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Among key scientific goals of LHC:

Energy density of the universe:

bullet cluster

▪ Pinpoint the nature of dark matter!

Needed: Predictions for possible signatures 
of dark matter models

Planck 2015



Vanilla WIMP (Weakly Interacting Massive Particle)

bullet cluster

LHC WIMP-program: MET-searches

Nice features:
▪ Works with simple models
▪ Not sensitive to initial thermal conditions (reheating)
▪ Allows us to directly connect relic density (freeze-out)
  and experimental observables ⇒ clear predictions
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Figure 9. Upper limits (95% confidence level) on the DM annihilation cross section derived from a combined analysis of the nominal

target sample for the bb̄ (left) and τ+τ− (right) channels. Bands for the expected sensitivity are calculated by repeating the same analysis

on 300 randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected sensitivity

while the bands represent the 68% and 95% quantiles. Spectroscopically measured J-factors are used when available; otherwise, J-factors

are predicted photometrically with an uncertainty of 0.6 dex (solid red line). The solid black line shows the observed limit from the

combined analysis of 15 dSphs from Ackermann et al. (2015b). The closed contours and marker show the best-fit regions (at 2σ confidence)

in cross-section and mass from several DM interpretations of the GCE: green contour (Gordon & Macias 2013), red contour (Daylan et al.

2016), orange data point (Abazajian et al. 2014), purple contour (Calore et al. 2015). The dashed gray curve corresponds to the thermal

relic cross section from Steigman et al. (2012).

sensitivity is a factor of ∼ 1.5 for hard annihilation spec-
tra (e.g., the τ+τ− channel) compared to the median
expected limits in Ackermann et al. (2015b). More pre-
cisely determined J-factors are expected to improve the
sensitivity by up to a factor of 2, motivating deeper spec-
troscopic observations both with current facilities and fu-
ture thirty-meter class telescopes (Bernstein et al. 2014;
Skidmore et al. 2015).
The limits derived from LAT data coincident with con-

firmed and candidate dSphs do not yet conclusively con-
firm or refute a DM interpretation of the GCE (Gor-
don & Macias 2013; Daylan et al. 2016; Abazajian et al.
2014; Calore et al. 2015). Relative to the combined anal-
ysis of Ackermann et al. (2015b), the limits derived here
are up to a factor of 2 more constraining at large DM
masses (mDM,bb̄ � 1TeV and mDM,τ+τ− � 70GeV)
and a factor of ∼ 1.5 less constraining for lower DM
masses. The weaker limits obtained at low DM mass
can be attributed to low-significance excesses coincident
with some of the nearby and recently discovered stellar
systems, i.e., Reticulum II and Tucana III. While the
excesses associated with these targets are broadly con-
sistent with the DM spectrum and cross section fit to
the GCE, we refrain from a more extensive DM interpre-
tation due to the low significance of these excesses, the
uncertainties in the J-factors of these targets, and the
lack of any significant signal in the combined analysis.
Ongoing Fermi -LAT observations, more precise

J-factor determinations with deeper spectroscopy, and
searches for new dSphs in large optical surveys will each
contribute to the future sensitivity of DM searches using
Milky Way satellites (Charles et al. 2016). In particular,
the Large Synoptic Survey Telescope (Ivezic et al. 2008)
is expected to find hundreds of new Milky Way satellite
galaxies (Tollerud et al. 2008; Hargis et al. 2014). Due to
the difficulty in acquiring spectroscopic observations and
the relative accessibility of γ-ray observations, it seems
likely that γ-ray analysis will precede J-factor determi-
nations in many cases. To facilitate updates to the DM

search as spectroscopic J-factors become available, the
likelihood profiles for each energy bin used to derive our
γ-ray flux upper limits will be made publicly available.
We plan to augment this resource as more new systems
are discovered.
After the completion of this analysis, we became aware

of an independent study of LAT Pass 8 data coincident
with DES Y2 dSph candidates (Li et al. 2016). The γ-ray
results associated with individual targets are consistent
between the two works; however, the samples selected for
combined analysis are different.
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 WIMPs severely under pressure



bullet cluster

Other ways to produce dark matter 
with same nice features?



bullet cluster

Other ways to produce dark matter 
with same nice features?

Yes!
This talk: Consider slight departure from 

WIMP co-annihilation scenario 
! A new variant of dark matter production:

"Conversion-driven freeze-out"
[Garny, JH, Lülf,  Vogl 2017]
[see also D’Agnolo, Pappadopulo, Ruderman, 2017]
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Conversion-driven freeze-out

Other avenues beyond WIMPs: Secluded dark matter [Pospelov, Ritz,  Voloshin 2007; !Feng, !

Kumar !2008],  Asymmetric !dark matter [Kaplan, !Luty, !Zurek, !2009], Freeze-in [Hall, Jedamzik, 

March-Russell, West, 2009], SIMPs [Hochberg, Kuflik, Volansky, Wacker, 2014], Co-Decaying dark 
matter [Dror, Kuflik, Ng, 2016], Forbidden dark matter [Griest, Seckall, 1991; D’Agnolo, Ruderman, 

2015], Pseudo-Dirac dark matter [Davolia, De Simone, Jacquesa, Sanz 2017], ELDERs [Kuflik, 

Perelstein, Rey-Le Lorier, Tsai, 2016 & 2017], superWIMPs [Feng, Rajaraman, Takayama 2003], ...

▪ Works with simple models
▪ Not sensitive to initial thermal conditions (reheating)
▪ Allows us to directly connect relic density (freeze-out)
  and experimental observables ⇒ clear predictions,

namely: Long-lived particles at LHC



Revisiting WIMP co-annihilation

X1 X2

λ1 λ2

m1  < m2 

Δm ≪ m1,2

dark matter co-annihilation partner

Annihilation
X1 ! SM +

X1

X1

SM
λ1

SM
λ2

SM

SM

X1

SM (SM)

X2

X2

X2

Conversion
X1 ! X2

Co-annihilation
X2 ! SM

Usually (SUSY): λ1 ~ λ2 ~ gSM   ⇒ conversion always efficient

 X1 ⟷ X2
eq.

Jan Heisig (RWTH Aachen University)                                  8                                                LLP Workshop, October 2017



Revisiting WIMP co-annihilation

Annihilation+
Co-annihilation
in dark sector
X1, X2 ! SM

X1

X1

SM
λ1

SM

λ2

SM

SM

X2

X2

Usually (SUSY): λ1 ~ λ2 ~ gSM   ⇒ conversion always efficient

 X1 ⟷ X2
eq.

