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particles. Such a configuration generally arises in sce-
narios in which the dark matter stability is guaranteed
by a Z2 discrete symmetry under which all Standard
Model fields and the mediator are even, and the dark
matter particle is odd. A comprehensive approach for
achieving automatic and straightforward cosmological
calculations and collider simulations for s-channel dark
matter models has been recently proposed [11], the cor-
nerstone being a unique FeynRules implementation
driving any subsequent computation. The present work
is dedicated to a general implementation, in the Feyn-
Rules package, of many t-channel dark matter models
in which the mediator interacts with one of the Stan-
dard Model quarks and dark matter.

We have used this FeynRules implementation to
generate a UFO library [13] that can subsequently be
imported in programmes like MG5 aMC or MadDM
for undertaking various simulations and computations
for a large class of t-channel dark matter models. Our
implementation in particular allows for collider simu-
lations systematically including next-to-leading-order
(NLO) QCD corrections to all new physics processes
involving either the dark matter particle, the mediator
or both. Such a possibility requires however a specific
treatment of the real emission contributions that fea-
ture, in t-channel dark matter models, narrow s-channel
resonances. Their integration over the phase space leads
to a growth proportional to an inverse power of the
resonance width, so that such contributions could be
numerically dominant and apparently spoil the conver-
gence of the perturbative series. Moreover, when all
new physics processes allowed by the model are con-
sidered as a whole (as each subprocess contributes to
the new physics signal), these resonant diagrams could
be double-counted and lead to incorrect predictions.
They therefore need to be treated consistently. Di↵erent
strategies to treat these resonances have been recently
automated within the MG5 aMC framework [14], hence
enabling NLO QCD simulations for the considered t-
channel dark matter models in a way that is as easy as
for the s-channel case.

In order to illustrate the strength of our approach,
we focus on two limiting cases and study their phe-
nomenology at colliders and in cosmology, which allows
for the validation of our implementation. We in par-
ticular compare the performances of MadDM and Mi-
crOMEGAs and present, for the first time, automated
computations for loop-induced processes relevant for
dark matter indirect detection. Such a feature, which
will be available from the next release of MadDM,
greatly eases the phenomenological analysis of t-channel
dark matter models. More specifically, we consider the
case of a fermionic dark matter particle whose interac-

tions with the Standard Model are mediated by a scalar
particle coupling to the right-handed up quark, both for
what concerns Dirac and Majorana dark matter. In the
following, we coin these two configurations, that have
been vastly studied in the literature (as shown e.g. in
refs. [15–30]) and that are particularly promising for
LHC and dark matter searches (see e.g. refs. [31, 32]),
the S3D uR and S3M uR models, respectively.

The rest of the paper is structured as follows. In the
next section, we present the model conventions, its im-
plementation into FeynRules and the restrictions (i.e.
the limiting cases) shipped with our general implemen-
tation. In section 3, we detail how to match NLO QCD
calculations with parton showers for collider simula-
tions, providing extensive details on how to make use of
MG5 aMC in order to ensure a consistent treatment of
the resonant contributions appearing at O(↵s). We then
present, for the first time, total rate and di↵erential dis-
tributions extracted from accurate predictions match-
ing NLO QCD calculations with parton showers, and
derive the corresponding constraints from selected LHC
searches. In section 4, we briefly outline the dark matter
observables relevant for t-channel dark matter models,
how to compute them with MadDM, and present the
results for the S3D uR and S3M uR model restrictions to
validate our implementation against known results. We
summarise our work in section 5.

2 FeynRules implementation and conventions

2.1 Generalities

We consider a generic t-channel dark matter simplified
model in which the Standard Model (SM) is extended
by several incarnations of two extra fields, a dark mat-
ter candidate (that we generically denote by X) and
a mediator lying in the fundamental representation of
SU(3)c (that we generically denote by Y ). In order to
maintain the model as general as possible, we allow for
several options for the spin of the new particles and
therefore include six new dark matter fields S̃, S, �̃, �,
Ṽµ and Vµ, all lying in the singlet representation of the
SM gauge group SU(3)c⇥SU(2)L⇥U(1)Y . These fields
respectively correspond to a real scalar field, a complex
scalar field, a Majorana spinor, a Dirac spinor, a real
vector field and a complex vector field. The most gen-
eral Lagrangian embedding all the interactions of these
fields with the SM can be written, after imposing that
electroweak gauge invariance is preserved, as

L = LSM + Lkin + LF (�) + LF (�̃)

+ LS(S) + LS(S̃) + LV (V ) + LV (Ṽ ),
(1)

