsνW(l

)+JetsννZ( Z(ll)+Jets Data

250 500 750 1000 500 750 1000 500 750 1000
0.2−

0
0.2

1b category1b category

 (GeV)miss
T

p  (GeV)miss
T

p

SR1 ) CRllZ( ) CRνlW(SR1 ) CRllZ( ) CRνlW(

CMS     Preliminary (13 TeV)-1138 fb
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0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 3

10

210

310

410

510

610

710

810

Ev
en

ts
/b

in

 = 350GeVam

H )+JetsνW(l WW/WZ/ZZ
)+JetsννZ( QCD Single t

tt Z(ll)+Jets Data

0.0 0.25 0.5 0.75 1.0 0.25 0.5 0.75 1.0 0.25 0.5 0.75 1.0
0.2−

0
0.2

2b category2b category

*Θcos *Θcos

SR2 ) CRllZ( ) CRνl(ttSR2 ) CRllZ( ) CRνl(tt

CMS     Preliminary (13 TeV)-1138 fb

Figure 5: Observed and predicted cos Q⇤ distributions in the 2b category, in the SR and CRs.
The uncertainty band includes all sources of uncertainty, both systematic and statistical.

7 Results
Figures 4 and 5 show the expected and observed distributions of pmiss

T and recoil for SR1 along
with the Z(``) + jets and W(`n) + jets CRs in the 1b category, and cos Q⇤ for the SR and CRs in
the 2b category, respectively.

Upper limits on the signal strength modifier µ = s/stheory are extracted, where stheory is the
production cross section of DM candidates in association with two bottom quarks as pre-
dicted by the theoretical model, and s represents the upper limit on the observed cross sec-
tion. The upper limits are calculated at 95% confidence level (CL) using a modified frequen-
tist method [44–46] computed with an asymptotic approximation [47]. The combined limit is
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Figure 1: Diagrams illustrating the processes targeted by this analysis: (a) bottom squark pair production, (b)
production of DM particles (indicated with j) through the decay of a scalar or pseudoscalar mediator coupling to
bottom quarks, and (c) pair production of scalar third-generation down-type leptoquarks decaying to bottom quarks
and neutrinos or top quarks and g-leptons. BSM particles are indicated in red, while SM particles are indicated in
black.

2 ATLAS detector

The ATLAS detector [48–50] is a multipurpose detector with a forward–backward symmetric cylindrical
geometry and nearly 4c coverage in solid angle.2 The inner detector (ID) tracking system consists of pixel
and silicon microstrip detectors covering the pseudorapidity region |[ | < 2.5, surrounded by a transition
radiation tracker, which improves electron identification over the region |[ | < 2.0. The ID is surrounded
by a thin superconducting solenoid providing an axial 2 T magnetic field and by a fine-granularity
lead/liquid-argon (LAr) electromagnetic calorimeter covering |[ | < 3.2. A steel/scintillator-tile calorimeter
provides hadronic coverage in the central pseudorapidity range (|[ | < 1.7). The endcap and forward
calorimeters (1.5 < |[ | < 4.9) are made of LAr active layers with either copper or tungsten as the absorber
material for electromagnetic and hadronic measurements. The muon spectrometer with an air-core toroid
magnet system surrounds the calorimeters. Three layers of high-precision tracking chambers provide
coverage in the range |[ | < 2.7, while dedicated chambers allow triggering in the region |[ | < 2.4.

3 Data collection and simulated event samples

The data analysed in this paper were collected between 2015 and 2018 at a centre-of-mass energy of
13 TeV with a 25 ns proton bunch crossing interval. The average number of ?? interactions per bunch
crossing (pile-up) ranged from 13 in 2015 to around 38 in 2017–2018. Application of beam, detector
and data-quality criteria [51] results in a total integrated luminosity of 139 fb�1. The uncertainty in the

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector. The
positive G-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive H-axis
pointing upwards, while the beam direction defines the I-axis. Cylindrical coordinates (A, q) are used in the transverse plane,
q being the azimuthal angle around the I-axis. The transverse momentum ?T, the transverse energy ⇢T and the missing
transverse momentum are defined in the G–H plane unless stated otherwise. The pseudorapidity [ is defined in terms of the
polar angle \ by [ = � ln tan(\/2) and the rapidity is defined as H = (1/2) ln[(⇢ + ?I)/(⇢ � ?I)] where ⇢ is the energy and
?I the longitudinal momentum of the object of interest.
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Figure 1: Feynman diagram for the bb + pmiss
T process in the 2HDM+a model.

calorimeters, made of steel and quartz fibres, extend the pseudorapidity (h) coverage provided
by the barrel and endcap detectors. Muons are detected in gas-ionization chambers embedded
in the steel flux-return yoke outside the solenoid.

