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What does a long-lived particle at the LHC tell
us about dark matter?
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Length and rate

LHC
I decay length macroscopic on detector scale, i.e cτ & 1 cm
I width Γ . 10−14 GeV

Cosmology
I processes are efficient if Γ & H
I H ≈ 10−14 GeV at T = 100 GeV

⇒What does that imply for dynamics in early Universe?
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Early Universe

I early universe dynamics is controlled by competition of Hubble
expansion and interactions

I H � Γ: expansion dominates and interactions remain stuck
I H � Γ: thermodynamic system close to equilibrium

I H ≈ Γ is when interesting things happen
example: freeze-out
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Set the stage

Toy dark sector
I new field φ with substantial interaction with SM, for example

charged under SU(3)× SU(2)× U(1)

I dark matter particle χ with strongly suppressed interactions, i.e.
SM singlet etc.

I φ→ χ + SM allowed and cτ macroscopic
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Dynamics in the dark sector

Annihilation: χχ→ SM SM
I annihilation rate of χ unconstrained
I if interaction with φ the only portal to SM annihilations are highly

suppressed

Co-annihilation: φφ→ SM SM
I thermally suppressed (higher mass) but potentially still large

(needed for LHC production)

Conversion: φ SM→ χ SM
I decays and scattering processes contribute
I Γ . 10−14 implies y . 10−8, i.e. scattering rate also similar to H
I conversion is borderline effective
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Conversion driven freeze-out

I describe evolution by by coupled Boltzmann equations

dYφ

dx
=

1
3H

ds
dx

[
1
2
〈
σφφ†v

〉 (
Y 2
φ − Y eq 2

φ

)

− Γχ→φ

s

(
Yχ − Yφ

Y eq
χ

Y eq
φ

)
+

Γφ

s

(
Yφ − Yχ

Y eq
φ

Y eq
χ

)]

dYχ

dx
=

1
3H

ds
dx

[
− Γφ

s

(
Yφ − Yχ

Y eq
φ

Y eq
χ

)
+

Γχ→φ

s

(
Yχ − Yφ

Y eq
χ

Y eq
φ

)]

I φφ annihilations, conversion from scattering and conversion for
decay important
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Quantitative analysis
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FIG. 1. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
to the Hubble rate as a function of x = mχ/T for mχ = 500 GeV, m�b = 510 GeV, λχ ≈ 2.6 × 10−7. Right panel: Evolution of
the resulting abundance (solid curves) of �b (blue) and χ (red). The dashed curves denote the equilibrium abundances.

the freeze-out of a typical thermal relic or the �b freeze-
out. The slow decline of the χ abundance after this point
is due to the close-to inefficient conversion terms which
remove over-abundant χs.

In Fig. 2 we show the dependence of the final freeze-
out density on the coupling λχ (red solid line). For large
enough coupling, the solution coincides with the result
that would be obtained when assuming CE (blue dotted
line). The relic density is in this case largely set by the
strength of �b self-annihilation into gluons. When lowering
the value of λχ, conversions χ ↔ �b become less efficient
and we end up with a relic density that lies above the
value expected for full CE. For the benchmark scenario
shown in Fig. 2, the freeze-out density matches the value
determined by Planck [14] for a coupling of λχ ≈ 2.6 ×
10−7.

Above we assumed that both χ and �b have thermal
abundances for T � mχ. While this assumption is cer-
tainly well justified for �b, one may question the depen-
dence on the initial condition for χ due to its small cou-
pling to the thermal bath. We check the dependence
on this assumption by varying the initial abundance at
T = mχ between (0−100) × Y eq

χ . The evolution of the
abundances for our benchmark point are shown in Fig. 3,
for early times (x < 20). We find that all trajectories
converge before x <∼ 5, thereby effectively removing any
dependence of the final density on the initial condition at
x = 1 (for a discussion of kinetic equilibration, see [13]).
[ToDo: Comment more on kinetic equilibration.] The
dependence of the final freeze-out density on the initial
condition is also indicated in Fig. 2 by the area shaded
in red, and is remarkably small. Therefore, conversion-
driven freeze-out is largely insensitive to details of the
thermal history prior to freeze-out and in particular to a
potential production during the reheating process. Note
that this feature distinguishes conversion-driven freeze-
out from scenarios for which DM has an even weaker

coupling such that it was never in thermal contact (e.g.
freeze-in production [15]). Thus, while requiring a rather
weak coupling, the robustness of the conventional freeze-
out paradigm is preserved in the scenario considered here.
[ToDo: Emphasis importance of coupled BE’s. Effect
larger than unintegrated BE’s.]

As discussed before, conversions χ ↔ �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 2. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, Ωh2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only efficient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
in the mχ-m�b plane is the one for a coupling λχ that just
provides CE (but is still small enough so that χχ- and
χ�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 4. Below this curve a choice of λχ

sufficiently large to support CE would undershoot the
relic density. In this region a solution with small λχ ex-

I take color charged scalar with interaction with b quarks for
quantitative analysis (≈ sbottom)

I 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

!"" #""" #!"" $"""
"

!

#"

#!

$"

$!

%"

%!

∆
m

χ
� b
[G

eV
]

mχ [GeV]

2
3

5

8

25 cm

10 cm

5 cm

2.5 cm

↓ 4-body decay

↑
C
E

fu
lfi

lled

Ωh2 = 0.12

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]

I monojet search ATLAS 1604.07773

I search for detector stable R-hadrons CMS 1305.0491 and CMS-PAS-EXO-16-036
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Conclusion

I long-lived particles point to interesting thermal history in the early
Universe

I conversion-driven freeze-out for Γ ≈ H
I decay length of O(10) cm favored

⇒ excellent LHC sensitivity
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Conversion driven equilibration
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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]

I Γ ≈ H is sufficient to allow equilibration
I no dependence on initial condition
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