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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 ine�cient. 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 e�orts 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 ⇤, 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 � ⇥⇤�qq̄
1� �5

2
⇤+ 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 ⇥⇤ is a Yukawa coupling. Here we choose q = b and
Y = � 1

3 . For the coupling ⇥⇤ = 1
3

⇧
2 e
cos �W

⇥ 0.17 our
simplified model makes contact with the Minimal Super-
symmetric SM where �b can be identified with a right-
handed sbottom and ⇤ with a bino-like neutralino. How-
ever, we will vary ⇥⇤ in our analysis. Nevertheless, we
will refer to the scalar mediator as sbottom, denoted by
�b, even though it does not share all the properties of a
super-partner of the b-quark. Note that choosing a top-
partner instead yields similar results although quantita-
tive di�erences arise due to the large top mass.

⇒ Yukawa-type interaction:
Rates for standard coupling (� = �0)
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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.

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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In general,     is a free parameter here [see Ibarra et al. 2009 for SUSY realization] 
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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

Simplified dark matter models
with t-channel mediators

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
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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 ine�cient. 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 e�orts 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 ⇤, 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 � ⇥⇤�qq̄
1� �5

2
⇤+ 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 ⇥⇤ is a Yukawa coupling. Here we choose q = b and
Y = � 1

3 . For the coupling ⇥⇤ = 1
3

⇧
2 e
cos �W

⇥ 0.17 our
simplified model makes contact with the Minimal Super-
symmetric SM where �b can be identified with a right-
handed sbottom and ⇤ with a bino-like neutralino. How-
ever, we will vary ⇥⇤ in our analysis. Nevertheless, we
will refer to the scalar mediator as sbottom, denoted by
�b, even though it does not share all the properties of a
super-partner of the b-quark. Note that choosing a top-
partner instead yields similar results although quantita-
tive di�erences arise due to the large top mass.

⇒ Yukawa-type interaction:
Rates for standard coupling (� = �0)

j
i SM

SM SM

� b̃1
SM b̃1

SM
�

Freeze out!

CE satisfied!

�
H = 1
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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.

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

⇥
h
2

��/10�7

0

1
0
0

1
0
0

CE

decay only

�h2 = 0.12

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-
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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.

In general,     is a free parameter here [see Ibarra et al. 2009 for SUSY realization] 
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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-
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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mχ   < mq  Majorana DM scalar quark-partner
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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-
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
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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Example:
SUSY-like t-channel mediator model

Figure 3. Constraints on F3V uR for a 3D scan that satisfies the relic density constraint in the
dark matter mass and cross-section plane. The third direction (gray-scale colour map) denotes the
values for the coupling �. The left and centre panels show the region excluded by direct detection
experiments. For SI, the direct detection bounds come from XENON1T [23], CRESST-III [25]
and DarkSIDE-50 [26], while for SD we consider the PICO-60 [24] experiment. The theoretical
scattering cross-section �SI is computed at NLO. The right panel shows the exclusion coming from
indirect detection experiments, which include AMS-02 [] and Fermi-LAT dSph bounds [30].

Figure 4. Constraints on all real models from cosmological observables for a 3D scan that satisfies
the relic density constraint in the (mX ,mY ) plane. The third direction (gray-scale colour map)
denotes the values for the coupling �. We show the F3S uR, S3M uR and F3V uRmodels on the
left, middle and right panel respectively. The various constraints from direct detection (DD) and
indirect detection (ID) as labelled in the caption: for DD SI we have considered the XENON1T [23],
CRESST-III [25] and DarkSIDE-50 [26], while for DD SD we have considered PICO-60 [24]. The
constraints for ID include: AMS-02 (red) [] and Fermi-LAT gamma-ray line bounds [28] for F3S uR
and S3M uR or Fermi-LAT dSph bounds [30] for F3V uR. The constraints from the Z visible
decay width is shown by the pink etched region and roughly excludes all mediator masses below 45
GeV [38].
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masses below 45 GeV [38].
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How does the relic density work out?
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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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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.

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.

��

�

�

Jan Heisig                                                                                                                                                                    5



⌦h2

1

Significant co-annihilation 
effects (depend on      )*  

�

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

!$&

!$'

!$%

!$!

!(

!&

!'

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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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.

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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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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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

Co-annihilation plateau

How does the relic density work out?

~ 1

4

re
la

ti
ve

ra
te

�
/H

mX1/T

X2X2 ⇥ SM

X2 ⇥ X1 SM

ab
un

da
nc

e

mX1/T

X1X2

neq

FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
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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.