Events of interest are selected using a two-tiered trigger system [17]. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz in a time of less than 4 µs. The second level, known
as the high-level trigger, consists of a farm of processors running a version of the full event
reconstruction software optimized for fast processing, and reduces the event rate to around
1 kHz before data storage.

A more detailed description of the CMS detector, along with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [18].

3 Data samples and event reconstruction
This search uses data collected in pp collisions between 2016 and 2018, corresponding to an
integrated luminosity of 138 fb�1. The 25 ns of time difference between adjacent bunches leads
to an average of 23 interactions for each bunch with the assumption that the inelastic cross
section of pp collision is 69.2 mb [19].

For the bb + pmiss
T signal events, the production cross section is dominantly driven by the

lighter mediator a, and does not depend on the mass of A. The choice of the fixed and free
parameters follows the recommendations of Ref. [20]. Furthermore, tan b, sin q, and mc only
marginally change the distribution of ~p miss

T but significantly affect the production cross section.
On the other hand, as shown in Fig. 2, the ~p miss

T distribution strongly depends on ma. Hence,
signal events are generated with mA = 600 GeV, tan b = 35, sin q = 0.7, and mc =1 GeV for dif-
ferent ma values using MADGRAPH5 aMC@NLO v2.6.0 [21] and the 5-flavor scheme at leading
order (LO) in quantum chromodynamics (QCD).

A lower threshold of 150 GeV is set on pmiss
T at generator level to constrain the kinematic phase

space of simulated events to the region where the analysis is conducted. The signal gets over-
shadowed by various SM processes with a similar final state and higher production cross sec-
tion. The dominant background comes from the Z(nn) + jets production (⇡ 60 � 70% of the
total background ), when the Z boson is produced in association with one or two b jets and
decays to neutrinos. The tt (semi-leptonic) and W(`n) + jets backgrounds are the next largest
backgrounds, where a lepton coming from these processes is either lost or not reconstructed
properly in the detector. Dileptonic and hadronic tt decays, as well as single top and diboson
(WW, WZ, ZZ) production events, are smaller contributions to the total background.

ATLAS

CMS

https://arxiv.org/abs/2404.15930
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-23-008/index.html
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bottom quarks, and (c) pair production of scalar third-generation down-type leptoquarks decaying to bottom quarks
and neutrinos or top quarks and g-leptons. BSM particles are indicated in red, while SM particles are indicated in
black.

2 ATLAS detector

The ATLAS detector [48–50] is a multipurpose detector with a forward–backward symmetric cylindrical
geometry and nearly 4c coverage in solid angle.2 The inner detector (ID) tracking system consists of pixel
and silicon microstrip detectors covering the pseudorapidity region |[ | < 2.5, surrounded by a transition
radiation tracker, which improves electron identification over the region |[ | < 2.0. The ID is surrounded
by a thin superconducting solenoid providing an axial 2 T magnetic field and by a fine-granularity
lead/liquid-argon (LAr) electromagnetic calorimeter covering |[ | < 3.2. A steel/scintillator-tile calorimeter
provides hadronic coverage in the central pseudorapidity range (|[ | < 1.7). The endcap and forward
calorimeters (1.5 < |[ | < 4.9) are made of LAr active layers with either copper or tungsten as the absorber
material for electromagnetic and hadronic measurements. The muon spectrometer with an air-core toroid
magnet system surrounds the calorimeters. Three layers of high-precision tracking chambers provide
coverage in the range |[ | < 2.7, while dedicated chambers allow triggering in the region |[ | < 2.4.

