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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 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/bin/view/CMSPublic/SummaryPlotsEXO13TeV#DM_summary_plots_AN1
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
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spin-0 colour-neutral particles to the SM-fermions imposed by precision flavour measurements [128–205
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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
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relative importance of up-type and down-type quark couplings (otherwise present in UV completions of212
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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
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and first and second generation squarks with universal masses, and share with it the same cross-sections220
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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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Spin-1 leptophilic case
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Spin-0 mediators (scalar)
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2-tops final states (grand comb)

2-tops

single top

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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Considerations on the results
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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.



4. highlights for less 
simplified models: 2HDMs 



Priscilla Pani (CERN)| P. Pani | Dark matter @Colliders - SIF 2021 21

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.
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https://arxiv.org/abs/1810.09420
https://lpcc.web.cern.ch/content/dark-matter-wg-documents
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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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Results (I)
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Fig. 8 The 95% CL upper limits on the 2HDM+a model with the
mixing angles set to tan β = 1 and sin θ = 0.35 and with a DM particle
mass of mχ = 10 GeV. The limits are shown as a function of the heavy
Higgs boson and the pseudoscalar masses

of m a, the limit on mH is about 1200 GeV. These can be
compared with the observed (expected) limits from ATLAS
of m a > 340 (340) GeV and mH > 1050 (1000) GeV based
on a

√
s = 13 TeV data set corresponding to an integrated

luminosity of 36 fb−1 [102].

9.3 Invisible Higgs boson interpretation

For the search for invisible decays of the Higgs boson,
we use the pmiss

T distribution as input to the fit. We obtain
upper limits on the product of the Higgs boson produc-
tion cross section and branching fraction to invisible par-
ticles σZhB(h → invisible). This can be interpreted as an
upper limit on B(h → invisible) by assuming the produc-
tion rate [52,103,104] for an SM Higgs boson at mh =
125 GeV. The observed (expected) 95% CL upper limit at
mh = 125 GeV on B(h → invisible) is 29% (25+9

−7%) as
shown in Fig. 9. The observed (expected) limit from the pre-
vious CMS result in this channel was B(h → invisible) <

45(44)%. The combinations of all earlier results yields an
observed (expected) limit of 19 (15)% from CMS [19] and
26% (17+5

−5%) from ATLAS [20].

9.4 Unparticle interpretation

In the unparticle scenario, the same analysis of the pmiss
T

spectrum is performed. At 95% CL, upper limits are set on
the cross section with ΛU = 15 TeV. The limits are shown
in Fig. 10 as a function of the scaling dimension dU. The
observed (expected) limits are 0.5 (0.7) pb, 0.24 (0.26) pb,

Fig. 9 The value of the negative log-likelihood, −2∆lnL, as a func-
tion of the branching fraction of the Higgs boson decaying to invisible
particles

Fig. 10 The 95% CL upper limits on unparticle+Z production cross
section, as a function of the scaling dimension dU. These limits apply
to fixed values of the effective cutoff scale ΛU = 15 TeV and coupling
λ = 1

and 0.09 (0.07) pb for dU = 1, dU = 1.5, and dU = 2
respectively, compared to 1.0 (1.0) pb, 0.4 (0.4) pb, and 0.15
(0.15) pb for the earlier result [4]. These limits depend on
the choice of λ and ΛU, as the cross section scales with the
Wilson coefficient λ/ΛU [30]. We fix the coupling between
the SM and the unparticle fields to λ = 1.

9.5 The ADD interpretation

In the framework of the ADD model of extra dimensions, we
use the fits to the pmiss

T distribution to calculate limits on the
number of extra dimensions n and the fundamental Planck
scale MD. The cross section limit calculated as a function of

123

EPJC 81 (2021) 13

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-054/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-036/
https://link.springer.com/article/10.1140/epjc/s10052-020-08739-5
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Further considerations 
where to from here?
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★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 … ?
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๏ 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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