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Many empirical evidences of DM from astrophysical observations

- 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 X for DM particle to recoils against (mono-X searches) 

Very rich phenomenology studied at LHC  

- simplified models 

- DM Higgs portal 

- 2HDM, … 

not only mono-X … 

- dijet 

- resonances 
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Why and where to look for Dark matter? 

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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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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WHAT IF DM HIDES AT HIGHER ENERGIES? 
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Why and where to look for Dark matter? 

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.

�/a

g

b

t

�̄

�

W�

Figure 29: Diagram 28

W
a

b

q̄

t

�̄

�

q̄�

Figure 30: Diagram 29

15

(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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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
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Why and where to look for Dark matter? 

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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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
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Leaving no stone unturned … 
DM could be the lightest member of an EW multiplet 

- near mass degeneracy extremely challenging 

- very high mass scale, DM mass ~1-23 TeV  

- Higher dark matter/mediator mass parameter space will remain unexplored after HL-LHC

- challenging to probe in direct detection experiments due to loop-suppressed cross-sections  

!5

arXiv:2009.11287, arXiv:1805.00015 

HOW CAN WE TURN THIS 
“HEAVIER STONE”?

https://arxiv.org/pdf/2009.11287.pdf
https://arxiv.org/pdf/1805.00015.pdf
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How can we turn this “heavier stone”? 
FUTURE COLLIDERS ARE THE ANSWER!  

- MUON COLLIDER:  

- could explore well beyond current energies, 
(complementary mass ranges wrt to ee colliders) 

- fixed ! , full event reconstruction 

- direct search through mono-X for eg mono-photon 

- indirect searches model-independent probe of new 
EW states through precision measurements 

- HADRON COLLIDER:  

- potential higher ! , variable collision energy due to 
pdfs  

- direct search through mono-X or disappearing tracks 

- indirect searches model-independent probe of new 
EW states through precision measurements 

s

s

between signal and SM background events. Some of these distributions are presented for
signal and background, for a 10 TeV center of mass energy of a muon collider and various
dark matter particle masses in Figure 12 for the mono-photon analysis.

(a) (b)

(c) (d)

(e)

Figure 12: Normalized distributions for the photon energy E� (a), MET (b), photon trans-
verse momentum �pT (c), missing mass mmissing (d), theta of the photon ✓� (e) for di↵erent
dark matter masses with both charged and neutral DM particles for a center of mass energy
of 10 TeV after the requirement that at least one photon is present in the final state.
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MUON COLLIDER:  
mono-photon 

signature 

!7

arXiv:1810.10993v2

arXiv:2205.10404v1, arXiv:2206.03456, 
 arXiv:2009.11287

(a) (b) (c) (d)

Figure 1: Representative Feynman diagrams for the mono-photon signal from a variety of
�� production channels (a) µ+µ� annihilation, (b) �� fusion, (c) �W fusion, and (d) WW

fusion.

(a) (b)

Figure 2: Representative Feynman diagrams for the SM mono-photon background (a) from
W -exchange, and (b) from Z ! ⌫⌫̄.

particles, or leave a charge track if the charged states are long lived. As we stated above, we
will consider these soft particles to be unobservable for now. Hence, the most obvious signal
would be to have an additional photon recoiling against the EW multiplet in the production
process. In the following, we will study this mono-photon channel in detail.

We consider the following signal processes

µ+µ�
! ��� via annihilation µ+µ�

! ��, (3.2)
�� ! ��� via �� ! ��, (3.3)

�µ±
! �⌫�� via �W ! ��, (3.4)

µ+µ�
! �⌫⌫�� via WW ! �� and µ+µ�

! ��Z. (3.5)

where � represents any state within the n-plet and �� represents any combination of a pair of
the � states allowed by the gauge symmetries. We show the representative Feynman diagrams
for the mono-photon signal corresponding to the above processes in Figure 1. Apart from
the initial state radiation (ISR) or final state radiation (FSR) photon, the signal rate and
kinematics are mainly determined by the underlying two-to-two processes. For a heavy �,
the direct µ+µ� annihilation remains to be the dominant production source via �⇤, Z⇤

! ��

(dubbed as a Drell-Yan process due to its similarity to pp ! �⇤/Z⇤
! `+`� at hadron

colliders). For the next two processes in �� and �W fusion, photons are treated as initial
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