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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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Focus Mediator-models & SUSY
DM Results EXOTICA, B2G
Overview (2018): DM summary plots

Focus B-mesons, loops, resonance
DM Results Public page

Focus B-mesons, dark sector
DM Results DMPuzzle2018, BelleII Book

 

Focus Mediator-models & SUSY
DM Results Public Page
Overview : DM Summary Paper

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G/index.html
https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsEXO/DM-summary-plots-Jul17.pdf
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html
https://indico.desy.de/indico/event/19155/session/6/contribution/19/material/slides/0.pdf
https://arxiv.org/abs/1808.10567
https://agenda.infn.it/event/14377/contributions/24435/attachments/17476/19824/krokovny_latuile_2018.pdf
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://arxiv.org/abs/1903.01400
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Figure 3: Schematic representation of the dominant production and decay modes for the S/PS model.

to all models with spin-0 mediators considered in this paper, is typically referred to as minimal flavour203

violation (MFV) ansatz and automatically relaxes the severe restrictions imposed on the coupling of new204

spin-0 colour-neutral particles to the SM-fermions imposed by precision flavour measurements [128–205

130]. Furthermore, it implies that these mediators would be sizeably produced through loop-induced206

gluon fusion or in association with heavy-flavour quarks (see Fig. 3). According to whether the mediator207

decays into a pair of DM or SM particles, di�erent final states o�er sensitivity to these models. Due to208

the Yukawa-like structure of the couplings, visible final states with two or four top-quarks are particularly209

important signatures. Final states involving a single top quark and E
miss
T may also play an important role210

to constrain these models [131–134]. Despite the absence of a dedicated parameter that regulates the211

relative importance of up-type and down-type quark couplings (otherwise present in UV completions of212

these models as in Sec. 2.3.2), it is also important to study final states involving bottom-quarks separately,213

which becomes a relevant signature if the up-type couplings are suppressed.214

2.2.2 Colour-charged interaction215

The colour-charged interaction model (SCC) assumes that the mediator couples to left or right-handed216

quarks, and it is a colour triplet. The DM is produced via a t-channel exchange of this mediator which217

leads to a di�erent phenomenology with respect to colour-neutral interactions. These models have a strong218

connection with the minimal supersymmetric Standard Model (MSSM) [135, 136] with a neutralino DM219

and first and second generation squarks with universal masses, and share with it the same cross-sections220

and phenomenology when the mediator is pair produced via strong interaction. Nevertheless, additional221
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Figure 3: Schematic representation of the dominant production and decay modes for the S/PS model.

to all models with spin-0 mediators considered in this paper, is typically referred to as minimal flavour203

violation (MFV) ansatz and automatically relaxes the severe restrictions imposed on the coupling of new204

spin-0 colour-neutral particles to the SM-fermions imposed by precision flavour measurements [128–205

130]. Furthermore, it implies that these mediators would be sizeably produced through loop-induced206

gluon fusion or in association with heavy-flavour quarks (see Fig. 3). According to whether the mediator207

decays into a pair of DM or SM particles, di�erent final states o�er sensitivity to these models. Due to208

the Yukawa-like structure of the couplings, visible final states with two or four top-quarks are particularly209

important signatures. Final states involving a single top quark and E
miss
T may also play an important role210

to constrain these models [131–134]. Despite the absence of a dedicated parameter that regulates the211

relative importance of up-type and down-type quark couplings (otherwise present in UV completions of212

these models as in Sec. 2.3.2), it is also important to study final states involving bottom-quarks separately,213

which becomes a relevant signature if the up-type couplings are suppressed.214

2.2.2 Colour-charged interaction215

The colour-charged interaction model (SCC) assumes that the mediator couples to left or right-handed216

quarks, and it is a colour triplet. The DM is produced via a t-channel exchange of this mediator which217

leads to a di�erent phenomenology with respect to colour-neutral interactions. These models have a strong218

connection with the minimal supersymmetric Standard Model (MSSM) [135, 136] with a neutralino DM219

and first and second generation squarks with universal masses, and share with it the same cross-sections220

and phenomenology when the mediator is pair produced via strong interaction. Nevertheless, additional221
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Figure 3: Schematic representation of the dominant production and decay modes for the S/PS model.

to all models with spin-0 mediators considered in this paper, is typically referred to as minimal flavour203

violation (MFV) ansatz and automatically relaxes the severe restrictions imposed on the coupling of new204

spin-0 colour-neutral particles to the SM-fermions imposed by precision flavour measurements [128–205

130]. Furthermore, it implies that these mediators would be sizeably produced through loop-induced206

gluon fusion or in association with heavy-flavour quarks (see Fig. 3). According to whether the mediator207

decays into a pair of DM or SM particles, di�erent final states o�er sensitivity to these models. Due to208

the Yukawa-like structure of the couplings, visible final states with two or four top-quarks are particularly209

important signatures. Final states involving a single top quark and E
miss
T may also play an important role210

to constrain these models [131–134]. Despite the absence of a dedicated parameter that regulates the211

relative importance of up-type and down-type quark couplings (otherwise present in UV completions of212

these models as in Sec. 2.3.2), it is also important to study final states involving bottom-quarks separately,213

which becomes a relevant signature if the up-type couplings are suppressed.214

2.2.2 Colour-charged interaction215

The colour-charged interaction model (SCC) assumes that the mediator couples to left or right-handed216

quarks, and it is a colour triplet. The DM is produced via a t-channel exchange of this mediator which217

leads to a di�erent phenomenology with respect to colour-neutral interactions. These models have a strong218

connection with the minimal supersymmetric Standard Model (MSSM) [135, 136] with a neutralino DM219

and first and second generation squarks with universal masses, and share with it the same cross-sections220

and phenomenology when the mediator is pair produced via strong interaction. Nevertheless, additional221
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Figure 3: Schematic representation of the dominant production and decay modes for the S/PS model.
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violation (MFV) ansatz and automatically relaxes the severe restrictions imposed on the coupling of new204
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130]. Furthermore, it implies that these mediators would be sizeably produced through loop-induced206

gluon fusion or in association with heavy-flavour quarks (see Fig. 3). According to whether the mediator207

decays into a pair of DM or SM particles, di�erent final states o�er sensitivity to these models. Due to208

the Yukawa-like structure of the couplings, visible final states with two or four top-quarks are particularly209

important signatures. Final states involving a single top quark and E
miss
T may also play an important role210

to constrain these models [131–134]. Despite the absence of a dedicated parameter that regulates the211

relative importance of up-type and down-type quark couplings (otherwise present in UV completions of212

these models as in Sec. 2.3.2), it is also important to study final states involving bottom-quarks separately,213

which becomes a relevant signature if the up-type couplings are suppressed.214

2.2.2 Colour-charged interaction215

The colour-charged interaction model (SCC) assumes that the mediator couples to left or right-handed216

quarks, and it is a colour triplet. The DM is produced via a t-channel exchange of this mediator which217

leads to a di�erent phenomenology with respect to colour-neutral interactions. These models have a strong218

connection with the minimal supersymmetric Standard Model (MSSM) [135, 136] with a neutralino DM219

and first and second generation squarks with universal masses, and share with it the same cross-sections220

and phenomenology when the mediator is pair produced via strong interaction. Nevertheless, additional221
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(*) will show later that there are more channels with top quarks that matter
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Figure 1: Schematic representation of the dominant production and decay modes for the V/AV model.
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Figure 2: Schematic representation of the dominant production and decay modes for the VBC model (a) and VFC
model (b,c,d).