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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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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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.
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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 ⇥ � �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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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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Figure 3. Constraints on F3V uR for a 3D scan that satisfies the relic density constraint in the
dark matter mass and cross-section plane. The third direction (gray-scale colour map) denotes the
values for the coupling �. The left and centre panels show the region excluded by direct detection
experiments. For SI, the direct detection bounds come from XENON1T [23], CRESST-III [25]
and DarkSIDE-50 [26], while for SD we consider the PICO-60 [24] experiment. The theoretical
scattering cross-section �SI is computed at NLO. The right panel shows the exclusion coming from
indirect detection experiments, which include AMS-02 [] and Fermi-LAT dSph bounds [30].

Figure 4. Constraints on all real models from cosmological observables for a 3D scan that satisfies
the relic density constraint in the (mX ,mY ) plane. The third direction (gray-scale colour map)
denotes the values for the coupling �. We show the F3S uR, S3M uR and F3V uRmodels on the
left, middle and right panel respectively. The various constraints from direct detection (DD) and
indirect detection (ID) as labelled in the caption: for DD SI we have considered the XENON1T [23],
CRESST-III [25] and DarkSIDE-50 [26], while for DD SD we have considered PICO-60 [24]. The
constraints for ID include: AMS-02 (red) [] and Fermi-LAT gamma-ray line bounds [28] for F3S uR
and S3M uR or Fermi-LAT dSph bounds [30] for F3V uR. The constraints from the Z visible
decay width is shown by the pink etched region and roughly excludes all mediator masses below 45
GeV [38].
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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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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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Figure 3. Constraints on F3V uR for a 3D scan that satisfies the relic density constraint in the
dark matter mass and cross-section plane. The third direction (gray-scale colour map) denotes the
values for the coupling �. The left and centre panels show the region excluded by direct detection
experiments. For SI, the direct detection bounds come from XENON1T [23], CRESST-III [25]
and DarkSIDE-50 [26], while for SD we consider the PICO-60 [24] experiment. The theoretical
scattering cross-section �SI is computed at NLO. The right panel shows the exclusion coming from
indirect detection experiments, which include AMS-02 [] and Fermi-LAT dSph bounds [30].

Figure 4. Constraints on all real models from cosmological observables for a 3D scan that satisfies
the relic density constraint in the (mX ,mY ) plane. The third direction (gray-scale colour map)
denotes the values for the coupling �. We show the F3S uR, S3M uR and F3V uRmodels on the
left, middle and right panel respectively. The various constraints from direct detection (DD) and
indirect detection (ID) as labelled in the caption: for DD SI we have considered the XENON1T [23],
CRESST-III [25] and DarkSIDE-50 [26], while for DD SD we have considered PICO-60 [24]. The
constraints for ID include: AMS-02 (red) [] and Fermi-LAT gamma-ray line bounds [28] for F3S uR
and S3M uR or Fermi-LAT dSph bounds [30] for F3V uR. The constraints from the Z visible
decay width is shown by the pink etched region and roughly excludes all mediator masses below 45
GeV [38].
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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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⇥�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
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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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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.

10-7 ~ 10-5

How does the relic density work out?

Figure 3. Constraints on F3V uR for a 3D scan that satisfies the relic density constraint in the
dark matter mass and cross-section plane. The third direction (gray-scale colour map) denotes the
values for the coupling �. The left and centre panels show the region excluded by direct detection
experiments. For SI, the direct detection bounds come from XENON1T [23], CRESST-III [25]
and DarkSIDE-50 [26], while for SD we consider the PICO-60 [24] experiment. The theoretical
scattering cross-section �SI is computed at NLO. The right panel shows the exclusion coming from
indirect detection experiments, which include AMS-02 [] and Fermi-LAT dSph bounds [30].

Figure 4. Constraints on all real models from cosmological observables for a 3D scan that satisfies
the relic density constraint in the (mX ,mY ) plane. The third direction (gray-scale colour map)
denotes the values for the coupling �. We show the F3S uR, S3M uR and F3V uRmodels on the
left, middle and right panel respectively. The various constraints from direct detection (DD) and
indirect detection (ID) as labelled in the caption: for DD SI we have considered the XENON1T [23],
CRESST-III [25] and DarkSIDE-50 [26], while for DD SD we have considered PICO-60 [24]. The
constraints for ID include: AMS-02 (red) [] and Fermi-LAT gamma-ray line bounds [28] for F3S uR
and S3M uR or Fermi-LAT dSph bounds [30] for F3V uR. The constraints from the Z visible
decay width is shown by the pink etched region and roughly excludes all mediator masses below 45
GeV [38].
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Conversion rate on the edge of being efficient:

