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Dark matter
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FIG. 2: Best fit regions (1, 2 and 3 ) for a DM
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Global analyses

Butter, Plehn et al., PRD93 (2016) 015011
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Global analyses

Bechtle, …, MK et al., Eur.Phys.J. C76 (2016) no.2, 96

Butter, Plehn et al., PRD93 (2016) 015011
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Global analyses

Bechtle, …, MK et al., Eur.Phys.J. C76 (2016) no.2, 96

Butter, Plehn et al., PRD93 (2016) 015011
Athron, …, Kahlhoefer et al., Eur. Phys. J. C 77, 568 (2017)
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From supersymmetry to simplified models

Arina, …, MK et al., JHEP 1611 (2016) 111
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Dark matter simplified models
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Dark matter simplified models

Backovic, MK et al., Eur.Phys.J. C75 (2015) 0, 482

MK, Kulesza, Mück, Schürmann, arXiv:1903.06417, P3H-19-004

!10

Simplified models may be theoretically inconsistent
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Electroweak precision tests
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Simplified models may be theoretically inconsistent
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Need to extend simplified models ➞ dark sectors
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Need to extend simplified models ➞ dark sectors

We will focus on three dark sector scenarios:
Weakly-Interacting Massive Particles (WIMPs),
Strongly-Interacting Massive Particles (SIMPs) and
Feebly-Interacting Massive Particles (FIMPs),
which exhibit features known from the weak, strong and
electromagnetic interactions, respectively.
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Novel LHC signatures for dark matter
Feebly interacting
dark matter
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Relic density through freeze-in
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Figure 1: Log-Log plot of the evolution of the relic yields for conventional freezeout (solid coloured) and freeze-in via a Yukawa interaction (dashed coloured) as a
function of x = m/T . The black solid line indicates the yield assuming equilibrium is
maintained, while the arrows indicate the e↵ect of increasing coupling strength for the
two processes. Note that the freeze-in yield is dominated by the epoch x ⇠ 2 5, in
contrast to freeze-out which only departs from equilibrium for x ⇠ 20 30.
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of the freeze-out mechanism is that for renormalisable couplings the yield is dominated by low
temperatures with freeze-out typically occurring at a temperature a factor of 20 25 below the
DM mass, and so is independent of the uncertain early thermal history of the universe and possible
new interactions at high scales.
Are there other possibilities, apart from freeze-out, where a relic abundance reflects a combination of initial thermal distributions together with particle masses and couplings that can be
measured in the laboratory or astrophysically? In particular we seek cases, like the most attractive
form of freeze-out, where production is IR dominated by low temperatures of order the DM mass,
m, and is independent of unknown UV quantities, such as the reheat temperature after inflation.
In this paper we show that there is an alternate mechanism, “freeze-in”, with these features.
Suppose that at temperature T there is a set of bath particles that are in thermal equilibrium and
some other long-lived particle X, having interactions with the bath that are so feeble that X is
thermally decoupled from the plasma. We make the crucial assumption that the earlier history
of the universe makes the abundance of X negligibly small, whether by inflation or some other
mechanism. Although feeble, the interactions with the bath do lead to some X production and,
for renormalisable interactions, the dominant production of X occurs as T drops below the mass
of X (providing X is heavier than the bath particles with which it interacts). The abundance of
X “freezes-in” with a yield that increases with the interaction strength of X with the bath.
!1Freeze-in
3
can be viewed as the opposite process to freeze-out. As the temperature drops below
the mass of the relevant particle, the DM is either heading away from (freeze-out) or towards

• A tour of the CMS LLP analyses
Search for
long-lived particles
•Displaced
leptons
and displaced decays
•Displaced jets
•Displaced photons
•Disappearing tracks
•Stopped particles

process is a number-changing 3 ! 2 annihilation of strongly-interacting-massive-particles (SIMPs)
in the dark sector, and points to sub-GeV dark matter. The couplings to the visible sector, necessary
for maintaining thermal equilibrium with the Standard Model, imply measurable signals that will
allow coverage of a significant part of the parameter space with future indirect- and direct-detection
experiments and via direct production of dark matter at colliders. Moreover, 3 ! 2 annihilations
typically predict sizable 2 ! 2 self-interactions which naturally address the ‘core vs. cusp’ and
‘too-big-to-fail’ small structure problems.

Novel LHC signatures for dark matter
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The
dark sector consists of DM which annihilates via a 3 ! 2 process. Small couplings to the visible sector allow for thermalization of the two sectors, thereby allowing heat to flow from
the dark sector to the visible one. DM self interactions are
naturally predicted to explain small scale structure anomalies
while the couplings to the visible sector predict measurable
consequences.

Novel collider signatures, such as
semi-visible jets, anomalous
to MeV mass range. In this case, however, a more comunderlying events,…
plicated production mechanism, such as freeze-out and

decay, is typically needed to evade cosmological bounds.
If the dark sector does not have sufficient couplings
to the visible sector for it to remain in thermal equilibrium, the 3 ! 2 annihilations heat up the DM, significantly altering structure formation [1, 2]. In contrast,
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aspect of the mechanism described here is that

Strongly interacting dark matter
SM ⊗ U(1)mediator ⊗ SU(3)dark

Bernreuther, Kahlhoefer, MK, Tunney, in prep.
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Strongly interacting dark matter
SM ⊗ U(1)mediator ⊗ SU(3)dark
Particle content
𝛑±, 𝛑0, 𝛒±, 𝛒0: dark mesons with mass of O(GeV)
Z’: vector mediator with mass of O(100-1000 GeV)

Bernreuther, Kahlhoefer, MK, Tunney, in prep.
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Strongly interacting dark matter: LHC phenomenology

Bernreuther, Kahlhoefer, MK, Tunney, in prep.
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Strongly interacting dark matter: LHC phenomenology

Signature as in “Hidden Valley” models (Strassler, Zurek)
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Strongly interacting dark matter: LHC phenomenology

Bernreuther, Kahlhoefer, MK, Tunney, in prep.
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Strongly interacting dark matter: LHC phenomenology

Need to optimise and re-design LHC searches
• optimise Δ𝛷-cut
• re-interpret long-lived particle searches
• improve S/B through ML-techniques
(c.f. Heimel, Kasieczka, Plehn, Thompson, SciPost Phys. 6, 030 (2019))

Bernreuther, Kahlhoefer, MK, Tunney, in prep.
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Dark sectors lead to novel & subtle LHC signatures!
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Dark sectors lead to novel & subtle LHC signatures!

We will focus on three dark sector scenarios:
Weakly-Interacting Massive Particles (WIMPs),
Strongly-Interacting Massive Particles (SIMPs) and
Feebly-Interacting Massive Particles (FIMPs),
and explore
models, phenomenology and interpretation.
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Dark sectors lead to novel & subtle LHC signatures!

We benefit from
• accurate predictions for signal and
SM background distributions (B1b,
B1d)
• BSM searches in Higgs and top
physics (A2a, A3a, B2b)
• BSM searches in flavour physics
(C1a, C3a, C3b)
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