Z
0 boson to all flavour quarks, gq, the coupling to all lepton flavours, gl, and the coupling to DM, g�.147

Representative diagrams for this model are shown in Fig. 1. The Z
0 mediator can decay to either a pair of148

quarks, a pair of leptons or a pair of DM particles. In the latter case, an additional visible object has to be149

produced in association with the mediator as initial state radiation (ISR), as shown in Fig. 1(a). The visible150

object can either be a jet, a photon or a gauge boson (W/Z). In order to highlight the complementarity151

of dedicated searches based on di�erent final states [102], two coupling scenarios are considered for the152

interpretation of these models: the case of a leptophobic and the case of a leptophilic Z
0 mediator (see153

Sec. 7.1.1).154

2.1.2 Baryon-charged interaction155

The baryon-charged mediator simplified model [79, 98] (VBC) considers a vector mediator as in the156

V/AV model and additionally assumes that the charge of the U(1) symmetry coincides with the baryon157

number and it is spontaneously broken by a baryonic Higgs scalar. The DM candidate in this model is158

a stable baryonic state and it is neutral under the SM gauge symmetry. While the model can provide159

an ISR signature through a s-channel Z
0

B-mediator production subsequently decaying into a pair of DM160

candidates as for the V/AV models described in the previous section (Fig. 1(a)), it can also display a161

distinctive h+E
miss
T signature [98], as shown in Fig. 2(a). The model has 5 parameters [98], whose values162

are chosen to enhance the cross-section for h+E
miss
T final states with respect to traditional ISR signatures.163

The mixing angle between the baryonic and the SM Higgs bosons, ✓, is fixed to sin ✓ = 0.3 in order to164
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Figure 2: Schematic representation of the dominant production and decay modes for the VBC model (a) and VFC
model (b,c,d).

Z
0 boson to all flavour quarks, gq, the coupling to all lepton flavours, gl, and the coupling to DM, g�.147

Representative diagrams for this model are shown in Fig. 1. The Z
0 mediator can decay to either a pair of148

quarks, a pair of leptons or a pair of DM particles. In the latter case, an additional visible object has to be149

produced in association with the mediator as initial state radiation (ISR), as shown in Fig. 1(a). The visible150

object can either be a jet, a photon or a gauge boson (W/Z). In order to highlight the complementarity151

of dedicated searches based on di�erent final states [102], two coupling scenarios are considered for the152

interpretation of these models: the case of a leptophobic and the case of a leptophilic Z
0 mediator (see153

Sec. 7.1.1).154

2.1.2 Baryon-charged interaction155

The baryon-charged mediator simplified model [79, 98] (VBC) considers a vector mediator as in the156

V/AV model and additionally assumes that the charge of the U(1) symmetry coincides with the baryon157

number and it is spontaneously broken by a baryonic Higgs scalar. The DM candidate in this model is158

a stable baryonic state and it is neutral under the SM gauge symmetry. While the model can provide159

an ISR signature through a s-channel Z
0

B-mediator production subsequently decaying into a pair of DM160

candidates as for the V/AV models described in the previous section (Fig. 1(a)), it can also display a161

distinctive h+E
miss
T signature [98], as shown in Fig. 2(a). The model has 5 parameters [98], whose values162

are chosen to enhance the cross-section for h+E
miss
T final states with respect to traditional ISR signatures.163

The mixing angle between the baryonic and the SM Higgs bosons, ✓, is fixed to sin ✓ = 0.3 in order to164
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2-tops final states (grand comb)

2-tops
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monoZ

monojet

DMWG Report on 2HDM activities, J. Gramling, 27.03.2018

Signatures profiting from possible resonant 
production
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Figure 3: Schematic representation of the dominant production and decay modes for the S/PS model.

to all models with spin-0 mediators considered in this paper, is typically referred to as minimal flavour203

violation (MFV) ansatz and automatically relaxes the severe restrictions imposed on the coupling of new204

spin-0 colour-neutral particles to the SM-fermions imposed by precision flavour measurements [128–205

130]. Furthermore, it implies that these mediators would be sizeably produced through loop-induced206

gluon fusion or in association with heavy-flavour quarks (see Fig. 3). According to whether the mediator207

decays into a pair of DM or SM particles, di�erent final states o�er sensitivity to these models. Due to208

the Yukawa-like structure of the couplings, visible final states with two or four top-quarks are particularly209

important signatures. Final states involving a single top quark and E
miss
T may also play an important role210

to constrain these models [131–134]. Despite the absence of a dedicated parameter that regulates the211

relative importance of up-type and down-type quark couplings (otherwise present in UV completions of212

these models as in Sec. 2.3.2), it is also important to study final states involving bottom-quarks separately,213

which becomes a relevant signature if the up-type couplings are suppressed.214

2.2.2 Colour-charged interaction215

The colour-charged interaction model (SCC) assumes that the mediator couples to left or right-handed216

quarks, and it is a colour triplet. The DM is produced via a t-channel exchange of this mediator which217

leads to a di�erent phenomenology with respect to colour-neutral interactions. These models have a strong218

connection with the minimal supersymmetric Standard Model (MSSM) [135, 136] with a neutralino DM219

and first and second generation squarks with universal masses, and share with it the same cross-sections220

and phenomenology when the mediator is pair produced via strong interaction. Nevertheless, additional221
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★Simplified models are good 
phenomenology proxies.

★Simplified models are simplified 
models.

★All exclusions need to be taken 
with a grain of salt.

★Simplified models are not full and 
complete theories, which might 
have more complex topologies.
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2HDM-based models
2HDM DM models

arxiv:1810.09420 (and ref. therein) + LPCC WG

★ Richer phenomenology: 
Higgs bosons productions 
and decays, mixing, many 
final states.