Larger effective annihilation cross 
section helps to reduce relic density: 

1

Ωh2 ∝ 1

�σv�eff

Jan Heisig (RWTH Aachen University)                                  9                                                LLP Workshop, October 2017



Conversion-driven freeze-out

Annihilation
X1 ! SM

X1

X1

SM
λ1

SM
λ2

SM

SM

X1

SM (SM)

X2

X2

X2

Conversion
X1 ! X2

Co-annihilation
X2 ! SM

Consider λ1 ≪ λ2:  X1 ⟷ X2
eq.?

large ratenegligable

[Garny, JH, Lülf,  Vogl 2017]

Jan Heisig (RWTH Aachen University)                                10                                                LLP Workshop, October 2017
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Conversion-driven freeze-out

Annihilation
X1 ! SM

X1

X1

SM
λ1

SM
λ2

SM

SM

X1

SM (SM)

X2

X2

X2

Conversion
X1 ! X2

Co-annihilation
X2 ! SM

Consider λ1 ≪ λ2:  X1 ⟷ X2
eq.?

large rate
bottleneck!

negligable

[Garny, JH, Lülf,  Vogl 2017]

" Relic density is set by the size of the conversion rate

Jan Heisig (RWTH Aachen University)                                10                                                LLP Workshop, October 2017

λ2λ1



General back-of-the-envelope estimation:

1

Γcon ∼ H
�
Tf � mχ

30

�
Conversion rate (just) efficient at freeze-out:

If (inverse) 2-body decay                   is allowed:
X1

SM
X2

1

Γcon ∼ ΓX2

Jan Heisig (RWTH Aachen University)                                11                                                LLP Workshop, October 2017



General back-of-the-envelope estimation:

(for masses 100GeV to a few TeV)

⇒ LHC: long-lived particles!

1

Γcon ∼ H
�
Tf � mχ

30

�
Conversion rate (just) efficient at freeze-out:

If (inverse) 2-body decay                   is allowed:
X1

SM
X2

1

Γcon ∼ ΓX2

1

1

ΓX2

∼ 1

H(Tf)
∼ 1−100 cm⇒ X2 decay-length: 

Jan Heisig (RWTH Aachen University)                                11                                                LLP Workshop, October 2017



TUM-HEP 1085/17

TTK-17-18

Co-annihilation without chemical equilibrium
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Chemical equilibrium is a commonly made assumption in the freeze-out calculation of co-

annihilating dark matter. We explore the possible failure of this assumption and find a new

conversion-driven freeze-out mechanism. Considering a representative simplified model inspired

by supersymmetry with a neutralino- and sbottom-like particle we find regions in parameter space

with very small couplings accommodating the measured relic density. In this region freeze-out takes

place out of chemical equilibrium and dark matter self-annihilation is thoroughly inefficient. The

relic density is governed primarily by the size of the conversion terms in the Boltzmann equations.

Due to the small dark matter coupling the parameter region is immune to direct detection but

predicts an interesting signature of disappearing tracks or displaced vertices at the LHC.

INTRODUCTION

The origin and the nature of the dark matter (DM)

in the Universe is one of the most pressing questions in

particle- and astrophysics. Despite impressive efforts to

uncover its interactions with the Standard Model (SM)

of particle physics in (in)direct detection and accelerator

based experiments, DM remains elusive and, so far, our

understanding is essentially limited to its gravitational

interactions (see e.g. [1, 2]). It is therefore of utmost

interest to investigate mechanisms for the generation of

DM in the early Universe that go beyond the widely stud-

ied paradigm of thermal freeze-out, and that can point

towards non-standard signatures.

In this spirit we subject the well-known co-annihilation

scenario [3] to further scrutiny and investigate the im-

portance of the commonly made assumption of chem-

ical equilibrium (CE) between the DM and the co-

annihilation partner. This requires solving the full set of

coupled Boltzmann equations which has been performed

in the context of specific supersymmetric scenarios [4, 5].

Here we consider a simplified DM model and explore the

break-down of CE in detail finding a new, conversion

driven solution for DM freeze-out which points towards

a small interaction strength of the DM particle with the

SM bath. While the smallness of the coupling renders

most of the conventional signatures of DM unobservable,

new opportunities for collider searches arise. In partic-

ular we find that searches for long-lived particles at the

LHC are very powerful tools for testing conversion-driven

freeze-out.

The structure of the paper is as follows: We begin by

introducing a simplified model for co-annihilations before

we present the Boltzmann equations which govern the

DM freeze-out. Next, we investigate conversion-driven

solutions to the Boltzmann equations and confront the

regions of parameter which allow for a successful gener-

ation of DM with LHC searches. Finally, we summarize

our results and conclude.

SIMPLIFIED MODEL FOR CO-ANNIHILATION

While the precise impact of the breakdown of CE be-

tween the DM and its co-annihilation partner will in gen-

eral depend on the details of the considered model, the

key aspects of the phenomenology can be expected to be

universal. As a representative case we choose a simpli-

fied model for DM interacting with quarks. We extend

the matter content of the SM minimally by a Majorana

fermion χ, being a singlet under the SM gauge group,

and a scalar quark-partner �q, mediating the interactions

with the SM and acting as the co-annihilation partner.

The interactions of the new particles among themselves

and with the SM are given by [6]

Lint = |Dµ�q|2 − λχ�qq̄
1− γ5

2
χ+ h.c., (1)

where q is a SM quark field, Dµ denotes the covariant

derivative, which contains the interactions of �q with the

gauge bosons as determined by its quantum numbers,

and λχ is a Yukawa coupling. Here we choose q = b and

Y = − 1
3 . For the coupling λχ = 1

3

√
2 e
cos θW

≈ 0.17 our

simplified model makes contact with the Minimal Super-

symmetric SM where �b can be identified with a right-

handed sbottom and χ with a bino-like neutralino. How-

ever, we will vary λχ in our analysis. Nevertheless, we
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super-partner of the b-quark. Note that choosing a top-

partner instead yields similar results although quantita-

tive differences arise due to the large top mass.
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tion at x = 1 (for a discussion of kinetic equilibration,

see [13]). The dependence of the final freeze-out den-

sity on the initial condition is also indicated in Fig. 4 by

the area shaded in red, and is remarkably small. There-

fore, 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 re-

quiring a rather weak coupling, the robustness of the con-

ventional freeze-out paradigm is preserved in the scenario

considered here.

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. 4. 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.
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mχ = 500GeV, m�b = 510GeV. 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).

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. 7. 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-

ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

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.
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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. 7. 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-

ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

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.
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contact (e.g. freeze-in production [15]). Thus, while re-
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ary of the valid parameter space and is shown as a black,

solid curve in Fig. 7. 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-

ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

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.
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see [13]). The dependence of the final freeze-out den-

sity on the initial condition is also indicated in Fig. 4 by

the area shaded in red, and is remarkably small. There-

fore, 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 re-

quiring a rather weak coupling, the robustness of the con-

ventional freeze-out paradigm is preserved in the scenario

considered here.

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. 4. 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.
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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. 7. 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-

ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

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.
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the area shaded in red, and is remarkably small. There-

fore, 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 re-

quiring a rather weak coupling, the robustness of the con-

ventional freeze-out paradigm is preserved in the scenario

considered here.
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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. 4. 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
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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. 7. 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-

ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

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.
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the area shaded in red, and is remarkably small. There-

fore, 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 re-

quiring a rather weak coupling, the robustness of the con-

ventional freeze-out paradigm is preserved in the scenario

considered here.
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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
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would be obtained when only taking decays into account

by the gray dashed line in Fig. 4. 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
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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. 7. 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-

ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

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.
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sity on the initial condition is also indicated in Fig. 4 by

the area shaded in red, and is remarkably small. There-
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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-
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even weaker coupling such that it was never in thermal

contact (e.g. freeze-in production [15]). Thus, while re-

quiring a rather weak coupling, the robustness of the con-
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out that quantitatively both are important for determin-
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by the gray dashed line in Fig. 4. 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.
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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. 7. 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-

ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

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.

is a free parameter here [see Ibarra et al. 2009 for SUSY realization] 
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FIG. 5. Dependence on the initial conditions for Yχ at x = 1.
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χ (1),
and otherwise the same parameters as in Fig. 3.