3 Data collection and simulated event samples

The data analysed in this paper were collected between 2015 and 2018 at a centre-of-mass energy of
13 TeV with a 25 ns proton bunch crossing interval. The average number of ?? interactions per bunch
crossing (pile-up) ranged from 13 in 2015 to around 38 in 2017–2018. Application of beam, detector
and data-quality criteria [51] results in a total integrated luminosity of 139 fb�1. The uncertainty in the

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector. The
positive G-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive H-axis
pointing upwards, while the beam direction defines the I-axis. Cylindrical coordinates (A, q) are used in the transverse plane,
q being the azimuthal angle around the I-axis. The transverse momentum ?T, the transverse energy ⇢T and the missing
transverse momentum are defined in the G–H plane unless stated otherwise. The pseudorapidity [ is defined in terms of the
polar angle \ by [ = � ln tan(\/2) and the rapidity is defined as H = (1/2) ln[(⇢ + ?I)/(⇢ � ?I)] where ⇢ is the energy and
?I the longitudinal momentum of the object of interest.
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T process in the 2HDM+a model.

calorimeters, made of steel and quartz fibres, extend the pseudorapidity (h) coverage provided
by the barrel and endcap detectors. Muons are detected in gas-ionization chambers embedded
in the steel flux-return yoke outside the solenoid.

Events of interest are selected using a two-tiered trigger system [17]. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz in a time of less than 4 µs. The second level, known
as the high-level trigger, consists of a farm of processors running a version of the full event
reconstruction software optimized for fast processing, and reduces the event rate to around
1 kHz before data storage.

A more detailed description of the CMS detector, along with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [18].

3 Data samples and event reconstruction
This search uses data collected in pp collisions between 2016 and 2018, corresponding to an
integrated luminosity of 138 fb�1. The 25 ns of time difference between adjacent bunches leads
to an average of 23 interactions for each bunch with the assumption that the inelastic cross
section of pp collision is 69.2 mb [19].

For the bb + pmiss
T signal events, the production cross section is dominantly driven by the

lighter mediator a, and does not depend on the mass of A. The choice of the fixed and free
parameters follows the recommendations of Ref. [20]. Furthermore, tan b, sin q, and mc only
marginally change the distribution of ~p miss

T but significantly affect the production cross section.
On the other hand, as shown in Fig. 2, the ~p miss

T distribution strongly depends on ma. Hence,
signal events are generated with mA = 600 GeV, tan b = 35, sin q = 0.7, and mc =1 GeV for dif-
ferent ma values using MADGRAPH5 aMC@NLO v2.6.0 [21] and the 5-flavor scheme at leading
order (LO) in quantum chromodynamics (QCD).

A lower threshold of 150 GeV is set on pmiss
T at generator level to constrain the kinematic phase

space of simulated events to the region where the analysis is conducted. The signal gets over-
shadowed by various SM processes with a similar final state and higher production cross sec-
tion. The dominant background comes from the Z(nn) + jets production (⇡ 60 � 70% of the
total background ), when the Z boson is produced in association with one or two b jets and
decays to neutrinos. The tt (semi-leptonic) and W(`n) + jets backgrounds are the next largest
backgrounds, where a lepton coming from these processes is either lost or not reconstructed
properly in the detector. Dileptonic and hadronic tt decays, as well as single top and diboson
(WW, WZ, ZZ) production events, are smaller contributions to the total background.
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shown in Fig. 6. The observed exclusion range is up to 260 GeV for tan b = 35, sin q = 0.7,
and mA = 600 GeV. The two-dimensional limit in the plane of ma � tan b, using sin q = 0.7,
mA = 600 GeV, and mc = 1 GeV, is shown in Fig. 7 (left). The two-dimensional limit in the
plane of ma � sin q, using tan b = 35, mA = 600 GeV, and mc = 1 GeV, is shown in Fig. 7
(right).
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Figure 3: Exclusion limits for colour-neutral (a) scalar and (b) pseudo-scalar mediator dark matter models as a
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t(b)+MET: can we go from s- to t-channel? 
s-channel 

mediator couples to pair of dark matter or SM particles

t-channel 
mediator interacts with one SM state and the dark matter

t-channel models at LHC: mono-jet2. Data and MC simulation samples 15
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Figure 2: Example Feynman graphs for the production of DM candidates c in association with
jets in the t-channel mediator scenario. Taken from Ref. [16].

Figure 3: Parameter points considered in the t-channel dark matter signal scan.