3

Field Spin Repr. Self-conj. FeynRules name PDG

S̃ 0 (1,1, 0) yes Xs 51

S 0 (1,1, 0) no Xc 56

�̃ 1/2 (1,1, 0) yes Xm 52

� 1/2 (1,1, 0) no Xd 57

Ṽµ 1 (1,1, 0) yes Xv 53

Vµ 1 (1,1, 0) no Xw 58

'Q =

 
'
(u)
Q

'
(d)
Q

!
0 (3,2, 1

6 ) no YS3Q =

 
YS3Qu

YS3Qd

!
'
(u)
Q : 1000002 1000004 1000006

'
(d)
Q : 1000001 1000003 1000005

'u 0 (3,1, 2
3 ) no YS3u 2000002 2000004 2000006

'd 0 (3,1,�1
3 ) no YS3d 2000001 2000003 2000005

 Q =

 
 
(u)
Q

 
(d)
Q

!
1/2 (3,2, 1

6 ) no YF3Q =

 
YF3Qu

YF3Qd

!
 
(u)
Q : 5910002 5910004 5910006

 
(d)
Q : 5910001 5910003 5910005

 u 1/2 (3,1, 2
3 ) no YF3u 5920002 5920004 5920006

 d 1/2 (3,1,�1
3 ) no YF3d 5920001 5920003 5920005

Table 1 New particles supplementing the Standard Model field content, given together with their representations under SU(3)c ⇥
SU(2)L ⇥ U(1)Y , their Majorana nature, their name in the FeynRules implementation and the associated Particle Data Group
(PDG) identifiers. Three generations of mediators (second part of the table) are included.

where LSM is the SM Lagrangian and Lkin contains
gauge-invariant kinetic and mass terms for all new fields.
The fermionic, scalar and vector dark matter Lagrangi-
ans read

LF (X) =
h
�QX̄Q'

†
Q+�uX̄u'

†
u+�dX̄d'

†
d+h.c.

i
,

LS(X) =
h
�̂Q ̄QQX+�̂u ̄uuX+�̂d ̄ddX+h.c.

i
,

LV (X) =
h
�̂Q ̄Q /XQ+�̂u ̄u /Xu+�̂d ̄d /Xd+h.c.

i
.

(2)

In our notation, Q stands for the SU(2)L doublet of
left-handed quarks and u and d are the up-type and
down-type SU(2)L singlets of right-handed quarks re-
spectively. The scalar mediators 'Q, 'u and 'd are cho-
sen to solely interact with the Q, u and d quarks, as for
the fermionic mediators  Q,  u and  d (that are thus
vector-like). The mediators therefore lie in the same SM
representation as their quark partners. In the above
expression, we have understood all flavour indices for
clarity. The �Q, �u and �d coupling strengths are hence
3 ⇥ 3 matrices in the flavour space, that we moreover
consider real and flavour-diagonal for simplicity.

The new physics particles of the simplified model
are given in table 1, together with their representa-
tion under the gauge and Poincaré groups, their poten-
tial Majorana nature, the adopted particle name in the
FeynRules implementation and the adopted Particle
Data Group (PDG) identifiers [33]. The conventions for
the di↵erent coupling parameters are summarised in ta-
ble 2, in which they are given together with the name
used in the FeynRules implementation and the Les

Coupling FeynRules name LH block

(�Q)ij lamS3Q DMS3Q

(�u)ij lamS3u DMS3U

(�d)ij lamSdD DMS3D

(�̂Q)ij lamF3Q DMF3Q

(�̂u)ij lamF3u DMF3U

(�̂d)ij lamF3d DMF3D

Table 2 New couplings dictating the interactions of the new
particles with the Standard Model sector. Each coupling is given
together with the associated FeynRules symbol and the Les
Houches (LH) block of the parameter card.

Houches (LH) blocks [34] storing their numerical val-
ues when running tools like MG5 aMC or MadDM.

By relying on a joint usage of the FeynRules [4],
NLOCT [35] and FeynArts [36] packages, we auto-
matically generate a UFO model [13] that can be used
by MG5 aMC for both leading order (LO) and NLO
computations. This UFO model includes all UV coun-
terterms allowing for the renormalisation of the model
with respect to the QCD interactions, as well as all R2

Feynman rules that are relevant for the numerical eval-
uation of one-loop integrals in four dimensions.

The model is shipped with a large ensemble of re-
strictions dedicated to specific t-channel simplified mod-
els. These are summarised in table 3 where for each re-
striction, we specify the active new physics states, all
other states being taken decoupled and non-interacting.
In other words, each restriction consists in a simplified

Classification: simplified dark matter 
models with t-channel mediators
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computations. This UFO model includes all UV coun-
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This talk

Consider exemplary setup: 
one DM candidate X, one mediator Y, one quark flavor

⇒ 3 free parameters only

Starting point:
What parameter regions are cosmologically motivated?