H
�

a

g

b

W
�

�̄

�

t

Figure 21: Diagram 21

t

t

t

t̄ A/a

g

g

�̄

�

Z/�/g/h

Figure 22: Diagram 22

11

H/A/a

g

g

b̄/t̄

b/t/(�)

b̄/t̄/(�̄)

b/t

Figure 23: Diagram 23

t

t

t̄

A/a

g

g

�̄

�

g

Figure 24: Diagram 24

12

t

t

t̄

A/H/a

g

g

b̄/t̄

b/t

Figure 25: Diagram 25

g

g

g

t̄

t

 

 

Figure 26: Diagram 26

13

t

t

t̄

A/H/a

g

g

b̄/t̄

b/t

Figure 25: Diagram 25

g

g

g

t̄

t

 

 

Figure 26: Diagram 26

13

Z
0
V

q

q̄

f̄

f

Figure 19: Diagram 19

t

t

t̄

A/H

a

g

g

�̄

�

Z/h

Figure 20: Diagram 20

10

https://arxiv.org/abs/1810.09420
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2HDM-based models

DMWG Report on 2HDM activities, J. Gramling, 27.03.2018

Signatures profiting from possible resonant 
production

14

Non-resonant production/ 
also present in simplified model

Resonant production/ 
new in 2HDM!

mono-h(bb)

mono-Z 
(lep and had)

DM+t(W)

DMWG Report on 2HDM activities, J. Gramling, 27.03.2018

Signatures profiting from possible resonant 
production

14

Non-resonant production/ 
also present in simplified model

Resonant production/ 
new in 2HDM!

mono-h(bb)

mono-Z 
(lep and had)

DM+t(W)

• Benchmarks set 
m(H) = m(A) = m(H±) 

• Nature might differ, 
need to investigate 
all three signatures!
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Further considerations 
where to from here?

34

★Many results with the full Run-2 datasets still in 
preparation but we can already plan ahead: 
leave no stone unturned!

★HL-LHC Yellow Report shows many projection on 
searches evolution in the next data-taking periods, 
reaching higher higher DM & mediator masses

★LPCC DMWG working on establishing 
additional  “less simplified” frameworks

https://arxiv.org/abs/1812.07831
https://lpcc.web.cern.ch/content/lhc-dm-wg-wg-dark-matter-searches-lhc


2012 The Higgs Boson discovery 

2016 The Gravitational Waves discovery 

<2024 … ?

35

๏ Understanding the nature of dark matter is one of the 
greatest challenges in understanding our Universe  

๏ Colliders have the potential to provide a unique tool to 
constrain and eventually measure dark matter properties 
and interactions

Conclusions
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Part 2: K40 Radiation for 
Advanced Neuroimaging Of 
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Missing Energy performance
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Techniques 1 - ETmiss + X

SM

ETmiss
ATLAS DRAFT

Z �
V/A

q

q̄

�̄

�g/�/V

Figure 1: Diagram 1

Z �
V/A

q

q̄

f̄

f

Figure 2: Diagram 2

1

(a)

Z �
V/A

q

q̄

�̄

�g/�/V

Figure 1: Diagram 1

Z �
V/A

q

q̄

f̄

f

Figure 2: Diagram 2

1

(b)

Figure 1: Schematic representation of the dominant production and decay modes for the V/AV model.
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Figure 2: Schematic representation of the dominant production and decay modes for the VBC model (a) and VFC
model (b,c,d).

Z
0 boson to all flavour quarks, gq, the coupling to all lepton flavours, gl, and the coupling to DM, g�.147

Representative diagrams for this model are shown in Fig. 1. The Z
0 mediator can decay to either a pair of148

quarks, a pair of leptons or a pair of DM particles. In the latter case, an additional visible object has to be149

produced in association with the mediator as initial state radiation (ISR), as shown in Fig. 1(a). The visible150

object can either be a jet, a photon or a gauge boson (W/Z). In order to highlight the complementarity151

of dedicated searches based on di�erent final states [102], two coupling scenarios are considered for the152

interpretation of these models: the case of a leptophobic and the case of a leptophilic Z
0 mediator (see153

Sec. 7.1.1).154

2.1.2 Baryon-charged interaction155

The baryon-charged mediator simplified model [79, 98] (VBC) considers a vector mediator as in the156

V/AV model and additionally assumes that the charge of the U(1) symmetry coincides with the baryon157

number and it is spontaneously broken by a baryonic Higgs scalar. The DM candidate in this model is158

a stable baryonic state and it is neutral under the SM gauge symmetry. While the model can provide159

an ISR signature through a s-channel Z
0

B-mediator production subsequently decaying into a pair of DM160

candidates as for the V/AV models described in the previous section (Fig. 1(a)), it can also display a161

distinctive h+E
miss
T signature [98], as shown in Fig. 2(a). The model has 5 parameters [98], whose values162

are chosen to enhance the cross-section for h+E
miss
T final states with respect to traditional ISR signatures.163

The mixing angle between the baryonic and the SM Higgs bosons, ✓, is fixed to sin ✓ = 0.3 in order to164
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Figure 3: Schematic representation of the dominant production and decay modes for the S/PS model.

to all models with spin-0 mediators considered in this paper, is typically referred to as minimal flavour203

violation (MFV) ansatz and automatically relaxes the severe restrictions imposed on the coupling of new204

spin-0 colour-neutral particles to the SM-fermions imposed by precision flavour measurements [128–205

130]. Furthermore, it implies that these mediators would be sizeably produced through loop-induced206

gluon fusion or in association with heavy-flavour quarks (see Fig. 3). According to whether the mediator207

decays into a pair of DM or SM particles, di�erent final states o�er sensitivity to these models. Due to208

the Yukawa-like structure of the couplings, visible final states with two or four top-quarks are particularly209

important signatures. Final states involving a single top quark and E
miss
T may also play an important role210

to constrain these models [131–134]. Despite the absence of a dedicated parameter that regulates the211

relative importance of up-type and down-type quark couplings (otherwise present in UV completions of212

these models as in Sec. 2.3.2), it is also important to study final states involving bottom-quarks separately,213

which becomes a relevant signature if the up-type couplings are suppressed.214

2.2.2 Colour-charged interaction215

The colour-charged interaction model (SCC) assumes that the mediator couples to left or right-handed216

quarks, and it is a colour triplet. The DM is produced via a t-channel exchange of this mediator which217

leads to a di�erent phenomenology with respect to colour-neutral interactions. These models have a strong218

connection with the minimal supersymmetric Standard Model (MSSM) [135, 136] with a neutralino DM219

and first and second generation squarks with universal masses, and share with it the same cross-sections220

and phenomenology when the mediator is pair produced via strong interaction. Nevertheless, additional221
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ū

Figure 6: Diagram 6

3

(c)

Z �
V FC

u

u

t

t

Figure 5: Diagram 5

Z �
V FC

u

u

g

t

t

ū
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Figure 2: Schematic representation of the dominant production and decay modes for the VBC model (a) and VFC
model (b,c,d).