Note that the coupling of the mediator to the DM particles does not depend on mDM. This306

choice reflects an agnostic view of mass generation in the dark sector: no assumption is made307

as to how the DM candidate acquires a mass, and a full model of the dark sector physics would308

need to account for this question. The practical result of this choice is that the coupling of309

the mediator to DM is much larger than that of the SM fermions, with the exception of the top310

quark. A signal in this scenario would be faint, but detectable, whereas any further suppression311

(induced by e.g. the introduction of democratic fermion couplings) would reduce the expected312

signal yields below the threshold of detectability with the available data sets.313

Simulation samples for the DMsimp processes are obtained using Madgraph5 aMC@NLO. For314

the spin-1 case, samples are produced at NLO in QCD with up to two partons at the matrix-315

element level in addition to the DM pair. Parton showering is performed usign PYTHIA8, and316

matching uses the FXFX method. For the spin-0 case, samples are simulated at effective LO in317

QCD, since the signal process is loop induced. The final state in this case consists of the DM318

pair with one additional parton at the matrix element level. In both cases, separate samples319

are generated for the associated production of DM particles with partonic jets, hadronically320

decaying W bosons, and hadronically decaying Z bosons.321
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Figure 7: Exclusion limits at 95% CL on the couplings gc (left) and gq (right) for an axial-vector
mediator. In each panel, the result is shown as a function of the mediator mass mmed, with the
mass of the DM candidate fixed to mDM = mmed/3. In either case, only one coupling is varied,
while the other coupling is fixed at its default value (gq = 0.25 or gc = 1.0).

Figure 8: Upper limits at 95% CL on the signal strength µ = s/stheo as a function of mmed for
scenarios with scalar (left) and pseudoscalar (right) mediators and coupling values of gq = 1.0,
gc = 1.0, for a constant value of mDM = 1 GeV. The red solid line indicates the exclusion
boundary µ = 1. In the case of a pseudoscalar mediator, mmed values up to 480 GeV are ex-
cluded (440 GeV expected).
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6.4 Fermion portal interpretation487

In the fermion portal model, the results of the analysis are shown in Fig. 9 in the plane of the488

mediator mass mF and the DM candidate mass mc. At low mc values, the mediator masses of489

up to 1.5 TeV are excluded (1.7 TeV expected).490

Figure 9: Exclusion limits at 95% CL in in the plane of the mediator mass mF and the DM
candidate mass mc. The black dashed and dotted lines represent the median expected exclusion
and the 68% confidence level interval around it, respectively. The black solid line represents
the observed exclusion. The yellow solid line shows the observed exclusion from Ref. [20] for
comparison.

6.5 ADD interpretation491

In the ADD scenario, lower limits on the fundamental Planck scale MD for the number of extra492

dimensions d ranging from 2 to 7 are shown in Fig. 10. For the lowest number of extra dimen-493

sions considered here, d = 2, MD values of up to 10.8 TeV are excluded (12.1 TeV expected). As494

the number of extra dimensions increases, the probed MD value is reduced to 5.4 TeV for d = 6495

(5.9 TeV expected). Compared to the result of Ref. [20], these limits represent an improvement496

of approximately 8% for low values of d (20% expected). At larger values, the relative gain in497

MD sensitivity is smaller, as a result of the dependence of the signal cross section on MD, which498

becomes steeper as d increases.499

6.6 Leptoquark interpretation500

Finally, upper limits are placed on the production cross section of LQs coupled to up quarks501

and neutrinos with a coupling value l. The branching fraction for the decay of the LQ into502

an electron neutrino and up quark is assumed to be 100% (also referred to as to b = 0 in the503

literature). The limits are shown in Fig. 11. Generally, both single and pair LQ production504

contributes to the signal, with the coupling l mainly influencing the single production rate.505

The pair production dominates at lower LQ masses of mLQ < 1 TeV, which has already been506

excluded by previous searches [77]. In the higher-mass regime mLQ > 1 TeV the contribution507

from single production is increased, providing additional sensitivity to the value of l. The508

minimal excluded coupling l ranges from about 0.5 at mLQ = 1 TeV (0.4 expected) to l = 0.9509

at mLQ = 1.5 TeV (0.7 expected) and l = 1.8 at 2 TeV (1.25 expected).510
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Figure 1: Diagrams illustrating the processes targeted by this analysis: (a) bottom squark pair production, (b)
production of DM particles (indicated with j) through the decay of a scalar or pseudoscalar mediator coupling to
bottom quarks, and (c) pair production of scalar third-generation down-type leptoquarks decaying to bottom quarks
and neutrinos or top quarks and g-leptons. BSM particles are indicated in red, while SM particles are indicated in
black.