Take-(at-)home message:
If not restricting to WIMP paradigm

huge range of λ, long-lived Y rather rule than exception!
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Energy density of the universe:

[Planck 2015]
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What values of λ are cosmologically 
motivated?
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Figure 2. The two basic mechanisms for DM production: the freeze-out (left panel) and freeze-in
(right panel), for three di⇥erent values of the interaction rate between the visible sector and DM
particles ⇥ in each case. The arrows indicate the e⇥ect of increasing the rate � of the two processes.
In the left panel x = m⇥/T and gray dashed line shows the equilibrium density of DM particles. In
the right panel x = m�/T , where � denotes the particle decaying into DM, and the gray dashed line
shows the equilibrium density of �. In both panels Y = n⇥/s, where s is the entropy density of the
baryon-photon fluid.

n = 0 for s-wave annihilation, n = 1 for p-wave annihilation, and so on. Here we assumed
that the freeze-out occurs when DM is non-relativistic.

Eq. (3.6) has an important feature: the present abundance is inversely proportional to
the DM annihilation cross section. This can be understood by recalling that in the freeze-out
scenario DM particles are initially in thermal equilibrium with the visible sector and the
stronger the interaction between them is, the longer the DM particles remain in equilibrium
and thus the more their abundance gets diluted before the eventual freeze-out. This can also
be seen in the left panel of Fig. 2.

3.3 Freeze-in

The above discussion was based on the assumption that the DM initially reached thermal
equilibrium with the visible sector. However, if the coupling between the visible sector and
DM particles is very small, typically y ⇤ O(10�7) or less [258, 259], interactions between them
are not strong enough for DM to reach thermal equilibrium and freeze-out cannot happen.
Instead, the observed DM abundance can be produced by the freeze-in mechanism [15, 19].
In this case, the particle undergoing the freeze-in is referred to as a FIMP (Feebly Interacting
Massive Particle) [19], as opposed to the WIMP.

In the simplest case, the initial number density of DM particles is either zero or negligibly
small, and the observed abundance is produced by bath particle decays, for instance by
� ⇥ ⇥⇥, where � is a particle in the visible sector heat bath [15, 17–19, 240, 260–265].
The freeze-in yield is active until the number density of � becomes Boltzmann-suppressed,
n� ⌅ exp(�m�/T ). The comoving number density of DM particles ⇥ then becomes a constant
and the DM abundance freezes in. This is depicted in the right panel of Fig. 2.

– 10 –

10-4

10-6

10-8

10-10

10-12

10-14

10-16

1 10 100

1

Y =
n

s

1

x = m�/T

[B
er

na
l+

 2
01

7]

sc
he

m
at

ic
 p

lo
t

Jan Heisig (CP3 - UCLouvain)                                                6                                                                     April 28, 2020

X

1

q

1

Y

1

⌦h2 / 1

h�vi / 1

�4

1

X

1

q

1



10-1 ~ 1

What values of λ are cosmologically 
motivated?

�

1

⌦h2

1

Significant co-annihilation 
effects if 

�

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

!$&

!$'

!$%

!$!

!(

!&

!'

Figure 2. The two basic mechanisms for DM production: the freeze-out (left panel) and freeze-in
(right panel), for three di⇥erent values of the interaction rate between the visible sector and DM
particles ⇥ in each case. The arrows indicate the e⇥ect of increasing the rate � of the two processes.
In the left panel x = m⇥/T and gray dashed line shows the equilibrium density of DM particles. In
the right panel x = m�/T , where � denotes the particle decaying into DM, and the gray dashed line
shows the equilibrium density of �. In both panels Y = n⇥/s, where s is the entropy density of the
baryon-photon fluid.

n = 0 for s-wave annihilation, n = 1 for p-wave annihilation, and so on. Here we assumed
that the freeze-out occurs when DM is non-relativistic.

Eq. (3.6) has an important feature: the present abundance is inversely proportional to
the DM annihilation cross section. This can be understood by recalling that in the freeze-out
scenario DM particles are initially in thermal equilibrium with the visible sector and the
stronger the interaction between them is, the longer the DM particles remain in equilibrium
and thus the more their abundance gets diluted before the eventual freeze-out. This can also
be seen in the left panel of Fig. 2.

3.3 Freeze-in

The above discussion was based on the assumption that the DM initially reached thermal
equilibrium with the visible sector. However, if the coupling between the visible sector and
DM particles is very small, typically y ⇤ O(10�7) or less [258, 259], interactions between them
are not strong enough for DM to reach thermal equilibrium and freeze-out cannot happen.
Instead, the observed DM abundance can be produced by the freeze-in mechanism [15, 19].
In this case, the particle undergoing the freeze-in is referred to as a FIMP (Feebly Interacting
Massive Particle) [19], as opposed to the WIMP.