Z
0 boson to all flavour quarks, gq, the coupling to all lepton flavours, gl, and the coupling to DM, g�.147

Representative diagrams for this model are shown in Fig. 1. The Z
0 mediator can decay to either a pair of148

quarks, a pair of leptons or a pair of DM particles. In the latter case, an additional visible object has to be149

produced in association with the mediator as initial state radiation (ISR), as shown in Fig. 1(a). The visible150

object can either be a jet, a photon or a gauge boson (W/Z). In order to highlight the complementarity151

of dedicated searches based on di�erent final states [102], two coupling scenarios are considered for the152

interpretation of these models: the case of a leptophobic and the case of a leptophilic Z
0 mediator (see153

Sec. 7.1.1).154

2.1.2 Baryon-charged interaction155

The baryon-charged mediator simplified model [79, 98] (VBC) considers a vector mediator as in the156

V/AV model and additionally assumes that the charge of the U(1) symmetry coincides with the baryon157

number and it is spontaneously broken by a baryonic Higgs scalar. The DM candidate in this model is158

a stable baryonic state and it is neutral under the SM gauge symmetry. While the model can provide159

an ISR signature through a s-channel Z
0

B-mediator production subsequently decaying into a pair of DM160

candidates as for the V/AV models described in the previous section (Fig. 1(a)), it can also display a161

distinctive h+E
miss
T signature [98], as shown in Fig. 2(a). The model has 5 parameters [98], whose values162

are chosen to enhance the cross-section for h+E
miss
T final states with respect to traditional ISR signatures.163

The mixing angle between the baryonic and the SM Higgs bosons, ✓, is fixed to sin ✓ = 0.3 in order to164
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Figure 4: Schematic representation of the dominant production and decay modes for the SCC models.

production diagrams are considered in this scenario, due to the di�erent values assumed for the couplings222

of the mediator to quarks and DM with respect to the MSSM.223

As in the case of the MSSM, it is reasonable to decouple the first two generations from the third, considering224

the di�erent mass scales. To this aim, three di�erent models are considered1:225

1. The mediator, ⌘q, couples to the left-handed quarks of the first and second generation and is a SU(2)226

singlet under the SM. The mediator decays into a quark-DM pair, so that the strongest sensitivity227

for these models are provided by searches involving jets and missing transverse momentum. The228

three model parameters are the mediator mass, the DM mass and the flavour universal coupling to229

quarks and DM: �q. This model is described in detail in Refs. [26, 93] and representative diagrams230

are shown in Figs. 4(a), 4(b) and 4(c).231

2. The mediator, ⌘b, couples to the right-handed bottom quark. Following previous publications [25,232

137], the specific realisation of this model is obtained under the framework of "flavoured" DM, where233

the DM candidate is the lightest component of a flavour triplet [123]. Under these assumptions,234

the mediator always decays into a b-quark-DM pair. Of the three parameters of the model, the235

mediator and DM masses and the coupling, �b, only the first two are varied, while the last one is236

set to the value predicting a DM relic density compatible with astrophysical observations [128].237

Representative diagrams for this models are presented in Figs. 4(b) and 4(c).238

3. The mediator, ⌘t , consists of a SU(2)L-singlet field that couples to right-handed quarks, which is239

produced by a down-type anti-quark fusion and decays into a top-quark and a DM particle. This240

specific realisation of the model [101], which gives rise to a characteristic signature composed of241

a single top-quark and an invisible particle, can be related to the MSSM if an additional R-parity242

violating interaction of top squark to the down-type quarks is assumed. The representative diagram243

is shown in Fig. 4(d). The coupling strength of the mediator to DM and top-quarks, indicated as �t ,244

and the coupling strength to light flavour down-type quarks, gds, are free parameters of the theory.245

2.3 Extended Higgs sector dark matter models246

The third category of models aims to extend the simplified DM mediator models by involving an extended247

two-Higgs-doublet extended sector (2HDM) [138–146], together with an additional mediator to DM, either248

1 The three benchmark scenario do not aim to be exhaustive of all interested models addressing colour-charged interaction, but
only to provide a benchmark for each relevant signature
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Figure 5: Schematic representation of the dominant production and decay modes for the 2HDM+Z
0

V model.

a vector or a pseudo-scalar. This embeds the simplified models in an UV complete and renormalisable249

framework and allows the investigation of a broad phenomenology predicted by this type of models. In250

both models, the 2HDM sector has a CP-conserving potential and a softly broken Z2 symmetry [147],251

and the alignment limit is assumed, such that the lightest CP-even state, h, of the Higgs sector can be252

identified with the SM Higgs boson.253

2.3.1 Two-Higgs-doublet models with a vector mediator254

The first two-Higgs-doublet model [148], denoted for brevity 2HDM+Z
0

V in the following, is based on a255

type-II 2HDM [147, 149] with an additional U(1) gauge symmetry, which gives rise to a new massive Z
0

V256

gauge boson state. The Z
0

V boson, which can mix with the Z boson, couples only to right-handed quarks257

and only to the Higgs doublet that couples to the up-type fermions. The CP-odd scalar mass eigenstate from258

the extended Higgs sector couples to DM particles and complies with electroweak precision measurement259

constraints. The phenomenology of this model is extended with respect to the simplified case due to260

the presence of a new decay mode Z
0

V ! hA, as shown in Fig. 5, with A decaying into a pair of DM261

particles with a large branching ratio (when kinematically possible), as long as the decay into a pair of262

top-quarks is kinematically forbidden [32]. Additional signatures involving decays of the Z
0

V boson into263

SM particles or the H and H
± bosons are possible in the model. However, the model parameters are chosen264

to mitigate the impact of the constraints from resonance searches of heavy bosons on this model [150],265

and therefore these signatures are not considered further in the context of this interpretation. This model266

has 6 parameters [150]: tan �, the ratio of the vacuum expectation values of the two Higgs doublets, is set267

to unity, m�, the DM mass, set to 100 GeV and gZ , the couplings of the new Z
0

V U(1) gauge symmetry, set268

to 0.8. The masses mh and mH = mH± of the two CP-even and charged Higgs bosons are set to 125 GeV,269

and 300 GeV, respectively, while mA, the mass of the CP-odd Higgs partner and mZ0