2 ATLAS detector

The ATLAS detector [48–50] is a multipurpose detector with a forward–backward symmetric cylindrical
geometry and nearly 4c coverage in solid angle.2 The inner detector (ID) tracking system consists of pixel
and silicon microstrip detectors covering the pseudorapidity region |[ | < 2.5, surrounded by a transition
radiation tracker, which improves electron identification over the region |[ | < 2.0. The ID is surrounded
by a thin superconducting solenoid providing an axial 2 T magnetic field and by a fine-granularity
lead/liquid-argon (LAr) electromagnetic calorimeter covering |[ | < 3.2. A steel/scintillator-tile calorimeter
provides hadronic coverage in the central pseudorapidity range (|[ | < 1.7). The endcap and forward
calorimeters (1.5 < |[ | < 4.9) are made of LAr active layers with either copper or tungsten as the absorber
material for electromagnetic and hadronic measurements. The muon spectrometer with an air-core toroid
magnet system surrounds the calorimeters. Three layers of high-precision tracking chambers provide
coverage in the range |[ | < 2.7, while dedicated chambers allow triggering in the region |[ | < 2.4.

3 Data collection and simulated event samples

The data analysed in this paper were collected between 2015 and 2018 at a centre-of-mass energy of
13 TeV with a 25 ns proton bunch crossing interval. The average number of ?? interactions per bunch
crossing (pile-up) ranged from 13 in 2015 to around 38 in 2017–2018. Application of beam, detector
and data-quality criteria [51] results in a total integrated luminosity of 139 fb�1. The uncertainty in the

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector. The
positive G-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive H-axis
pointing upwards, while the beam direction defines the I-axis. Cylindrical coordinates (A , q) are used in the transverse plane,
q being the azimuthal angle around the I-axis. The transverse momentum ?T, the transverse energy ⇢T and the missing
transverse momentum are defined in the G–H plane unless stated otherwise. The pseudorapidity [ is defined in terms of the
polar angle \ by [ = � ln tan(\/2) and the rapidity is defined as H = (1/2) ln[(⇢ + ?I)/(⇢ � ?I)] where ⇢ is the energy and
?I the longitudinal momentum of the object of interest.
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- existing literature shows that other flavor states could also contribute to LHC signals from t-channel mediators 

- but such models have not been studied as extensively as others 

- some signatures might be similar to already studied ones (eg. stop quarks production) 

- other might give signatures covering different space-space, eg. is the request of large angular distance between MET and 
jets still valid?
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Figure 1: Diagrams illustrating the processes targeted by this analysis: (a) bottom squark pair production, (b)
production of DM particles (indicated with j) through the decay of a scalar or pseudoscalar mediator coupling to
bottom quarks, and (c) pair production of scalar third-generation down-type leptoquarks decaying to bottom quarks
and neutrinos or top quarks and g-leptons. BSM particles are indicated in red, while SM particles are indicated in
black.

2 ATLAS detector

The ATLAS detector [48–50] is a multipurpose detector with a forward–backward symmetric cylindrical
geometry and nearly 4c coverage in solid angle.2 The inner detector (ID) tracking system consists of pixel
and silicon microstrip detectors covering the pseudorapidity region |[ | < 2.5, surrounded by a transition
radiation tracker, which improves electron identification over the region |[ | < 2.0. The ID is surrounded
by a thin superconducting solenoid providing an axial 2 T magnetic field and by a fine-granularity
lead/liquid-argon (LAr) electromagnetic calorimeter covering |[ | < 3.2. A steel/scintillator-tile calorimeter
provides hadronic coverage in the central pseudorapidity range (|[ | < 1.7). The endcap and forward
calorimeters (1.5 < |[ | < 4.9) are made of LAr active layers with either copper or tungsten as the absorber
material for electromagnetic and hadronic measurements. The muon spectrometer with an air-core toroid
magnet system surrounds the calorimeters. Three layers of high-precision tracking chambers provide
coverage in the range |[ | < 2.7, while dedicated chambers allow triggering in the region |[ | < 2.4.