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
dotted lines in Fig. 7. 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 � 0.1m 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]
LHC data are superimposed in Fig. 7. For mass split-
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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.

tings below mb (below gray dashed curve) the 2-body
decay is not allowed and the resulting R-hadrons can be
considered detector-stable. Towards large mass splittings
(smaller life-times) the limits fall off significantly provid-
ing no constraint above ∆mχ�b � 13GeV.

On the other hand, a large number of experimen-
tal results for a sbottom-neutralino simplified model ex-
ist assumong a prompt sbottom decay, see e.g. [26–29].
While most of these searches are not applicable to non-
prompt decays, monojet searches, targeting small mass
splittings, have been performed that do not rely on the
prompt decay of the sbottom [30, 31]. We superimpose
the (stronger) limit from [31] that uses 3.2 fb−1 of 13 TeV
data.

CONCLUSION

In this work we have considered the possibility that
the common assumption of chemical equilibrium during
DM freeze-out does not hold. For definiteness, we have
focused on a simplified model with particle content in-
spired by supersymmetry, comprising a neutral Majorana
fermion as DM candidate and a colored scalar particle
that mediates a coupling to bottom quarks. For small
mass splitting between the mediator and the DM parti-
cle, the freeze-out is dominated by self-annihilation of the
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tings below mb (below gray dashed curve) the 2-body
decay is not allowed and the resulting R-hadrons can be
considered detector-stable. Towards large mass splittings
(smaller life-times) the limits fall off significantly provid-
ing no constraint above ∆mχ�b � 13GeV.

On the other hand, a large number of experimen-
tal results for a sbottom-neutralino simplified model ex-
ist assumong a prompt sbottom decay, see e.g. [26–29].
While most of these searches are not applicable to non-
prompt decays, monojet searches, targeting small mass
splittings, have been performed that do not rely on the
prompt decay of the sbottom [30, 31]. We superimpose
the (stronger) limit from [31] that uses 3.2 fb−1 of 13 TeV
data.

CONCLUSION

In this work we have considered the possibility that
the common assumption of chemical equilibrium during
DM freeze-out does not hold. For definiteness, we have
focused on a simplified model with particle content in-
spired by supersymmetry, comprising a neutral Majorana
fermion as DM candidate and a colored scalar particle
that mediates a coupling to bottom quarks. For small
mass splitting between the mediator and the DM parti-
cle, the freeze-out is dominated by self-annihilation of the
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FIG. 3. 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 = 500GeV, m�b = 510GeV, 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.

tion at x = 1 (for a discussion of kinetic equilibration,

see [13]). The dependence of the final freeze-out den-

sity on the initial condition is also indicated in Fig. 4 by

the area shaded in red, and is remarkably small. There-

fore, 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 re-

quiring a rather weak coupling, the robustness of the con-

ventional freeze-out paradigm is preserved in the scenario

considered here.

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. 4. 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
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FIG. 4. Relic density as a function of the coupling λχ, for

mχ = 500GeV, m�b = 510GeV. 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).

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. 7. 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-

ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

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.
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sufficiently large to support CE would undershoot the

relic density. In this region a solution with small λχ ex-

ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

between �b and χ to provide the right relic density. The

value of λχ ranges from 10−7
to 10−6
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mχ). These values lie far beyond the sensitivity of direct
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Production

Decay
�+ inv. jj(+inv.) jj� �γ

DPP: chargino pair SUSY SUSY SUSY

or slepton pair

HP: q̃ → jX SUSY SUSY SUSY

ZP: Z� → XX Z’, DM* Z’, DM* Z’

CC: W � → X + inv. DM* DM*

Table 1.2: Simplified model channels for electrically charged LLPs, |Q| = 1.
The LLP is indicated by X. Each row shows a separate production mode and each

column shows a separate possible decay mode, and therefore every cell in the table

corresponds to a different simplified model channel of (production)×(decay). We

have cross-referenced the “well-motivated” UV models from Section 1.2 with cells

in the table to show how the most common signatures complete models can be

linked to the simplified model space. When two production modes are provided

(with an “or”), both production simplified models can be used to cover the same

experimental signatures. Parentheses in the decay mode indicate the presence of

additional /ET in some models. The asterisk (*) shows that the model definitively

predicts missing momentum in the LLP decay.

1.4.3 LLPs with Color Charge

LLPs with charges under the strong interactions are more con-

strained than even electrically charged LLPs. Because of the non-

Abelian nature of the strong interactions, the gauge pair production

cross section of the LLP is specified by the LLP mass and its repre-

sentation under the color group, SU(3)C.

Production

Decay
j + inv. jj(+inv.) j� jγ

DPP: squark pair SUSY SUSY SUSY

or gluino pair

Table 1.3: Simplified model channels for LLPs with color charge. The LLP is indi-

cated by X. Each row shows a separate production mode and each column shows

a separate possible decay mode, and therefore every cell in the table corresponds

to a different simplified model channel of (production)×(decay). We have cross-

referenced the “well-motivated” UV models from Section 1.2 with cells in the table

to show how the most common signatures complete models can be linked to the

simplified models. When two production modes are provided (with an “or”), both

production simplified models can be used to cover the same experimental signa-

tures. Parentheses in the decay mode indicate the presence of additional /ET in some

models.

A complication of the QCD-charged LLP is that the LLP hadronizes

prior to its decay. We comment on a few aspects of hadronization

for LLPs that are charged under the standard model SU(3)C gauge

group. First, the modeling of hadronization is directly related to

many properties of the long-lived parton, such as electric charge,

flavor, spin, etc. Many LLP searches at the LHC are particularly

sensitive to the electric charge of the long-lived BSM hadrons (re-

ferred to henceforth as R-hadrons in keeping with the standard

SUSY nomenclature). For instance, only the charged R-hadrons can

be found in heavy stable charged particle search, and for some ver-

tex reconstruction based searches the LLP is either required to be

neutral or has a higher efficiency in the absence of a prompt track
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FIG. 3. 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 = 500GeV, m�b = 510GeV, 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.

tion at x = 1 (for a discussion of kinetic equilibration,

see [13]). The dependence of the final freeze-out den-

sity on the initial condition is also indicated in Fig. 4 by

the area shaded in red, and is remarkably small. There-

fore, 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 re-

quiring a rather weak coupling, the robustness of the con-

ventional freeze-out paradigm is preserved in the scenario

considered here.

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. 4. 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.
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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).

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. 7. 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-

ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

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
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tion at x = 1 (for a discussion of kinetic equilibration,

see [13]). The dependence of the final freeze-out den-

sity on the initial condition is also indicated in Fig. 4 by

the area shaded in red, and is remarkably small. There-

fore, 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 re-

quiring a rather weak coupling, the robustness of the con-

ventional freeze-out paradigm is preserved in the scenario

considered here.

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. 4. 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.
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eq
χ (1).

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. 7. 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-

ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

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.
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solid curve in Fig. 7. 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-

ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

between �b and χ to provide the right relic density. The

value of λχ ranges from 10−7
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Figure 6: Exclusion region at 95% CL as a function of squark mass and the squark–neutralino mass difference for

(left) the decay channel b̃1 → b+χ̃0

1
and (right) q̃→ q+χ̃0

1
(q = u, d, c, s). The dotted lines around the observed limit

indicate the range of observed limits corresponding to ±1σ variations of the NLO SUSY cross-section predictions.