In the simplest case, the initial number density of DM particles is either zero or negligibly
small, and the observed abundance is produced by bath particle decays, for instance by
� ⇥ ⇥⇥, where � is a particle in the visible sector heat bath [15, 17–19, 240, 260–265].
The freeze-in yield is active until the number density of � becomes Boltzmann-suppressed,
n� ⌅ exp(�m�/T ). The comoving number density of DM particles ⇥ then becomes a constant
and the DM abundance freezes in. This is depicted in the right panel of Fig. 2.
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[Garny, JH, Lülf, Vogl 2017; D’Agnolo et al. 2017]
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Figure 2. The two basic mechanisms for DM production: the freeze-out (left panel) and freeze-in
(right panel), for three di⇥erent values of the interaction rate between the visible sector and DM
particles ⇥ in each case. The arrows indicate the e⇥ect of increasing the rate � of the two processes.
In the left panel x = m⇥/T and gray dashed line shows the equilibrium density of DM particles. In
the right panel x = m�/T , where � denotes the particle decaying into DM, and the gray dashed line
shows the equilibrium density of �. In both panels Y = n⇥/s, where s is the entropy density of the
baryon-photon fluid.

n = 0 for s-wave annihilation, n = 1 for p-wave annihilation, and so on. Here we assumed
that the freeze-out occurs when DM is non-relativistic.

Eq. (3.6) has an important feature: the present abundance is inversely proportional to
the DM annihilation cross section. This can be understood by recalling that in the freeze-out
scenario DM particles are initially in thermal equilibrium with the visible sector and the
stronger the interaction between them is, the longer the DM particles remain in equilibrium
and thus the more their abundance gets diluted before the eventual freeze-out. This can also
be seen in the left panel of Fig. 2.

3.3 Freeze-in

The above discussion was based on the assumption that the DM initially reached thermal
equilibrium with the visible sector. However, if the coupling between the visible sector and
DM particles is very small, typically y ⇤ O(10�7) or less [258, 259], interactions between them
are not strong enough for DM to reach thermal equilibrium and freeze-out cannot happen.
Instead, the observed DM abundance can be produced by the freeze-in mechanism [15, 19].
In this case, the particle undergoing the freeze-in is referred to as a FIMP (Feebly Interacting
Massive Particle) [19], as opposed to the WIMP.

In the simplest case, the initial number density of DM particles is either zero or negligibly
small, and the observed abundance is produced by bath particle decays, for instance by
� ⇥ ⇥⇥, where � is a particle in the visible sector heat bath [15, 17–19, 240, 260–265].
The freeze-in yield is active until the number density of � becomes Boltzmann-suppressed,
n� ⌅ exp(�m�/T ). The comoving number density of DM particles ⇥ then becomes a constant
and the DM abundance freezes in. This is depicted in the right panel of Fig. 2.
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[Covi et al. 1999; Feng et al. 2003]
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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 = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (red). The dashed curves denote the equilibrium abundances.

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 ⇥ ⇥ �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, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
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are considered. The shaded areas highlight the dependence
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⇥�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. 6. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). 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 � m�/30) the con-
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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 = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (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 ⇥ � �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, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient 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
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�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 ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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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 ⇥ � �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-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�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 ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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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 ⇥ � �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, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�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 ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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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 ⇥ � �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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is the only e�cient annihilation channel. Hence the min-
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�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 ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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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 ⇥ � �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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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�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 ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.

is a free parameter here

Top-philic simplified dark matter model

2

freeze-out the scenario is subject to constraints from Big
Bang nucleosynthesis (BBN). Furthermore, the mediator
becomes stable on typical timescales for traversing an
LHC detector.

In this study we present a comprehensive analysis con-
sidering both regions. The structure of the paper is
as follows: After introducing the model considered in
this work in Sec. II we discuss the cosmologically viable
parameter space in Sec. III. We categorize the parame-
ter space in the WIMP and conversion-driven freeze-out
scenario presented in Secs. III A and III B, respectively.
The latter section includes a detailed discussion of the
underlying Boltzmann equations in the out-of-chemical-
equilibrium regime. In Sec. IV we confront the cosmolog-
ically preferred parameter space with experimental con-
straints from direct detection, indirect detection, various
collider searches and BBN constraints. We conclude in
Sec. V.

II. SIMPLIFIED TOP-PHILIC MODEL

We consider a simplified model containing a neutral
Majorana fermion � that transforms as a singlet under
the SM gauge groups and a colored scalar particle t̃ with
gauge quantum numbers identical to the right-handed
top quark. We furthermore assume a Z2 symmetry under
which all SM particles are even while � ! �� and t̃ ! �t̃

are odd. Under these assumptions the Majorana fermion
� is absolutely stable for m� < mt̃ and provides a viable
DM candidate. The interactions of these particles with
the SM are described by the Lagrangian

Lint = |Dµt̃|
2 + ��t̃ t̄

1 � �5

2
� + h.c. , (1)

where Dµ is the usual covariant derivative and t the top
quark Dirac field. The coupling �� characterizes the cou-
pling strength of the DM particle with the SM, being
mediated by the colored scalar t̃. The simplified model
is characterized by three parameters, the masses m�, mt̃
and the coupling ��.