V
are free parameters270

varied in the interpretation.271

2.3.2 Two-Higgs-doublet models with a pseudo-scalar mediator272

The second 2HDM model [142], 2HDM+�p, includes an additional pseudo-scalar mediator, �p. Also in273

this case, the 2HDM coupling structure is chosen to be of type-II, although many of the interpretations274

considered in this paper hold for a type-I case too. The additional pseudo-scalar mediator of the model275
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couples the DM particles to the SM and mixes with the pseudo-scalar partner of the SM Higgs boson. In276

the broken electroweak phase, the physics of the model is fully captured by 14 parameters: the masses277

of the CP-even (h and H), CP-odd (�p and A) and charged bosons (H±), the mass of the DM particle278

(m�), the three quartic couplings between the scalar doublets and the �p boson (�P1, �P2 and �3) and the279

coupling between the �p boson and the DM, y�, the electroweak VEV, ⌫, the ratio of the VEVs of the280

two Higgs doublets, tan �, and the mixing angles of the CP-even and CP-odd weak eigenstates, denoted281

↵ and ✓, respectively. The alignment and decoupling limit (cos(� � ↵) = 0) is assumed, thus h is the282

SM Higgs boson with couplings predicted by the SM and ⌫ = 246 GeV. The quartic coupling �3 = 3283

is chosen to ensure the stability of the Higgs potential for our choice of the masses of the heavy Higgs284

bosons which are themselves fixed to equal values (mA = mH± = mH ) to simplify the phenomenology285

and evade the constraints from electroweak precision measurements [142].. The other quartic couplings286

are chosen accordingly in order to maximise the trilinear couplings between the CP-odd and the CP-even287

neutral states, and are also set to 3. Finally, y� = 1 is chosen, having a negligible e�ect on the kinematics288

in the final states of interest.289

This model is characterised by a rich phenomenology. The production cross-section for the lightest pseudo-290

scalar is dominated by loop-induced gluon fusion, associated production with heavy-flavour quarks or291

associated production with a Higgs or Z-boson (Fig. 3). Furthermore, according to the Higgs sector mass292

hierarchy, Higgs and Z-bosons can be produced in the resonant decay of the heavier bosons into the lightest293

pseudo-scalar (Fig. 6). The pseudo-scalar mediator can subsequently decay either into a pair of DM or294

SM particles (dominantly top-quarks if kinematically allowed), giving rise to very di�erent characteristic295

signatures. The four-top signature is particularly interesting in this model if the neutral Higgs partners296

masses are kept above the tt̄ decay threshold, since, when kinematically allowed, all four neutral bosons297

can contribute to this final state, as depicted in the diagram of Fig. 6(c). Four benchmark scenarios [80]298

that are consistent with bounds from electroweak precision, flavour and Higgs observables are chosen299

to investigate the sensitivity to this model as a function of relevant parameters: m�p,mA, tan �, sin ✓ and300

m�.301
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Figure 6: Schematic representation of the dominant production and decay modes for the 2HDM+�p model.
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ū

Figure 6: Diagram 6

3

(d)

Figure 2: Schematic representation of the dominant production and decay modes for the VBC model (a) and VFC
model (b,c,d).

Z
0 boson to all flavour quarks, gq, the coupling to all lepton flavours, gl, and the coupling to DM, g�.147

Representative diagrams for this model are shown in Fig. 1. The Z
0 mediator can decay to either a pair of148

quarks, a pair of leptons or a pair of DM particles. In the latter case, an additional visible object has to be149

produced in association with the mediator as initial state radiation (ISR), as shown in Fig. 1(a). The visible150

object can either be a jet, a photon or a gauge boson (W/Z). In order to highlight the complementarity151

of dedicated searches based on di�erent final states [102], two coupling scenarios are considered for the152

interpretation of these models: the case of a leptophobic and the case of a leptophilic Z
0 mediator (see153

Sec. 7.1.1).154

2.1.2 Baryon-charged interaction155

The baryon-charged mediator simplified model [79, 98] (VBC) considers a vector mediator as in the156

V/AV model and additionally assumes that the charge of the U(1) symmetry coincides with the baryon157

number and it is spontaneously broken by a baryonic Higgs scalar. The DM candidate in this model is158

a stable baryonic state and it is neutral under the SM gauge symmetry. While the model can provide159

an ISR signature through a s-channel Z
0

B-mediator production subsequently decaying into a pair of DM160

candidates as for the V/AV models described in the previous section (Fig. 1(a)), it can also display a161

distinctive h+E
miss
T signature [98], as shown in Fig. 2(a). The model has 5 parameters [98], whose values162

are chosen to enhance the cross-section for h+E
miss
T final states with respect to traditional ISR signatures.163

The mixing angle between the baryonic and the SM Higgs bosons, ✓, is fixed to sin ✓ = 0.3 in order to164
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Figure 3: Schematic representation of the dominant production and decay modes for the S/PS model.

to all models with spin-0 mediators considered in this paper, is typically referred to as minimal flavour203

violation (MFV) ansatz and automatically relaxes the severe restrictions imposed on the coupling of new204

spin-0 colour-neutral particles to the SM-fermions imposed by precision flavour measurements [128–205

130]. Furthermore, it implies that these mediators would be sizeably produced through loop-induced206

gluon fusion or in association with heavy-flavour quarks (see Fig. 3). According to whether the mediator207

decays into a pair of DM or SM particles, di�erent final states o�er sensitivity to these models. Due to208

the Yukawa-like structure of the couplings, visible final states with two or four top-quarks are particularly209

important signatures. Final states involving a single top quark and E
miss
T may also play an important role210

to constrain these models [131–134]. Despite the absence of a dedicated parameter that regulates the211

relative importance of up-type and down-type quark couplings (otherwise present in UV completions of212

these models as in Sec. 2.3.2), it is also important to study final states involving bottom-quarks separately,213

which becomes a relevant signature if the up-type couplings are suppressed.214

2.2.2 Colour-charged interaction215

The colour-charged interaction model (SCC) assumes that the mediator couples to left or right-handed216

quarks, and it is a colour triplet. The DM is produced via a t-channel exchange of this mediator which217

leads to a di�erent phenomenology with respect to colour-neutral interactions. These models have a strong218

connection with the minimal supersymmetric Standard Model (MSSM) [135, 136] with a neutralino DM219

and first and second generation squarks with universal masses, and share with it the same cross-sections220

and phenomenology when the mediator is pair produced via strong interaction. Nevertheless, additional221