The shaded area around the expected limit indicates the expected ±1σ ranges of limits in the absence of a signal.

the cross section and a ±3% change in the acceptance. In addition, the uncertainty in the integrated

luminosity is included.

Figure 7 (left) shows the observed and expected 95% CL exclusion limits in the mχ–mA parameter plane

for a simplified model with an axial-vector mediator, Dirac WIMPs, and couplings gq = 1/4 and gχ = 1.

A minimal mediator width is assumed. In addition, observed limits are shown using ±1σ theoretical

uncertainties in the signal cross sections. In the on-shell regime, the models with mediator masses up

to 1 TeV are excluded. This analysis loses sensitivity to the models in the off-shell regime, where the

decay into a pair of WIMPs is kinematically suppressed. The perturbative unitarity is violated in the

parameter region defined by mχ >
√
π/2 mA [95]. The masses corresponding to the correct relic density

as measured by the Planck and WMAP satellites [35, 36], in the absence of any interaction other than the

one considered, are indicated in the figure as a line that crosses the excluded region at mA ∼ 880 GeV and

mχ ∼ 270 GeV. The region towards lower WIMP masses or higher mediator masses corresponds to dark

matter overproduction. On the opposite side of the curve, other WIMP production mechanisms need to

exist in order to explain the observed dark matter relic density.

In Fig. 7 (right) the results are translated into 90% CL exclusion limits on the spin-dependent WIMP–

proton scattering cross section as a function of the WIMP mass, following the prescriptions explained

in Refs. [41, 42], and are compared to results from the direct-detection experiments XENON100 [96],

LUX [97], and PICO [98, 99]. This comparison is model-dependent and solely valid in the context of

this particular Z�-like model. In this case, stringent limits on the scattering cross section of the order of

10
−42

cm
2

up to WIMP masses of about 300 GeV are inferred from this analysis, and complement the re-

sults from direct-detection experiments for mχ < 10 GeV. The loss of sensitivity in models where WIMPs

are produced off-shell is expressed by the turn of the exclusion line, reaching back to low WIMP masses

and intercepting the exclusion lines from the direct-detection experiments at around mχ = 80 GeV.
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FIG. 3. 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 = 500GeV, m�b = 510GeV, 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.

tion at x = 1 (for a discussion of kinetic equilibration,

see [13]). The dependence of the final freeze-out den-

sity on the initial condition is also indicated in Fig. 4 by

the area shaded in red, and is remarkably small. There-

fore, 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 re-

quiring a rather weak coupling, the robustness of the con-

ventional freeze-out paradigm is preserved in the scenario

considered here.

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. 4. 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.
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line shows the full solution including all conversion rates, the

gray dashed line corresponds to the solution when only decays
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on initial conditions, Yχ(1) = (0−100)× Y
eq
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curves correspond to Yχ(1) = Y
eq
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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. 7. 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-

ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

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.
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ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

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
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FIG. 3. 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 = 500GeV, m�b = 510GeV, 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.

tion at x = 1 (for a discussion of kinetic equilibration,

see [13]). The dependence of the final freeze-out den-

sity on the initial condition is also indicated in Fig. 4 by

the area shaded in red, and is remarkably small. There-

fore, 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 re-

quiring a rather weak coupling, the robustness of the con-

ventional freeze-out paradigm is preserved in the scenario

considered here.

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. 4. 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

Ω
h
2

λχ/10−7

0

1
0
0

1
0
0

CE

decay only

Ωh2 = 0.12

FIG. 4. Relic density as a function of the coupling λχ, for

mχ = 500GeV, m�b = 510GeV. 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).

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. 7. 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-

ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

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.
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FIG. 18: The 95% confidence-level upper limits, obtained from the (a, c, e) DV+Emiss
T and (b, d, f) DV+jets searches, on the

cross section for gluino pair production in the split-supersymmetry model, with the gluino decaying to a neutralino plus either
(a, b) a gluon or a light-quark pair or (c, d, e, f) a pair of top quarks. The mass of the neutralino is 100 GeV in (a, b, c, d)
and is 480 GeV smaller than the gluino mass in (e, f). For further details see Fig. 14.
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RPV samples of the type g̃ → qq[χ̃0
1 → ���ν] are

produced with HERWIG++ 2.6.3 [38]. Decays of the
neutralino only into light leptons, which may be e+e−,
µ+µ−, or e±µ∓, take place due to the nonzero values of
the RPV couplings λ121 and λ122 [2].

RPV samples of q̃ → q[χ̃0
1 → �qq/νqq] are generated

with PYTHIA 6.426.2 [39]. The χ̃0
1 decay into two light

quarks and an electron, muon, or neutrino, is governed
by the nonzero RPV coupling λ�

i11. Samples contain-
ing heavy-flavor quarks, q̃ → q[χ̃0

1 → �qb] (produced
with λ�

i13 �= 0) and q̃ → q[χ̃0
1 → �cb] (corresponding

to λ�
i23 �= 0) are also generated, in order to study the

impact of long-lived charm and bottom hadrons on the
efficiency of DV reconstruction. A g̃ → qq[χ̃0

1 → �qq]
sample is used to quantify the effect of prompt NLSP de-
cays on the reconstruction efficiency, by comparing with
the corresponding model with squark production.

PYTHIA 6.426.2 is used to produce GGM samples
denoted g̃ → qq[χ̃0

1 → G̃Z], in which the NLSP χ̃0
1 is a

Higgsino-like neutralino. Both the leptonic and hadronic
decays of the Z boson are considered.

Within a split-supersymmetry scenario,
PYTHIA 6.427 is used to simulate production and
hadronization of a primary, long-lived gluino. Geant4
simulates the propagation of the R-hadron through
the detector [40], and PYTHIA decays the R-hadron
into a stable neutralino plus two quarks (u, d, s, c or
b), a gluon, or two top quarks. The resulting samples
are denoted [g̃ → qqχ̃0

1], [g̃ → gχ̃0
1], or [g̃ → ttχ̃0

1],
respectively.

Signal cross sections are calculated to next-to-leading
order in the strong coupling constant, adding the re-
summation of soft gluon emission at next-to-leading-
logarithmic accuracy (NLO+NLL) [41–45]. The nomi-
nal cross section and its uncertainty are taken from an
envelope of cross section predictions using different PDF
sets and factorization and renormalization scales, as de-
scribed in Ref. [46].

In addition to these signal samples, MC samples of
QCD dijet events, Drell-Yan events, and cosmic-ray
muons are used for estimating some systematic uncer-
tainties and some of the smaller background rates, as well
as for validation of aspects of the background-estimation
methods.

IV. EVENT RECONSTRUCTION AND

SELECTION

The event-reconstruction and selection procedures are
designed, based on MC and experience from previous
analyses [13, 14], to strongly suppress background and ac-
commodate robust background-estimation methods (de-
scribed in Sec. VI), while efficiently accepting signal
events over a broad range of LLP masses, lifetimes, and
velocities.