The particle content and interaction terms can be
viewed as being part of the stop-neutralino sector of
the MSSM. More specifically, t̃ corresponds to the right-
handed stop and � to the bino in the supersymmet-
ric context. The coupling constant is then fixed to
�

MSSM
� = 2

p
2e

3 cos ✓W
⇡ 0.33. However, the simplified model

can also be considered as the low-energy limit of non-
supersymmetric extensions of the SM. Alternatively, if
supersymmetry is realized in nature, it could be non-
minimal, i.e. described by a particle content beyond the
MSSM. For example, � = sin(✓)B̃0 + cos(✓)S̃ can be a
mixture of the bino B̃

0 and the fermionic component S̃

of an additional supersymmetric multiplet that is a SM
singlet. In this case the coupling �� = sin(✓)�MSSM

� will
be reduced compared to the MSSM value by the mixing
angle [32]. In the following, we will be ignorant about

the embedding of the simplified model within extensions
of the SM and treat the coupling �� as a free parameter.

Note that the gauge and Z2 symmetries allow an ad-
ditional renormalizable interaction t̃

†
t̃H

†
H to the Higgs

field. It would lead to a correction of the etet⇤ annihilation
cross section, contributing to the coannihilation rate, of
the scattering rate �N ! �N off nuclei via Higgs ex-
change, relevant for direct detection, and of the loop-
induced annihilation rate via a Higgs in the s-channel,
that can become important for m� ⇠ mh/2. If the cor-
responding coupling is well below unity, its effect is sub-
leading compared to the processes mediated by strong
and top-Yukawa interactions, respectively [28]. In the
following we assume that this is the case.

In addition, a flavor-violating coupling of t̃ to right-
handed charm or up-type quarks can be considered. If
present, it could potentially have a sizeable effect on the
lifetime of t̃ for small mass splittings �m = mt̃ � m� ⌧

mt. Even if we impose that flavor-violating couplings
vanish at a certain energy scale µ0, they are generated by
renormalization group (RG) running at a different scale
µ. For example, the RG-induced coupling of the same
form as in (1) to charm quarks is given by [33]

�
c
� '

3��

16⇡2

mcmt

m
2
t � m2

c

X

q=d,s,b

VtqV
⇤
cq

m
2
q

v2
ln

✓
µ0

µ

◆
⇠ 10�7

�� ,

(2)
where the numerical estimate corresponds to RG run-
ning between the scale of grand unification and the elec-
troweak scale. We find that the impact of this RG-
induced flavor-violating coupling on the decay of the me-
diator can safely be neglected for �m >

⇠ 10GeV. For even
smaller mass splitting a certain degree of tuning would
be required to suppress flavor-violating decays. For the
purpose of this work we assume in the following that
the relevant interactions are captured by the Lagrangian
given in Eq. (1).

III. DARK MATTER FREEZE-OUT

The simplified model encompasses two regions in pa-
rameter space for which the processes that are responsi-
ble for setting the DM abundance are qualitatively dif-
ferent. First, there is a portion of parameter space where
either DM annihilation or coannihilation processes in-
volving the mediator et govern the relic density, and to
which we refer as “WIMP region”. Second, for small
enough value of the mass splitting �m = met � m� and
m�

<
⇠ 2TeV, the dark matter density is set by conversion-

driven freeze-out. In this region of parameter space, the
commonly adopted assumption that conversions between
et and � are in equilibrium during dark matter freeze-out
breaks down. We discuss both regions in the following
two subsections, respectively.

[see Belanger et al. hep-ph/0505142 for SUSY realization (NMSSM)] 

[cf. Ibarra, Pierce, Shah, Vogl 1501.03164; Delgado,  Martin, Raj 1608.05345]
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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 ⇥ � �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, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient 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 ��, for
m� = 500GeV, meb = 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, Y�(1) = (0�100)⇥ Y eq