October 8, 2018 – 18:18 10

ATLAS DRAFT

�t

s

d̄

�̄

t

Figure 13: Diagram 13

t

t

t̄

�s/p

g

g

�̄

�

g

Figure 14: Diagram 14

7

(a)

t

t

t

t̄ �s/p

g

g

�̄

�

g/h/Z/�

Figure 17: Diagram 17

Z �
V

A

q

q̄

�̄

�

h

Figure 18: Diagram 18

9

(b)

t

t

t̄

�s/p

g

g

b̄/t̄

b/t

Figure 15: Diagram 15

�s/p

g

g

b̄/t̄

�/b/t

�̄/b̄/t̄

b/t

Figure 16: Diagram 16

8

(c)

t

t

t̄

�s/p

g

g

b̄/t̄

b/t

Figure 15: Diagram 15

�s/p

g

g

b̄/t̄

�/b/t

�̄/b̄/t̄

b/t

Figure 16: Diagram 16

8

(d)

�p

g

b

t

�̄

�

W�

Figure 29: Diagram 28

W �p

b

q̄

t

�̄

�

q̄

Figure 30: Diagram 29

15

(e)

�p

g

b

t

�̄

�

W�

Figure 29: Diagram 28

W �p

b

q̄

t

�̄

�

q̄

Figure 30: Diagram 29

15

(f)

Figure 3: Schematic representation of the dominant production and decay modes for the S/PS model.

to all models with spin-0 mediators considered in this paper, is typically referred to as minimal flavour203

violation (MFV) ansatz and automatically relaxes the severe restrictions imposed on the coupling of new204

spin-0 colour-neutral particles to the SM-fermions imposed by precision flavour measurements [128–205

130]. Furthermore, it implies that these mediators would be sizeably produced through loop-induced206

gluon fusion or in association with heavy-flavour quarks (see Fig. 3). According to whether the mediator207

decays into a pair of DM or SM particles, di�erent final states o�er sensitivity to these models. Due to208

the Yukawa-like structure of the couplings, visible final states with two or four top-quarks are particularly209

important signatures. Final states involving a single top quark and E
miss
T may also play an important role210

to constrain these models [131–134]. Despite the absence of a dedicated parameter that regulates the211

relative importance of up-type and down-type quark couplings (otherwise present in UV completions of212

these models as in Sec. 2.3.2), it is also important to study final states involving bottom-quarks separately,213

which becomes a relevant signature if the up-type couplings are suppressed.214

2.2.2 Colour-charged interaction215

The colour-charged interaction model (SCC) assumes that the mediator couples to left or right-handed216

quarks, and it is a colour triplet. The DM is produced via a t-channel exchange of this mediator which217

leads to a di�erent phenomenology with respect to colour-neutral interactions. These models have a strong218

connection with the minimal supersymmetric Standard Model (MSSM) [135, 136] with a neutralino DM219

and first and second generation squarks with universal masses, and share with it the same cross-sections220

and phenomenology when the mediator is pair produced via strong interaction. Nevertheless, additional221
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charged leptons and neutrinos (ẽL, µ̃L, ⌧̃L and ⌫̃). Intermediate slepton masses, when relevant, are chosen
to be midway between the mass of the heavier charginos and neutralinos and that of the �̃0

1 neutralino,
which is pure bino, and equal branching ratios for the three slepton flavours are assumed. Lepton flavour is
conserved in all models. Diagrams of processes considered are shown in Figure 1. For models exploring
�̃+1 �̃

�
1 production, it is assumed that the sleptons are also light and thus accessible in the sparticle decay

chains, as illustrated in Figure 1(a). Two di�erent classes of models are considered for �̃±1 �̃
0
2 production:

in one case, the �̃±1 chargino and �̃0
2 neutralino can decay into final-state SM particles and a �̃0

1 neutralino
via an intermediate ˜̀L or ⌫̃L, with a branching ratio of 50% to each (Figure 1(b)); in the other case the �̃±1
chargino and �̃0

2 neutralino decays proceed via SM gauge bosons (W or Z). For the gauge-boson-mediated
decays, two distinct final states are considered: three-lepton (where lepton refers to an electron or muon)
events where both the W and Z bosons decay leptonically (Figure 1(c)) or events with two opposite-
sign leptons and two jets where the W boson decays hadronically and the Z boson decays leptonically
(Figure 1(d)). In models with direct ˜̀ ˜̀ production, each slepton decays into a lepton and a �̃0

1 with a
100% branching ratio (Figure 1(e)), and ẽL, ẽR, µ̃L, µ̃R, ⌧̃L and ⌧̃R are assumed to be mass-degenerate.

(a) (b)

(c) (d) (e)

Figure 1: Diagrams of physics scenarios studied in this paper: (a) �̃+1 �̃
�
1 production with ˜̀-mediated decays into

final states with two leptons, (b) �̃±1 �̃
0
2 production with ˜̀-mediated decays into final states with three leptons, (c)

�̃±1 �̃
0
2 production with decays via leptonically decaying W and Z bosons into final states with three leptons, (d)

�̃±1 �̃
0
2 production with decays via a hadronically decaying W boson and a leptonically decaying Z boson into final

states with two leptons and two jets, and (e) slepton pair production with decays into final states with two leptons.

Events are recorded using triggers requiring the presence of at least two leptons and assigned to one of
three mutually exclusive analysis channels depending on the lepton and jet multiplicity. The 2`+0jets
channel targets chargino- and slepton-pair production, the 2`+jets channel targets chargino-neutralino
production with gauge-boson-mediated decays, and the 3` channel targets chargino-neutralino production
with slepton- or gauge-boson-mediated decays. For each channel, a set of signal regions (SR), defined
in Section 6, use requirements on E

miss
T and other kinematic quantities, which are optimized for di�erent

3
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ETmiss + X commonalities
1) Definition of a set of Signal 

enriched Regions (SR)

2) Definition of a set of Control 
Regions (CR) to derive a data-
driven normalisation of MC with 
transfer factors  (TF). 

3) Validation of the TF in the 
Validation Region (VR)

Introduction to the ATLAS SUSY Physics Program SUSY Searches and Strategies

Search strategies employed (briefly)

4

Analysis Strategy

Cut and count analysis
Discriminating variables used to define
signal-enriched regions (SRs), based on
specific benchmark models
Yields are compared with the ones
predicted by the Standard Model
Minor backgrounds are taken from Monte
Carlo
For the major background, tt , the shape
is taken from Monte Carlo, but the
normalization is data-driven
tt normalization derived in control regions
(CRs), and tested in validation regions
(VRs)
SRs, CRs and VRs are orthogonal

HistFitter and analysis strategies

Analysis strategy and framework

HistFitter was built around the concept of control, validation and signal regions.

Control regions to constrain
the backgrounds.

Extrapolation to signal
regions.

Validation regions to check
the extrapolation.
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 !

!

!

!

!

observable!1!

ob
se
rv
ab
le
!2
!