The initial event selection is performed with a com-
bination of triggers that require the presence of lepton
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FIG. 1: Diagrams representing some of the processes un-
der study, corresponding to the simulated event samples. In
RPV scenarios, the long-lived neutralino may decay via the
(a) λijk or (b) λ�

ijk couplings. (c) Long-lived neutralino de-
cay in a GGM scenario. (d) Long-lived R-hadron decay in a
split-supersymmetry scenario. The quarks and leptons shown
may have different flavors. Filled circles indicate effective in-
teractions.

candidates, jets, or Emiss
T . This selection is described in

Sec. IVA.
Off-line selection criteria for leptons, jets, and Emiss

T
(see Sec. IVB) are used to further filter events for off-
line processing, as described in Sec. IVC.
Events satisfying the filter requirements undergo a

CPU-intensive process termed “retracking”, aimed at ef-
ficient reconstruction of tracks with large impact param-
eter (d0) with respect to the transverse position of any
primary vertex (PV) of particles formed from the pp col-
lision. Retracking is described in Sec. IVD.
At the final event-selection stage, the presence of a pp

collision is ensured by first requiring the event to have a
PV formed from at least five tracks and situated in the
longitudinal range |z| < 200mm, consistent with the IP.
The final selection is based on the reconstruction of a

multitrack DV or dilepton DV, described in Secs. IVE
and IVF, respectively.

A. Trigger requirements

Events must satisfy trigger requirements based on
muon, electron, jets, or Emiss

T criteria.
Where muon triggers are used, a muon candidate is

required by the trigger algorithm to be identified in the
MS with transverse momentum pT > 50 GeV. Its pseu-
dorapidity must be in the MS-barrel region |η| < 1.07,
to reduce the trigger rate from fake muons due to beam

[ATLAS 1504.05162]

[see also ATLAS 1504.03634;
as well as Davolia, De Simone, 
Jacquesa, Sanz 1706.08985
for a recent re-interpretation]
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FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
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tion at x = 1 (for a discussion of kinetic equilibration,

see [13]). The dependence of the final freeze-out den-

sity on the initial condition is also indicated in Fig. 4 by

the area shaded in red, and is remarkably small. There-

fore, 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 re-

quiring a rather weak coupling, the robustness of the con-

ventional freeze-out paradigm is preserved in the scenario

considered here.

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. 4. 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.
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with a relic density that matches the DM density mea-
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mχ = 500GeV, m�b = 510GeV. 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).

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. 7. 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-

ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

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.
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ary of the valid parameter space and is shown as a black,

solid curve in Fig. 7. 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-

ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

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.

14 10 Summary

of 7 ns, for which masses less than 505 GeV are excluded at 95% CL.

In Fig. 5, we show the expected and observed constraints on the mass of the chargino and
the mass difference between the chargino and neutralino, ∆m�χ1 = m�χ±

1
− m�χ0

1
, in the minimal

AMSB model. The limits on τ�χ±
1

are converted into limits on ∆m�χ1 according to Ref. [39, 40].
The two-loop level calculation of ∆m�χ1 for wino-like lightest chargino and neutralino states [41]
is also indicated. In the AMSB model, we exclude charginos with mass less than 260 GeV,
corresponding to a chargino mean proper lifetime of 0.2 ns and ∆m�χ1 = 160 MeV.

In Fig. 6, we show the observed upper limit on the total cross section of the qq� → �χ±
1 �χ0

1
plus qq → �χ±

1 �χ∓
1 processes in terms of chargino mass and mean proper lifetime. A model-

independent interpretation of the results is provided in Appendix A.
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Figure 4: The expected and observed constraints on the chargino mean proper lifetime and
mass. The region to the left of the curve is excluded at 95% CL.

10 Summary
A search has been presented for long-lived charged particles that decay within the CMS de-
tector and produce the signature of a disappearing track. In a sample of proton-proton data
recorded at a collision energy of

√
s = 8 TeV and corresponding to an integrated luminosity of

19.5 fb−1, two events are observed in the search sample. Thus, no significant excess above the
estimated background of 1.4± 1.2 events is observed and constraints are placed on the chargino
mass, mean proper lifetime, and mass splitting. Direct electroweak production of charginos
with a mean proper lifetime of 7 ns and a mass less than 505 GeV is excluded at 95% confidence
level. In the AMSB model, charginos with masses less than 260 GeV, corresponding to a mean
proper lifetime of 0.2 ns and chargino-neutralino mass splitting of 160 MeV, are excluded at
95% confidence level. These constraints corroborate those set by the ATLAS Collaboration [11].

[CMS 1411.6006]

[see also ATLAS 1310.3675,
ATLAS-CONF-2017-017]
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FIG. 3. 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 = 500GeV, m�b = 510GeV, 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.

tion at x = 1 (for a discussion of kinetic equilibration,

see [13]). The dependence of the final freeze-out den-

sity on the initial condition is also indicated in Fig. 4 by

the area shaded in red, and is remarkably small. There-

fore, 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 re-

quiring a rather weak coupling, the robustness of the con-

ventional freeze-out paradigm is preserved in the scenario

considered here.

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. 4. 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
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FIG. 4. Relic density as a function of the coupling λχ, for

mχ = 500GeV, m�b = 510GeV. 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).

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. 7. 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-

ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

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.
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Figure 8: Upper cross section limits at 95% CL on various signal models for the tracker-only

analysis (left column) and tracker+TOF analysis (right column). The top row is for the data at√
s = 7 TeV, the middle row is for the data at

√
s = 8 TeV, the bottom row shows the ratio of

the limit to the theoretical value for the combined dataset. In the legend, ’CS’ stands for the

charge-suppressed interaction model.

! Reinterpretation for
    finite life-times

rescale signal by fraction passing
the relevant detector parts:

10

model by reinterpreting the results of [22] for detector-
stable R-hadrons for finite decay lengths cτ . To this end
we compute the weighted fraction of R-hadrons that de-
cay after traversing the relevant parts of the detector in a
Monte Carlo simulation as follows. For a given R-hadron
in an event i this fraction is

F i
pass = e−�/(cτβγ) , (11)

σpred → σpred × Fpass (12)

where � = �(η) is the travel distance to pass the respec-
tive part of the detector which depends on the pseudo-
rapidity η while γ is the Lorentz factor according to the
velocity β. We use a simple cylindrical approximation
for the CMS tracker2 with a radius and length of 1.1 m
and 5.6 m, respectively. For the weighting we compute3

Fpass =

�
i F i

passPi
onPi

off�
i Pi

onPi
off

, (13)

where Pi
on and Pi

off are the probabilities of the respective
event to be triggered and pass the selection cuts, respec-
tively, and the sum runs over all generated events. We
use the tabulated probabilities Pi

on,Pi
off for lepton-like

HSCPs following the prescription in [47] (see also [48]
for details of the implementation of isolation criteria and
validation). We expect this to be a good approximation
as the selection criteria for lepton-like HSCPs and R-
hadrons are identical and differences in the overall detec-
tor efficiency cancel out in Eq. (13). We simulate events
with MadGraph5_aMC@NLO [49], performing show-
ering and hadronization with Pythia 6 [50].

We use the cross section predictions from NLL-

Fast [51] and rescale the signal by Fpass. The 95%
CL exclusion limits are then obtained from a compari-
son to the respective cross section limits from searches for
(top-squark) R-hadrons presented in [22]. The results are
shown in Fig. 9. We show limits for two models regard-
ing the hadronization and interaction of the R-hadron
with the detector material, the generic model [52, 53]
and Regge (charge-suppressed) model [54, 55] as the red
solid and blue dashed line, respectively.