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

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�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 ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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regions from 13TeV LHC searches with fully hadronic or
leptonic final states performed by ATLAS and CMS (cyan
shaded region denoted by ‘LHC stop I’), 13 TeV LHC mono-
jet searches performed by ATLAS (light gray shaded region
denote by ‘LHC stop II’), searches for loop-induced DM pro-
duction above mh/2 (dark blue shaded region denoted by
‘LHC loop-ind.’), searches for invisible Higgs decays at the
LHC (blue shaded region denoted by ‘Higgs inv.’), R-hadron
searches at the 8 TeV LHC (light blue shaded regions, denoted
by ‘R-hadrons’) and stop searches at LEP (light gray shaded
region denote by ‘LEP’). The red arrow at m� = 62.5 GeV
denotes the 95% C.L. exclusion limit from Fermi-LAT dwarfs
(see Sec. IV B for details). The green curves denote contours
of constant coupling �� as indicated in the figure.

of the LHC detector rending the mediator to be detector-
stable. The respective limits from the CMS analyses us-
ing 18.8 fb�1 of data at 8 TeV [119] and 12.9 fb�1 of data
at 13TeV [120] (preliminary analysis) are shown in Fig. 9
as the dark and light blue shaded area, respectively, and
exclude a large fraction of this parameter space.

Note that the allowed parameter space in the
conversion-driven freeze-out region (after imposing lim-
its from BBN, see Sec. IV F) does not extend above DM
masses of about 1.6TeV. The stop production cross sec-
tion in the corner of maximal m� is around 0.11 fb at
the 13 TeV LHC [123]. On the basis of the signal ef-
ficiencies and background predictions reported in [120]
and assuming that the number of observed background
events follows its expectation, we conclude that the en-
tire conversion-driven freeze-out region can be probed
with an integrated luminosity of approximately 300 fb�1

at 13 TeV.
In the WIMP region the mediator decay-length is typ-

ically smaller than the detector size. However, due to
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in the conversion-driven freeze-out region (below black thick
curve). Contours of constant �� are show in green while con-
tours of constant et lifetimes are show as gray dotted curves
spanning from 10�3 s to 103 s in steps of an order of magni-
tude (the curve for 1 s is highlighted in red for better read-
ability). 95% C.L. exclusion regions from R-hadron searches
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respectively. The red shaded region denotes the constraint
from BBN. Below the horizontal gray dashed line (⇠ 5 GeV)
the 4-body decay of the mediator is kinematically forbidden
rendering the 6-body decay to be dominant.

the high sensitivity to R-hadron signatures, the respec-
tive searches can also impose constraints on intermediate
lifetimes for which only a certain fraction of R-hadrons
traverse the tracker. Here we use the reinterpretation of
the above searches for finite lifetimes presented in [30].
We take the result for the ‘generic model’ [124, 125] and
display the 8 TeV limit only (in the relevant region of
small masses the limits at 13TeV are not stronger). Even
in the WIMP region R-hadrons probe a small part of the
parameter space with small mass splittings close to the
boundary of the conversion-driven freeze-out region that
is otherwise not robustly constrained by other searches.

F. BBN constraints

The presence of a long-lived, (color-)charged mediator
during BBN can affect the predictions for the primordial
abundances of light elements in two ways: through energy
release from its decay [126–128] and through the forma-
tion of bound states with the baryonic matter [129, 130].
In the present case of a hadronically decaying mediator
the former effect provides the stronger constraints due
to strong hadro-dissociation processes. In order to es-
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Fig. 2: Production and decay diagram at LHC (in this case with ISR).

match the performance of the reinterpreted search has been performed with DELPHES 3 [27]. The results88

of the reinterpretation are presented in Fig. 1, where the orange curve delineates the constraint on the89

parameter space in question, as an exclusion at 95 % using the CLs prescription. The constraint is90

dominated by the two jet bin with the lowest values of me↵ and missing transverse momentum criteria.91

This is understandable as we predominantly rely on radiation jets to pass the analysis selection, the new92

physics spectra being too compressed to lead to hard objects. The difference in the behaviour of the93

constrained region between the monojet analysis and the multijet plus missing energy analysis can be94

understood as stemming from two factors. The first one consists in the increased luminosity used in95

the multijet search. Secondly, the multijet search prioritizes larger mass gaps, while the monojet targets96

more compressed regions. Overall, we observe that up to m� ⇠ 500 GeV is ruled for �m�̃b ⇠ 35 GeV.97

Those typical searches for supersymmetry through the production of a large amount of missing98

energy in association with an important hadronic activity are however unsensitive to more compressed99

new physics spectra. In order to circumvert this issue, the CMS collaboration has performed a traditional100

search [28] for squarks and gluino using the MT2 kinematic variable [29] and extended it by including101
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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 ⇥ � �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, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient 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 ��, for
m� = 500GeV, meb = 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, Y�(1) = (0�100)⇥ Y eq

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

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�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 ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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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 ⇥ � �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 ⇥⇥- and
⇥�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 ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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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 ⇥ � �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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or indirect detection experiments.
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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 ⇥ � �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, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�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 ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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Fig. 2: Production and decay diagram at LHC (in this case with ISR).

