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Simplified Model

I stay agnostic as to the fundamental interactions
I write down "simplified model"→ use it as phenomenology

generator

t-channel mediator
I Majorana fermion χ as dark matter
I χ singlet under SM gauge group
I interactions→ scalar mediator η
I Yukawa interactions with the fermions (up-quarks or top-quarks)

Lint = −f q̄Rχη + h.c.

more general flavor structure possible → Monika’s contribution

I self-contained/UV-complete model→ explore connections with
other observables
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LHC pheno
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Testing the Dark Sector

I LHC is a mediator production machine
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Production cross section at LHC
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Note: figures for
√

s = 8TeV
I three production modes

I QCD → ηη̄ (up and top)
I dark matter t-channel uū → ηη̄ (no top pdf)
I dark matter t-channel uu → ηη (specific to Majorana dark matter)

I t-channel enhanced for sizeable Yukawa
I ηη enhanced by u-quark pdf
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Signatures

I multi-jet + MET
I monojet + MET (mainly relevant in mass degenerate regime)
I top/bottom + MET

many searches relevant for t-channel models

Note: main production mode depends on simplified model
parameters→ limits on simplified models with Dirac dark
matter/simplified SUSY not directly translatable
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Other observables
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Scattering of DM off nucleons: light flavor

I tree-level interactions with light quarks
I contribution to SI scattering cancels at lowest order for Majorana

DM with chiral interaction; expansion to higher order necessary
Drees, Nojiri 93

I enhancement of interactions for small mass difference
Drees, Nojiri 93, Hisano, Ishiwata, Nagata 2011

σSD(SI) ∼
[

1
m2

η − (mχ + mq)2

]2(4)
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Direct Detection versus the LHC
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I for ∆m = O(mχ) limits on σSI = 10−45 − 10−48

I Notice: for some mass range QCD production excluded⇒ no
contribution to dark matter allowed
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Full combination of observables: thermal Dark Matter
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Side remark: "No thermal WIMP"-region allows for conversion-driven
freeze-out with distinct collider pheno Garny, Heisig, Lülf, SV ’17
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Conclusions

I rich collider phenomenology
I not just pheno-generator→ complete models
I intriguing interplay between direct detection, LHC and relic

density
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Backup
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Scattering of DM off nucleons: heavy flavor
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I no top-quarks in the nucleus→ no tree level coupling
I loop induced dark matter nucleus coupling

I gluon box Drees, Nojiri ’93

I Higgs triangle Ibarra, Pierce, Shah, SV ’15
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Conversion-driven freeze-out
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FIG. 2. Relic density as a function of the coupling λχ, for
mχ = 500 GeV, m�b = 510 GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Yχ(1) = (0−100) × Y eq

χ (1). The central
curves correspond to Yχ(1) = Y eq

χ (1).
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FIG. 3. Dependence on the initial conditions for Yχ at x = 1.
We show solutions for the choices Yχ(1) = [0, 1, 100]×Y eq

χ (1),
and otherwise the same parameters as in Fig. 1.

between �b and χ to provide the right relic density. The
value of λχ ranges from 10−7 to 10−6 (from small to large
mχ). These values lie far beyond the sensitivity of direct
or indirect detection experiments.

For the solutions providing the right relic density, dur-
ing typical freeze-out (i.e. when T ∼ mχ/30) the con-
version rates have to be on the edge of being efficient,
cf. Eq. (5). From this simple relation (and assuming that
the decay width, Γ�b, is similar in size as the other con-
version rates) we can already infer that the decay length
of �b is of the order of 1–100 cm for a DM particle with a
mass of a few hundred GeV which predicts the signature
of disappearing tracks or displaced vertices at the LHC.

The decay length in our model is shown as the gray
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FIG. 4. Viable parameter space in the plane spanned by
mχ and ∆mχ�b = m�b − mχ. We adjust λχ such that Ωh2 =
0.12. Above the thick black curve CE holds, while below this
curve CE breaks down and the freeze-out is conversion-driven.
The corresponding coupling λχ/10−7 (decay length cτ) of the
sbottom is denoted by the thin green (gray) dotted lines. The
blue dashed (dot-dashed) curve shows our estimates for the
limits from R-hadrons searches at 8 (13)TeV. The Constraints
from monojet searches is shown as the red dot-dot-dashed
curve.

dotted lines in Fig. 4. It ranges from 25 cm to below
2.5 cm for increasing mass difference (the dependence on
the absolute mass scale is more moderate).

In proton collisions at the LHC pairs of �bs could be
copiously produced. They will hadronize to form R-
hadrons [16] which will, for the relevant decay length,
either decay inside or traverse the sensitive parts of the
detector. Accordingly, the signatures of displaced ver-
tices and (disappearing) highly ionizing tracks provide
promising discovery channels. Similar searches have, e.g.,
been performed for a gluino R-hadron (decaying into en-
ergetic jets) [17] or a purely electrically charged heavy
stable particle [18, 19] but have not been performed for
the model under consideration (see also [20, 21] for a
recent account on simplified DM models providing dis-
placed vertices). However, there are two types of searches
that already impose constraints on the model.

On the one hand, searches for detector-stable R-
hadrons [22–25] can be reinterpreted for finite decay
lengths by convoluting the signal efficiency with the frac-
tion of R-hadrons that decay after traversing the relevant
parts of the detector. This reinterpretation provides lim-
its down to a decay length of cτ � 0.1 m for a R-hadron
mass around 100GeV [13] and can be used to estimate
excluded parameter regions in our model. The result-
ing limits obtained from the 8 TeV [22] and 13TeV [23]
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