In addition to the results for the 8 TeV LHC we show
results from an analogous reinterpretation of the prelimi-
nary results from 12.9 fb−1 of data from the 13 TeV LHC
run [23]. Since the tabulated probabilities in [47] are only
provided for 8 TeV we use these also for the analysis of the

2 We considered the tracker-only and tracker+muon-system anal-
ysis of [22] finding the higher sensitivity for the former one.

3 For simplicity we display the formula for one R-hadron candi-
dates per event, for events with two candidates we follow the
prescription in [47] (with the replacement Pi

off → F i
passPi

off in
the respective sum in the numerator of Eq. (13)).
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FIG. 9. Regions excluded at 95% CL by a reinterpretation

of the searches for detector stable top-squark R-hadrons with

CMS at the 8TeV and 13TeV LHC (tracker-only analysis).

13 TeV simulation assuming a similar detector efficiency
for R-hadrons in both runs.

The fraction of R-hadrons passing the tracker is ex-
ponentially suppressed for small life-times significantly
weakening the respective sensitivity. However, there are
two competing factors that nevertheless result in mean-
ingful limits for cτ smaller than the detector size. On
the one hand, for small masses the production cross sec-
tion rises quickly. On the other hand, for smaller masses
a larger fraction of R-hadrons is significantly boosted
enhancing the travel distance in the detector. How-
ever, this (latter) effect does not significantly enhance
the sensitivity as the signal efficiency for largely boosted
R-hadrons decreases rapidly (as tracks become indistin-
guishable from minimal ionizing tracks for β → 1).

Note that the above CMS analysis has been interpreted
for R-hadrons formed from top-squarks. As discussed
in [55] the expected energy loss for an R-hadron con-
taining sbottoms is smaller. This results in an efficiency
around 30–40% smaller relative to the case of the stop
and therefore in slightly weaker limits on the sbottom
mass, see e.g. [24]. However, we use the above limit tak-
ing the result for the Regge model (that provides the
weaker limits) as a realistic estimate of the LHC limits
on sbottom-like R-hadrons considering the fact that the
uncertainties in the hadronization model are of similar
size as the difference between the sbottom and stop case.

Use [CMS 1502.02522] to 
estimate fraction
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FIG. 3. 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 = 500GeV, m�b = 510GeV, 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.

tion at x = 1 (for a discussion of kinetic equilibration,

see [13]). The dependence of the final freeze-out den-

sity on the initial condition is also indicated in Fig. 4 by

the area shaded in red, and is remarkably small. There-

fore, 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 re-

quiring a rather weak coupling, the robustness of the con-

ventional freeze-out paradigm is preserved in the scenario

considered here.

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. 4. 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.
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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
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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).

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. 7. 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-

ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

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.
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solid curve in Fig. 7. Below this curve a choice of λχ

sufficiently large to support CE would undershoot the
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ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

between �b and χ to provide the right relic density. The

value of λχ ranges from 10−7
to 10−6
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! Reinterpretation for
    finite life-times

rescale signal by fraction passing
the relevant detector parts:

10

model by reinterpreting the results of [22] for detector-
stable R-hadrons for finite decay lengths cτ . To this end
we compute the weighted fraction of R-hadrons that de-
cay after traversing the relevant parts of the detector in a
Monte Carlo simulation as follows. For a given R-hadron
in an event i this fraction is

F i
pass = e−�/(cτβγ) , (11)

σpred → σpred × Fpass (12)

where � = �(η) is the travel distance to pass the respec-
tive part of the detector which depends on the pseudo-
rapidity η while γ is the Lorentz factor according to the
velocity β. We use a simple cylindrical approximation
for the CMS tracker2 with a radius and length of 1.1 m
and 5.6 m, respectively. For the weighting we compute3

Fpass =

�
i F i

passPi
onPi

off�
i Pi

onPi
off

, (13)

where Pi
on and Pi

off are the probabilities of the respective
event to be triggered and pass the selection cuts, respec-
tively, and the sum runs over all generated events. We
use the tabulated probabilities Pi

on,Pi
off for lepton-like

HSCPs following the prescription in [47] (see also [48]
for details of the implementation of isolation criteria and
validation). We expect this to be a good approximation
as the selection criteria for lepton-like HSCPs and R-
hadrons are identical and differences in the overall detec-
tor efficiency cancel out in Eq. (13). We simulate events
with MadGraph5_aMC@NLO [49], performing show-
ering and hadronization with Pythia 6 [50].

We use the cross section predictions from NLL-

Fast [51] and rescale the signal by Fpass. The 95%
CL exclusion limits are then obtained from a compari-
son to the respective cross section limits from searches for
(top-squark) R-hadrons presented in [22]. The results are
shown in Fig. 9. We show limits for two models regard-
ing the hadronization and interaction of the R-hadron
with the detector material, the generic model [52, 53]
and Regge (charge-suppressed) model [54, 55] as the red
solid and blue dashed line, respectively.

In addition to the results for the 8 TeV LHC we show
results from an analogous reinterpretation of the prelimi-
nary results from 12.9 fb−1 of data from the 13 TeV LHC
run [23]. Since the tabulated probabilities in [47] are only
provided for 8 TeV we use these also for the analysis of the

2 We considered the tracker-only and tracker+muon-system anal-
ysis of [22] finding the higher sensitivity for the former one.

3 For simplicity we display the formula for one R-hadron candi-
dates per event, for events with two candidates we follow the
prescription in [47] (with the replacement Pi

off → F i
passPi

off in
the respective sum in the numerator of Eq. (13)).
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FIG. 9. Regions excluded at 95% CL by a reinterpretation

of the searches for detector stable top-squark R-hadrons with

CMS at the 8TeV and 13TeV LHC (tracker-only analysis).

13 TeV simulation assuming a similar detector efficiency
for R-hadrons in both runs.

The fraction of R-hadrons passing the tracker is ex-
ponentially suppressed for small life-times significantly
weakening the respective sensitivity. However, there are
two competing factors that nevertheless result in mean-
ingful limits for cτ smaller than the detector size. On
the one hand, for small masses the production cross sec-
tion rises quickly. On the other hand, for smaller masses
a larger fraction of R-hadrons is significantly boosted
enhancing the travel distance in the detector. How-
ever, this (latter) effect does not significantly enhance
the sensitivity as the signal efficiency for largely boosted
R-hadrons decreases rapidly (as tracks become indistin-
guishable from minimal ionizing tracks for β → 1).

Note that the above CMS analysis has been interpreted
for R-hadrons formed from top-squarks. As discussed
in [55] the expected energy loss for an R-hadron con-
taining sbottoms is smaller. This results in an efficiency
around 30–40% smaller relative to the case of the stop
and therefore in slightly weaker limits on the sbottom
mass, see e.g. [24]. However, we use the above limit tak-
ing the result for the Regge model (that provides the
weaker limits) as a realistic estimate of the LHC limits
on sbottom-like R-hadrons considering the fact that the
uncertainties in the hadronization model are of similar
size as the difference between the sbottom and stop case.