match the performance of the reinterpreted search has been performed with DELPHES 3 [27]. The results88

of the reinterpretation are presented in Fig. 1, where the orange curve delineates the constraint on the89

parameter space in question, as an exclusion at 95 % using the CLs prescription. The constraint is90

dominated by the two jet bin with the lowest values of me↵ and missing transverse momentum criteria.91

This is understandable as we predominantly rely on radiation jets to pass the analysis selection, the new92

physics spectra being too compressed to lead to hard objects. The difference in the behaviour of the93

constrained region between the monojet analysis and the multijet plus missing energy analysis can be94

understood as stemming from two factors. The first one consists in the increased luminosity used in95

the multijet search. Secondly, the multijet search prioritizes larger mass gaps, while the monojet targets96

more compressed regions. Overall, we observe that up to m� ⇠ 500 GeV is ruled for �m�̃b ⇠ 35 GeV.97

Those typical searches for supersymmetry through the production of a large amount of missing98

energy in association with an important hadronic activity are however unsensitive to more compressed99

new physics spectra. In order to circumvert this issue, the CMS collaboration has performed a traditional100

search [28] for squarks and gluino using the MT2 kinematic variable [29] and extended it by including101
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ATLAS displaced vertices

Fig. 3: The invariant mass distribution for candidate displaced vertices. The blue histogram shows the distribution
for a gluino simplified model with a large mass gap: (mg̃,m�̃

0
1
) = (625 GeV, 100 GeV). The orange histogram

shows the distribution for the model considered here with masses (mb̃,m�) = (625 GeV, 100 GeV), while the
green histogram shows the same distribution but for the compressed scenario: (mb̃,m�) = (625 GeV, 600 GeV).

sizeable fraction of the events contains vertices with large invariant masses. However, in the compressed190

case almost all events fail the mDV > 10 GeV requirement.191

In order to estimate the sensitivity of the search, we recast it by making use of the trigger and192

DV reconstruction efficiencies provided by ATLAS in the auxiliary material of Ref. [11]. We then use193

MADGRAPH5_AMC@NLO and PYTHIA 8.2 to generate hadron-level events and compute the signal194

efficiency for the model described in Sec. 1.2. Events are normalized to cross sections matching next-to-195

leading order calculations with the resummation of the next-to-next-to-leading threshold logarithms, as196

obtained from NNLL-FAST [35, 36].197

As expected, most of the events fail the mDV cut, suppressing the signal yield. The resulting 95%198

CL exclusion is illustrated by the solid purple curve in Fig. 1 that shows that only points with very large199

cross sections (small eb masses) and a mass gap larger than 15 GeV are excluded. Since the main loss in200

sensitivity is due to the invariant mass requirement for the displaced vertices, we try to estimate what201

could be the reach resulting from relaxing this cut. In order to achieve this, we assume that the SM202

background remains unchanged and the DV reconstruction efficiency for vertices with mDV < 10GeV203

is the same as the one for mDV = 15GeV. Although these certainly are optimistic assumptions, it204

allows us to use the efficiencies provided by the ATLAS collaboration when smaller mass cuts are used.205

The result is shown by the purple dashed line in Fig. 1, the excluded region being now significantly206

enhanced, extending up to 1 TeV bottom partner masses for small lifetimes (large mass splittings within207

the considered scenario).208

Once again we stress that this is an optimistic and probably unrealistic projection. Nevertheless,209

it illustrates the impact of the invariant mass cut on the sensitivity to models with small mass gaps and210

reveals the potential gain of relaxing this cut. To achieve this, the background might be reduced by211

other means, e.g. by requiring a larger displacement. In fact, Fig. 1 shows a significant region where the212

displaced jets without a mDV cut would outperform the disappearing track search (e.g. for c⌧ > 2.5 cm).213

1.3.5 Delayed jets214

Another option for distinguishing the long lifetime of some particles is to measure the timing informa-215

tion of their decay products, and search for delays with respect to the collision time. This method was216

exploited in a recent CMS analysis [12], where timing capabilities of the CMS electromagnetic calorime-217

ter (ECAL) were used to identify non-prompt or “delayed” jets. The analysis is sensitive to long-lived218

particles decaying within the ECAL barrel volume extending up to 1.79 m and covering |⌘| < 1.48. The219

analysis uses only calorimetric information to reconstruct jets and imposes a set of quality criteria on the220

ECAL cells and energy fractions. Jet timing is calculated from the median of the times of ECAL cells221
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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 ⇥ � �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, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient 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 ��, for
m� = 500GeV, meb = 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, Y�(1) = (0�100)⇥ Y eq