� Standard analysis strategy, rigorously implemented in HistFitter.
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Signal regions (SR) ? to validation (VR) & control regions (CR)
SRs typically target specific regions of parameter space
Instrumental or poorly modeled backgrounds estimated directly in data
Backgrounds estimated with MC normalized in CRs and tested in VRs

D. W. Miller (EFI, Chicago) ATLAS SUSY Highlights – PASCOS 2018 June 5, 2018 5 / 25

D. Miller PASCOS18
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 2 4) Unblinding !  check whether an 

excess is observed (p-value)

5) If no excess is found the results 
are interpreted in terms of limits 
on selected models.
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Figure 1: Schematic representation of the dominant production and decay modes for the V/AV model.
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Figure 2: Schematic representation of the dominant production and decay modes for the VBC model (a) and VFC
model (b,c,d).

Z
0 boson to all flavour quarks, gq, the coupling to all lepton flavours, gl, and the coupling to DM, g�.147

Representative diagrams for this model are shown in Fig. 1. The Z
0 mediator can decay to either a pair of148

quarks, a pair of leptons or a pair of DM particles. In the latter case, an additional visible object has to be149

produced in association with the mediator as initial state radiation (ISR), as shown in Fig. 1(a). The visible150

object can either be a jet, a photon or a gauge boson (W/Z). In order to highlight the complementarity151

of dedicated searches based on di�erent final states [102], two coupling scenarios are considered for the152

interpretation of these models: the case of a leptophobic and the case of a leptophilic Z
0 mediator (see153

Sec. 7.1.1).154

2.1.2 Baryon-charged interaction155

The baryon-charged mediator simplified model [79, 98] (VBC) considers a vector mediator as in the156

V/AV model and additionally assumes that the charge of the U(1) symmetry coincides with the baryon157

number and it is spontaneously broken by a baryonic Higgs scalar. The DM candidate in this model is158

a stable baryonic state and it is neutral under the SM gauge symmetry. While the model can provide159

an ISR signature through a s-channel Z
0

B-mediator production subsequently decaying into a pair of DM160

candidates as for the V/AV models described in the previous section (Fig. 1(a)), it can also display a161

distinctive h+E
miss
T signature [98], as shown in Fig. 2(a). The model has 5 parameters [98], whose values162

are chosen to enhance the cross-section for h+E
miss
T final states with respect to traditional ISR signatures.163

The mixing angle between the baryonic and the SM Higgs bosons, ✓, is fixed to sin ✓ = 0.3 in order to164
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couples the DM particles to the SM and mixes with the pseudo-scalar partner of the SM Higgs boson. In276

the broken electroweak phase, the physics of the model is fully captured by 14 parameters: the masses277

of the CP-even (h and H), CP-odd (�p and A) and charged bosons (H±), the mass of the DM particle278

(m�), the three quartic couplings between the scalar doublets and the �p boson (�P1, �P2 and �3) and the279

coupling between the �p boson and the DM, y�, the electroweak VEV, ⌫, the ratio of the VEVs of the280

two Higgs doublets, tan �, and the mixing angles of the CP-even and CP-odd weak eigenstates, denoted281

↵ and ✓, respectively. The alignment and decoupling limit (cos(� � ↵) = 0) is assumed, thus h is the282

SM Higgs boson with couplings predicted by the SM and ⌫ = 246 GeV. The quartic coupling �3 = 3283

is chosen to ensure the stability of the Higgs potential for our choice of the masses of the heavy Higgs284

bosons which are themselves fixed to equal values (mA = mH± = mH ) to simplify the phenomenology285

and evade the constraints from electroweak precision measurements [142].. The other quartic couplings286

are chosen accordingly in order to maximise the trilinear couplings between the CP-odd and the CP-even287

neutral states, and are also set to 3. Finally, y� = 1 is chosen, having a negligible e�ect on the kinematics288

in the final states of interest.289

This model is characterised by a rich phenomenology. The production cross-section for the lightest pseudo-290

scalar is dominated by loop-induced gluon fusion, associated production with heavy-flavour quarks or291

associated production with a Higgs or Z-boson (Fig. 3). Furthermore, according to the Higgs sector mass292

hierarchy, Higgs and Z-bosons can be produced in the resonant decay of the heavier bosons into the lightest293

pseudo-scalar (Fig. 6). The pseudo-scalar mediator can subsequently decay either into a pair of DM or294

SM particles (dominantly top-quarks if kinematically allowed), giving rise to very di�erent characteristic295

signatures. The four-top signature is particularly interesting in this model if the neutral Higgs partners296

masses are kept above the tt̄ decay threshold, since, when kinematically allowed, all four neutral bosons297

can contribute to this final state, as depicted in the diagram of Fig. 6(c). Four benchmark scenarios [80]298

that are consistent with bounds from electroweak precision, flavour and Higgs observables are chosen299

to investigate the sensitivity to this model as a function of relevant parameters: m�p,mA, tan �, sin ✓ and300

m�.301
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Figure 6: Schematic representation of the dominant production and decay modes for the 2HDM+�p model.
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Figure 1: Schematic representation of the dominant production and decay modes for the 2HDM+�p model in the
four top quarks final state.
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Figure 2: Production cross section for the four top quarks final states in the 2HDM+�p model for scenario 1 (left)
and scenario 2 (right), as a function of light pseudoscalar mass and the mixing angle, respectively.

2 ATLAS detector83

The ATLAS experiment [20] is a multi-purpose particle detector with a forward-backward symmetric84

cylindrical geometry and nearly 4⇡ coverage in solid angle1. The interaction point is surrounded by an85

inner detector (ID), a calorimeter system, and a muon spectrometer.86

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 , �) are used in the transverse plane, � being the azimuthal angle around
the beam pipe. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/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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★ Low-mass determined by trigger 
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mass sensitivity) 

★ Sensitive to the mediator width
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Uncovering the identity of Dark Matter is a central and grand 
challenge for both fundamental physics and astronomy of this 
century. In the high energy proton-proton collisions at the Large 
Hadron Collider at CERN, particles that were present in the early 
universe can be recreated and studied in detail. 

The quest for Dark Matter (DM) involves very different scales, from the 
smallest scales of elementary particles produced in collider collisions to 

the biggest scales of our universe.  
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(1) DM can: scatter with ordinary matter; 
annihilate somewhere in the universe; 
be produced in the LHC collisions.  

(2) At ATLAS we can detect DM or its 
messenger.  