Use [CMS 1502.02522] to 
estimate fraction

3

α = −4/3αs or α = 1/6αs, respectively. The gg final
state is slightly more complicated since it can be in a
singlet or octet representation. After summing over the
different contributions the total Sommerfeld correction
factor for this case reads [9]

S0 → 2

7
S0

�����
α=−4/3αs

+
5

7
S0

�����
α=1/6αs

. (5)

Since this channel dominates the annihilation rates by
orders of magnitude, we only take the correction for an-
nihilation to gluons into account.

REINTERPRETATION OF R-HADRON
SEARCHES

Due to their distinct signature LHC searches for highly
ionizing tracks the can be performed in a rather inclu-
sive manner. They have been interpreted for lepton-
like heavy stable charged particles (HSCPs) and R-
hadrons [14–17]. Here we derive LHC constraints on the
model by reinterpreting the results of [14] for detector-
stable R-hadrons for finite decay lengths cτ . To this end
we compute the weighted fraction of R-hadrons that de-
cay after traversing the relevant parts of the detector in a
Monte Carlo simulation as follows. For a given R-hadron
in an event i this fraction is

F i
pass = e−�/(cτβγ) , (6)

where � = �(η) is the travel distance to pass the respec-
tive part of the detector which depends on the pseudo-
rapidity η while γ is the Lorentz factor according to the
velocity β. We use a simple cylindrical approximation
for the CMS tracker2 with a radius and length of 1.1 m
and 5.6 m, respectively. For the weighting we compute3

Fpass =

�
i F i

passPi
onPi

off�
i Pi

onPi
off

, (7)

where Pi
on and Pi

off are the probabilities of the respective
event to be triggered and pass the selection cuts, respec-
tively, and the sum runs over all generated events. We
use the tabulated probabilities Pi

on,Pi
off for lepton-like

HSCPs following the prescription in [18] (see also [19]
for details of the implementation of isolation criteria and
validation). We expect this to be a good approxima-
tion as the selection criteria for lepton-like HSCPs and

2 We considered the tracker-only and tracker+muon-system anal-
ysis of [14] finding the higher sensitivity for the former one.

3 For simplicity we display the formula for one R-hadron candi-
dates per event, for events with two candidates we follow the
prescription in [18] (with the replacement Pi

off → F i
passPi

off in
the respective sum in the numerator of Eq. (7)).

R-hadrons are identical and differences in the overall de-
tector efficiency cancel out in Eq. (7). We simulate events
with MadGraph5_aMC@NLO [20], performing show-
ering and hadronization with Pythia 6 [21].

We use the cross section predictions from NLL-

Fast [22] and rescale the signal by Fpass. The 95%
CL exclusion limits are then obtained from a compari-
son to the respective cross section limits from searches for
(top-squark) R-hadrons presented in [14]. The results are
shown in Fig. 2. We show limits for two models regard-
ing the hadronization and interaction of the R-hadron
with the detector material, the generic model [23, 24]
and Regge (charge-suppressed) model [25, 26] as the red
solid and blue dashed line, respectively.

In addition to the results for the 8 TeV LHC we show
results from an analogous reinterpretation of the prelimi-
nary results from 12.9 fb−1 of data from the 13 TeV LHC
run [15]. Since the tabulated probabilities in [18] are only
provided for 8TeV we use these also for the analysis of the
13 TeV simulation assuming a similar detector efficiency
for R-hadrons in both runs.
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FIG. 2. Regions excluded at 95% CL by a reinterpretation

of the searches for detector stable top-squark R-hadrons with

CMS at the 8TeV and 13TeV LHC (tracker-only analysis).

The fraction of R-hadrons passing the tracker is ex-
ponentially suppressed for small life-times significantly
weakening the respective sensitivity. However, there are
two competing factors that nevertheless result in mean-
ingful limits for cτ smaller than the detector size. On
the one hand, for small masses the production cross sec-
tion rises quickly. On the other hand, for smaller masses
a larger fraction of R-hadrons is significantly boosted
enhancing the travel distance in the detector. How-
ever, this (latter) effect does not significantly enhance
the sensitivity as the signal efficiency for largely boosted
R-hadrons decreases rapidly (as tracks become indistin-
guishable from minimal ionizing tracks for β → 1).
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FIG. 2. Relic density as a function of the coupling λχ, for
mχ = 500GeV, m�b = 510GeV. 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 � 0.1m 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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mχ = 500GeV, m�b = 510GeV. 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
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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.
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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 � 0.1m 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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Summary

▪ Dark matter among key scientific goals for LHC

▪ Vanilla WIMP under pressure:  Watch out for avenues 
  beyond WIMPs with new LHC signatures!
▪ Conversion-driven freeze-out: 
  ▪ Shares nice features of WIMPs

  ▪ Accommodates null-results from WIMP-searches

  ▪ H ~ Γ: Lifetimes naturally O(1-100cm) 

     ⇒ Strong motivation for long-lived particles at LHC

▪ Our model: long-lived R-hadrons, other possibilities

▪ Interesting times for dark matter hunters lie ahead 

Jan Heisig (RWTH Aachen University)                                                                                   LLP Workshop, October 2017
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mχ = 500GeV, m�b = 510GeV. 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
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are considered. The shaded areas highlight the dependence
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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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ergetic jets) [17] or a purely electrically charged heavy
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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.
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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
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its down to a decay length of cτ � 0.1m for a R-hadron
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excluded parameter regions in our model. The result-
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definition, comparable to the Hubble rate in the inter-

esting regime of parameters, one may wonder whether

the treatment based on integrated Boltzmann equations

is justified for χ. In order to check this point, we solved

the full, momentum-dependent Boltzmann equation for

χ, taking the leading decay and scattering processes into

account. We find that, while the distribution function

can indeed deviate from the thermal distribution at in-

termediate times, the final relic abundance differs only

mildly from the integrated treatment (below the 10%

level). The main reason is that the collision operator

does not depend strongly on the momentum mode, such

that all modes behave in a similar way. For a detailed

discussion we refer to appendix C.

Let us briefly comment on possible refinements. Apart

from quantum statistics, also thermal effects could play a

role at small x. In particular, the thermal mass for the b-
quark can lead to a thermal blocking of the decay at high

temperatures and for very small mass splitting. Since a

consistent inclusion of this effect would require to take

also further thermal processes into account, and since

(hard) scatterings dominate for small x, we do not expect

these corrections to significantly affect our conclusion.

Additionally, bound state effects could play a role for the

�b annihilation [16–20].

IV. 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-

ists that renders the involved conversion rates just large

enough to allow for the right portion of thermal contact

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. (9). 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 predicting the signature of

disappearing tracks or displaced vertices at the LHC.

The decay length in our model is shown as the gray

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 [21] 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) [22] or a purely electrically charged heavy

stable particle [23, 24] but have not been performed for

the model under consideration (see also [25, 26] for a

recent account on simplified DM models providing dis-

placed vertices). However, some constraints on the model

can already be derived from existing searches.

Searches for detector-stable R-hadrons [27–30] can be

reinterpreted for finite decay lengths by convoluting the

signal efficiency with the fraction of R-hadrons that decay

after traversing the relevant parts of the detector. This

reinterpretation provides limits down to a decay length

of cτ � 0.1m for a R-hadron mass around 100GeV and

can be used to estimate excluded parameter regions in

our model.