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

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�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 ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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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 ⇥ � �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, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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are considered. The shaded areas highlight the dependence
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�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 ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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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 ⇥ � �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, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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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
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�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 ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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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 ⇥ � �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-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
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result that would be obtained when assuming CE. The red
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are considered. The shaded areas highlight the dependence
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�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 ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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FIG. 2: Cosmologically viable parameter space (⌦h2 ' 0.12) in the m�-�m plane displayed logarithmically (left) and linearly
(right) in m�. The thin green lines denote contours of constant coupling strength ��. The black thick line marks the over-closure
bound while the black dashed (right panel only) and dotted lines denote the contours where f sW = 50% and 10%, respectively.
The red and purple shaded regions are excluded by bounds from BBN and the Lyman-↵ forest. The blue shaded region is
excluded by R-hadron searches at the 13TeV LHC. The dashed and dotted blue curves denote the respective projection for the
14TeV HL-LHC and 27 TeV HE-LHC, respectively.

Still, R-hadron searches constrain the parameter space
towards small mediator masses down to the smallest m�

consistent with Lyman-↵ bounds, see Sec. IV D.
In order to illustrate the future sensitivity to the model

we consider R-hadron searches using 3 ab�1 at 14TeV
(HL-LHC) and 10 ab�1 at 27 TeV (HE-LHC). We com-
pute the signal cross sections at the 14 and 27TeV with
NLLFast [33] and Prospino [34], respectively. As the
search is based on anomalous ionization loss and time-
of-flight the signal efficiencies depend crucially on the
velocity distribution of the produced mediators. To first
approximation the velocity distribution stays unchanged
for constant mt̃/

p
s. We therefore estimate the signal

efficiencies by rescaling the ones from [32] (and [20] for
finite lifetimes):

(A✏)14TeV (mt̃) = (A✏)13TeV (mt̃ ⇥ 13TeV/14TeV)
(13)

and analogous for 27 TeV.2 We estimated the background
by rescaling the one reported in [32] by the cross section
ratio �14TeV/�13TeV (�27TeV/�13TeV for 27 TeV) com-

2
Note that a naive use of the recasting of the 8 or 13 TeV search

for heavy stable charged particles [35, 36] does not resemble this

behavior up to
p
s = 27TeV, but results in significantly smaller

signal efficiencies. The reason for this is the decreasing efficiency

towards large pT for the current CMS detector. We hence im-

plicitly assume an improved performance towards high pT for the

HE-LHC.

puted with MadGraph5_aMC@NLO [37] for the lead-
ing background to heavy stable charged particles which
is Drell-Yan production of muons.

In Fig. 2 we draw the corresponding projected
95% CLs-limits for the HL- (blue dashed) and HE-LHC
(blue dotted). They reach mediator masses up to 2000
and 4050GeV, respectively (see also the left panel of
Fig. 2). The latter can probe the entire DM mass range
up to the boundary (where �m ' 1500GeV).

In addition to searches for detector stable objects, in
the region m�

<
⇠ 100 keV signatures of mediators decay-

ing inside the tracker may provide further sensitivity. We
expect searches for disappearing R-hadron tracks and
displaced tops to be further promising discovery chan-
nels at the HL- and HE-LHC.

C. BBN bounds

The presence of a metastable colored mediator dur-
ing the epoch of BBN affects the predictions for the pri-
mordial abundances of light elements through the energy
release from its decay [38, 39] as well as through bound-
state formation with baryonic matter [40, 41]. Due to
strong hadro-dissociation processes the former effect is
dominant for a hadronically decaying mediator. We esti-
mate the respective constraints on the parameter space
by applying the results from [38] for a hadronic branch-
ing ratio of 1 using the mediator freeze-out abundance Yet
and lifetime as computed by micrOMEGAS 5.0.4. The

Non-thermalized dark matter

superW
IMP

Freeze-in

prompt

intermediate
[see also Bélanger et al. 1811.05478]
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https://arxiv.org/abs/1809.10135


Thermalized dark matter

▪ Three cosmologically viable regions:
  ▪ WIMP dark matter
  ▪ Strong co-annihilations
  ▪ Conversion-driven freeze-out

▪ Characteristic: relatively small mass splitting O(10GeV)
   up very small coupling

▪ Blind spots: apply prompt searches to non-prompt decays?

} Long-lived particles
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Non-thermalized dark matter

▪ Cosmologically viable: SuperWIMP / freeze-in

▪ Characteristic: even smaller couplings, not necessarily small 
   mass splittings
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Take-(at-)home messages

▪ There's much more than the WIMP!
   Even in such simple t-channel models

▪ Huge range of couplings cosmologically interesting
▪ Long-lived particles rather rule than exception

▪ Pheno similar for entire class of t-channel models
   Some interesting peculiarities though [more work in progress: Arina, 

Fuks, JH, Krämer, Mantani, 
Mawatari, Mies, Panizzi, Salko]



Thank you