3 Data collection and simulated event samples

The data analysed in this paper were collected between 2015 and 2018 at a centre-of-mass energy of
13 TeV with a 25 ns proton bunch crossing interval. The average number of ?? interactions per bunch
crossing (pile-up) ranged from 13 in 2015 to around 38 in 2017–2018. Application of beam, detector
and data-quality criteria [51] results in a total integrated luminosity of 139 fb�1. The uncertainty in the

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector. The
positive G-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive H-axis
pointing upwards, while the beam direction defines the I-axis. Cylindrical coordinates (A , q) are used in the transverse plane,
q being the azimuthal angle around the I-axis. The transverse momentum ?T, the transverse energy ⇢T and the missing
transverse momentum are defined in the G–H plane unless stated otherwise. The pseudorapidity [ is defined in terms of the
polar angle \ by [ = � ln tan(\/2) and the rapidity is defined as H = (1/2) ln[(⇢ + ?I)/(⇢ � ?I)] where ⇢ is the energy and
?I the longitudinal momentum of the object of interest.
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DM nature 
(large region of parameter space 

of DM models excluded)

assume weak interaction 
with SM

heavy-flavour s-channel signature extensively investigated

DM production

benchmark models to 
interpret the results

Rich DM+heavy flavour physics program at ATLAS and CMS

- s-channel signatures extensively investigated (simplified models, 2HDM+a)

- t-channel signatures not been studied as extensively

- what constraints we have from existing analyses?

- are there signature/phase-spaces currently not covered?
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This paper presents a dedicated search for single top quarks produced in association with DM candidates,
exploiting final-state signatures characterised by the presence of: large ⇢miss

T ; jets, possibly arising from the
fragmentation of 1-hadrons (1-jets); and one or two charged leptons, either electrons or muons (✓ = 4, `).
The analysis is conducted using proton–proton (??) collisions at a centre-of-mass energy

p
B = 13 TeV

produced at the LHC and collected by ATLAS between 2015 and 2018, for a dataset corresponding to
139 fb�1. Three analysis channels, characterised by di�erent lepton or jet multiplicities, are optimised
to target di�erent processes: tW1L and tW2L (single-lepton and dilepton final states, respectively) for
the C,+DM events and tj1L for C-channel DM production. The results are interpreted in the context of
2HDM+0 models, considering various assumptions about the most relevant parameters, <0, <�

± , and
tan V. Furthermore, the mutually exclusive tW1L and tW2L analysis channels are statistically combined to
maximise the sensitivity to C,+DM processes.

Previous searches for 2HDM+0 models targeted associated production of DM candidates with Higgs or
/ bosons, as well as DM and a CC̄ pair (referred to as DMCC̄) (see Ref. [24] for CMS and Ref. [22] and
references therein for ATLAS). This search is targeting the unexplored models within ATLAS where
DM produced in association with single top quarks(for CMS results, see Ref. [25]). The analysis is also
sensitive to DMCC̄ processes in regions of the parameter space where the DMC and DMCC̄ production rates
are similar.
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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Figure 1: Representative diagrams of the dark-matter particle j pair production from the 2HDM+0 model considered
in this analysis: (a)–(b) through the C-channel, and (c)–(d) through the C, channel.

2 ATLAS detector

The ATLAS detector [26] is a multipurpose particle detector with a forward–backward symmetric
cylindrical geometry and nearly 4c coverage in solid angle.1 The inner tracking detector consists of pixel
and microstrip silicon detectors covering the pseudorapidity region |[ | < 2.5, surrounded by a transition
radiation tracker which enhances electron identification in the region |[ | < 2.0. A new inner pixel layer,
the insertable B-layer [27, 28], was added at a mean radius of 3.3 cm during the period between Run 1 and
Run 2 of the LHC. The inner detector is surrounded by a thin superconducting solenoid providing an axial
2 T magnetic field and by a fine-granularity lead/liquid-argon (LAr) electromagnetic calorimeter covering

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector. The
positive G-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive H-axis
pointing upwards, while the beam direction defines the I-axis. Cylindrical coordinates (A, q) are used in the transverse plane, q
being the azimuthal angle around the I-axis. The pseudorapidity [ is defined in terms of the polar angle \ by [ = � ln tan(\/2).
Rapidity is defined as H = 0.5 ln[(⇢ + ?I)/(⇢ � ?I)] where ⇢ denotes the energy and ?I is the component of the momentum
along the beam direction. The angular distance �' is defined as

p
(�H)2 + (�q)2.
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