With our 
measurements, 
we explore the 
theory behind 
the DM nature 
and properties 
and we chart 
the still 
unexplored 
space of its 
parameters
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A word on Dark Photons

Dark Photon Search

Hypothetical dark photon (A’) production in e+e� annihilation

e+e� ! �A0(! ��)

where the dark photon decays to two invisible DM particles

Mixing parameter ✏ between the SM current Jµ
SM and the vector

particle Vµ:

L ⇢ ✏VµJµ
SM

Measurable detector signal: one ISR photon with the energy

E� = (E2
CM � E2

A0)/(2ECM)

With 20 fb�1 of recorded events, a preliminary projection shows
a big exclusion potential for Belle II’s early data taking

BaBar recently published a dark photon search with 53 fb�1

https://arxiv.org/abs/1702.03327

Using a single-photon trigger with an effective threshold of 1.8
GeV, BaBar was able to study dark photon masses up to
8 GeV/c2.

Thomas Hauth – Search for Dark Matter and Dark Sector at Belle II 1. June 2018 7/18

Belle
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Hypothetical dark photon (A’) production in e+e� annihilation

e+e� ! �A0(! ��)

where the dark photon decays to two invisible DM particles

Mixing parameter ✏ between the SM current Jµ
SM and the vector

particle Vµ:

L ⇢ ✏VµJµ
SM

Measurable detector signal: one ISR photon with the energy

E� = (E2
CM � E2

A0)/(2ECM)

With 20 fb�1 of recorded events, a preliminary projection shows
a big exclusion potential for Belle II’s early data taking

BaBar recently published a dark photon search with 53 fb�1

https://arxiv.org/abs/1702.03327

Using a single-photon trigger with an effective threshold of 1.8
GeV, BaBar was able to study dark photon masses up to
8 GeV/c2.

Thomas Hauth – Search for Dark Matter and Dark Sector at Belle II 1. June 2018 7/18
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Techniques 3 - Long Lived Particles

• macroscopic 
decay length 
models


• hidden DM


• weak-scale 
hidden sectors


• SUSY LLPs


• ….

A veritable zoo of signatures

 3

disappearing tracksdisplaced multi-track 
vertices in ID + MET, 

jets, leptons

displaced leptons, lepton 
jets, or lepton pairs

displaced multi-
track vertices

in Muon 
Spectrometer

trackless 
jets with low 

EMfrac

stable or meta-stable 
charged particles

emerging jets

non-prompt 
photons

“Prompt particle searches are all alike; every special LLP search is special in its own 
way” — few sigma Tolstoy reinterpretationWell established in SUSY, less interpretation in other DM models. 

Disclaimer: not covered further in the results!
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Figure 3: Schematic representation of the dominant production and decay modes for the S/PS model.

to all models with spin-0 mediators considered in this paper, is typically referred to as minimal flavour203

violation (MFV) ansatz and automatically relaxes the severe restrictions imposed on the coupling of new204

spin-0 colour-neutral particles to the SM-fermions imposed by precision flavour measurements [128–205

130]. Furthermore, it implies that these mediators would be sizeably produced through loop-induced206

gluon fusion or in association with heavy-flavour quarks (see Fig. 3). According to whether the mediator207

decays into a pair of DM or SM particles, di�erent final states o�er sensitivity to these models. Due to208

the Yukawa-like structure of the couplings, visible final states with two or four top-quarks are particularly209

important signatures. Final states involving a single top quark and E
miss
T may also play an important role210

to constrain these models [131–134]. Despite the absence of a dedicated parameter that regulates the211

relative importance of up-type and down-type quark couplings (otherwise present in UV completions of212

these models as in Sec. 2.3.2), it is also important to study final states involving bottom-quarks separately,213

which becomes a relevant signature if the up-type couplings are suppressed.214

2.2.2 Colour-charged interaction215

The colour-charged interaction model (SCC) assumes that the mediator couples to left or right-handed216

quarks, and it is a colour triplet. The DM is produced via a t-channel exchange of this mediator which217

leads to a di�erent phenomenology with respect to colour-neutral interactions. These models have a strong218

connection with the minimal supersymmetric Standard Model (MSSM) [135, 136] with a neutralino DM219

and first and second generation squarks with universal masses, and share with it the same cross-sections220

and phenomenology when the mediator is pair produced via strong interaction. Nevertheless, additional221
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Spin-0 mediators (scalar)
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Mass scales overview

49
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Relic density perspective
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Understanding the relic prediction

51Figure 28: Left: DM relic density in the 2HDM+a model as a function of m�. The

predictions shown are obtained for MH = MA = MH± = 600 GeV, Ma = 250 GeV and

tan � = 1. See text for further details. Right: Predicted DM relic density for the 2HDM+a

model in the Ma –MA plane. A common mass MH = MA = MH± is used. The colour

coding resembles that of Figure 27.

ously discussed regions of resonant enhancement and kinematic boundaries. Overall, the

behaviour is dominated by the low-m� suppression of the annihilation cross section, the

resonant enhancement at m� = Ma/2 and the top thresholds. Other e↵ects, such as the

resonant enhancement of �� ! A annihilation are present, but are small.

The DM relic density values for the Ma–MA scan are shown in the right panel of

Figure 28. The regions where the 2HDM+a model predicts a DM relic density compatible

with the measured value ⌦h
2 = 0.12 are located either at Ma < 30 GeV or at MA = MH =

MH± < 30 GeV. As explained in Section 4.4 the first option is excluded by the LHC

bounds on invisible Higgs decays, while the second possibility is ruled out directly by LEP

and LHC searches for charged Higgses and indirectly by flavour physics. This means that

the benchmark (4.5) employed in this white paper cannot give rise to the correct DM relic

density as it generically predicts ⌦h
2
� 0.12. Since the cosmological production of DM is

largely driven by the choice of m� it is however possible to tune the DM mass such that the

correct DM relic density is obtained in scenarios (4.5) with m� 6= 10GeV. For instance, by

choosing the DM mass to be slightly below the a threshold, i.e. m� = Ma/2, one can obtain

⌦h
2 . 0.12 (see the left panel in Figure 28). Given that both the total cross sections and

the kinematic distributions of the mono-X signatures are largely insensitive to the precise

choice of m� as long as m� < Ma/2 (cf. Figure 16), our sensitivity studies performed in

Section 8 apply to first approximation also to scenarios like (4.5) where the measured DM

relic density is obtained by tuning m� ' Ma/2. From the collider perspective another

interesting parameter region is Ma & 2mt and m� ' mt since it can be probed by LHC

searches and can lead to the observed DM relic density (see the left-hand side of Figure 27).

In Figure 29 we display tan � scans as a function of Ma (left panel) and m� (right

panel). Both panels show that the values of Ma (m�) for which ⌦h
2 = 0.12 do not depend

strongly on the precise choice of tan �. For choices of tan � ' 0.6 the relic density becomes

– 43 –
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Relic density perspective
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Spin-1: features explained
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Spin-1: features explained
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Spin-1: features explained
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Spin-1: features explained
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Spin-1: features explained
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Spin-1: features explained
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Spin-1: features explained
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