To this end we compute the weighted fraction of R-

hadrons that decay after traversing the relevant parts of

the detector in a Monte Carlo simulation as follows. For

a given R-hadron in an event i this fraction is

F i
pass = e−�/(cτβγ) , (10)

where � = �(η) is the travel distance to pass the respec-

tive part of the detector which depends on the pseudo-

rapidity η while γ is the Lorentz factor according to the

velocity β. We use a simple cylindrical approximation
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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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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
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for the CMS tracker3 with a radius and length of 1.1 m
and 5.6 m, respectively. For the weighting we compute4

Fpass =

�
i F i

passPi
onPi

off�
i Pi

onPi
off

, (11)

where Pi
on and Pi

off are the probabilities of the respective
event to be triggered and pass the selection cuts, respec-
tively, and the sum runs over all generated events. We
use the tabulated probabilities Pi

on,Pi
off for lepton-like

HSCPs following the prescription in [31] (see also [32]
for details of the implementation of isolation criteria and
validation). We expect this to be a good approximation
as the selection criteria for lepton-like HSCPs and R-
hadrons are identical and differences in the overall detec-
tor efficiency cancel out in Eq. (11). We simulate events
with MadGraph5_aMC@NLO [33], performing show-
ering and hadronization with Pythia 6 [34].

We use the cross section predictions from NLL-

Fast [35] and rescale the signal by Fpass. The 95%

3 We considered the tracker-only and tracker+muon-system anal-
ysis of [27] finding the higher sensitivity for the former one.

4 For simplicity we display the formula for one R-hadron candi-
dates per event, for events with two candidates we follow the
prescription in [31] (with the replacement Pi

off → F i
passPi

off in
the respective sum in the numerator of Eq. (11)).
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model by reinterpreting the results of [22] for detector-
stable R-hadrons for finite decay lengths cτ . To this end
we compute the weighted fraction of R-hadrons that de-
cay after traversing the relevant parts of the detector in a
Monte Carlo simulation as follows. For a given R-hadron
in an event i this fraction is

F i
pass = e−�/(cτβγ) , (11)

where � = �(η) is the travel distance to pass the respec-
tive part of the detector which depends on the pseudo-
rapidity η while γ is the Lorentz factor according to the
velocity β. We use a simple cylindrical approximation
for the CMS tracker2 with a radius and length of 1.1 m
and 5.6 m, respectively. For the weighting we compute3

Fpass =

�
i F i

passPi
onPi

off�
i Pi

onPi
off

, (12)

where Pi
on and Pi

off are the probabilities of the respective
event to be triggered and pass the selection cuts, respec-
tively, and the sum runs over all generated events. We
use the tabulated probabilities Pi

on,Pi
off for lepton-like

HSCPs following the prescription in [47] (see also [48]
for details of the implementation of isolation criteria and
validation). We expect this to be a good approximation
as the selection criteria for lepton-like HSCPs and R-
hadrons are identical and differences in the overall detec-
tor efficiency cancel out in Eq. (12). We simulate events
with MadGraph5_aMC@NLO [49], performing show-
ering and hadronization with Pythia 6 [50].

We use the cross section predictions from NLL-

Fast [51] and rescale the signal by Fpass. The 95%
CL exclusion limits are then obtained from a compari-
son to the respective cross section limits from searches for
(top-squark) R-hadrons presented in [22]. The results are
shown in Fig. 6. We show limits for two models regard-
ing the hadronization and interaction of the R-hadron
with the detector material, the generic model [52, 53]
and Regge (charge-suppressed) model [54, 55] as the red
solid and blue dashed line, respectively.

In addition to the results for the 8 TeV LHC we show
results from an analogous reinterpretation of the prelimi-
nary results from 12.9 fb−1 of data from the 13 TeV LHC
run [23]. Since the tabulated probabilities in [47] are only
provided for 8 TeV we use these also for the analysis of the
13 TeV simulation assuming a similar detector efficiency
for R-hadrons in both runs.

The fraction of R-hadrons passing the tracker is ex-
ponentially suppressed for small life-times significantly

2 We considered the tracker-only and tracker+muon-system anal-
ysis of [22] finding the higher sensitivity for the former one.

3 For simplicity we display the formula for one R-hadron candi-
dates per event, for events with two candidates we follow the
prescription in [47] (with the replacement Pi

off → F i
passPi

off in
the respective sum in the numerator of Eq. (12)).
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FIG. 6. Regions excluded at 95% CL by a reinterpretation

of the searches for detector stable top-squark R-hadrons with

CMS at the 8TeV and 13TeV LHC (tracker-only analysis).

weakening the respective sensitivity. However, there are
two competing factors that nevertheless result in mean-
ingful limits for cτ smaller than the detector size. On
the one hand, for small masses the production cross sec-
tion rises quickly. On the other hand, for smaller masses
a larger fraction of R-hadrons is significantly boosted
enhancing the travel distance in the detector. How-
ever, this (latter) effect does not significantly enhance
the sensitivity as the signal efficiency for largely boosted
R-hadrons decreases rapidly (as tracks become indistin-
guishable from minimal ionizing tracks for β → 1).

Note that the above CMS analysis has been interpreted
for R-hadrons formed from top-squarks. As discussed
in [55] the expected energy loss for an R-hadron con-
taining sbottoms is smaller. This results in an efficiency
around 30–40% smaller relative to the case of the stop
and therefore in slightly weaker limits on the sbottom
mass, see e.g. [24]. However, we use the above limit tak-
ing the result for the Regge model (that provides the
weaker limits) as a realistic estimate of the LHC limits
on sbottom-like R-hadrons considering the fact that the
uncertainties in the hadronization model are of similar
size as the difference between the sbottom and stop case.

FIG. 5. Regions excluded at 95% CL by a reinterpretation

of the searches for detector stable top-squark R-hadrons with

CMS at the 8TeV and 13TeV LHC (tracker-only analysis).

CL exclusion limits are then obtained from a compari-
son to the respective cross section limits from searches for
(top-squark) R-hadrons presented in [27]. The results are
shown in Fig. 5. We show limits for two models regard-
ing the hadronization and interaction of the R-hadron
with the detector material, the generic model [36, 37]
and Regge (charge-suppressed) model [38, 39] as the red
solid and blue dashed line, respectively.

In addition to the results for the 8 TeV LHC we show
results from an analogous reinterpretation of the prelimi-
nary results from 12.9 fb−1 of data from the 13 TeV LHC
run [28]. Since the tabulated probabilities in [31] are only
provided for 8TeV we use these also for the analysis of the
13 TeV simulation assuming a similar detector efficiency
for R-hadrons in both runs.

The fraction of R-hadrons passing the tracker is ex-
ponentially suppressed for small life-times significantly
weakening the respective sensitivity. However, there are
two competing factors that nevertheless result in mean-
ingful limits for cτ smaller than the detector size. On
the one hand, for small masses the production cross sec-
tion rises quickly. On the other hand, for smaller masses
a larger fraction of R-hadrons is significantly boosted
enhancing the travel distance in the detector. How-
ever, this (latter) effect does not significantly enhance
the sensitivity as the signal efficiency for largely boosted
R-hadrons decreases rapidly (as tracks become indistin-
guishable from minimal ionizing tracks for β → 1).

Note that the above CMS analysis has been inter-
preted for R-hadrons containing top-squarks. As dis-
cussed in [39] the expected energy loss for an R-hadron
containing sbottoms is smaller. This results in an effi-
ciency around 30–40% smaller relative to the case of the
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