⇒ Long-lived particles (LLPs) at LHC!
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Figure 1 – Ratio between decay rate and Hubble rate as a function of the inverse temperature.

the number density of the dark sector is then driven entirely by annihilations of heavier states
and not by dark matter annihilations. In this case the relic density becomes independent of
the coupling strength of dark matter. However, this conclusion is only true for couplings that
are still large enough to maintain relative chemical equilibrium.d For even smaller couplings
relative chemical equilibrium breaks down. In this case conversion processes are responsible for
the chemical decoupling of dark matter and hence set the relic density. This conversion-driven
freeze-out mechanism is phenomenologically distinct and opens up a new region in parameter
space where coannihilation would lead to under-abundant dark matter, if relative chemical
equilibrium would hold.

2.3 The “LLP miracle”

The departure from relative chemical equilibrium has an immediate consequence for the possible
decay length of the heavier states. As the decay contributes to the conversions, requiring their
rate to become ine�cient necessarily requires

�dec . H . (3)

In the radiation dominated Universe H =
p

g⇤/90⇡T 2
/MPl, where MPl ' 2.44⇥1018 GeV is the

reduced Planck mass. We can translates the inverse Hubble rate into a length. Using g⇤ = 100,
the inequality (3) then reads
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◆
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This is an important results which states that for particles in the GeV to TeV range a departure
from relative chemical equilibrium during freeze-out (T ' m�/30) implies macroscopic decay
length at the LHC – an intriguing coincidence that renders the LHC to be a powerful tool to
explore these scenarios. Figure 1 illustrates the prompt, meta-stable and detector-stable regime
in the plane spanned by the inverse temperature and �dec/H.

3 Realizations of conversion-driven freeze-out

In this section we discuss a realization of conversion-driven freeze-out within a simplified dark
matter model. We consider an extension of the standard model by a neutral Majorana fermion �

and a colored scalar particle q̃ that acts as a (t-channel) mediator of the dark matter interactions
with the standard model quarks q:
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Figure 3. Constraints on F3V uR for a 3D scan that satisfies the relic density constraint in the
dark matter mass and cross-section plane. The third direction (gray-scale colour map) denotes the
values for the coupling �. The left and centre panels show the region excluded by direct detection
experiments. For SI, the direct detection bounds come from XENON1T [23], CRESST-III [25]
and DarkSIDE-50 [26], while for SD we consider the PICO-60 [24] experiment. The theoretical
scattering cross-section �SI is computed at NLO. The right panel shows the exclusion coming from
indirect detection experiments, which include AMS-02 [] and Fermi-LAT dSph bounds [30].

Figure 4. Constraints on all real models from cosmological observables for a 3D scan that satisfies
the relic density constraint in the (mX ,mY ) plane. The third direction (gray-scale colour map)
denotes the values for the coupling �. We show the F3S uR, S3M uR and F3V uRmodels on the
left, middle and right panel respectively. The various constraints from direct detection (DD) and
indirect detection (ID) as labelled in the caption: for DD SI we have considered the XENON1T [23],
CRESST-III [25] and DarkSIDE-50 [26], while for DD SD we have considered PICO-60 [24]. The
constraints for ID include: AMS-02 (red) [] and Fermi-LAT gamma-ray line bounds [28] for F3S uR
and S3M uR or Fermi-LAT dSph bounds [30] for F3V uR. The constraints from the Z visible
decay width is shown by the pink etched region and roughly excludes all mediator masses below 45
GeV [38].
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Figure 7. Constraints on F3W uR for a 3D scan that satisfies the relic density constraint in the
dark matter mass and cross-section plane. The third direction (gray-scale colour map) denotes the
values for the coupling �. The left and centre panels show the region excluded by direct detection
experiments. For SI, the direct detection bounds come from XENON1T [23], CRESST-III [25] and
DarkSIDE-50 [26], while for SD we consider the PICO-60 [24] experiment. The theoretical scattering
cross-section �SI is computed at NLO. The right panel shows the exclusion coming from indirect
detection experiments, which include AMS-02 [] and Fermi-LAT dSph bounds [30]. substitute right
plot with mdm versus sigmav and id bounds.

Figure 8. Constraints on all complex models from cosmological observables for a 3D scan that
satisfies the relic density constraint in the (mX ,mY ) plane. The third direction (gray-scale colour
map) denotes the values for the coupling �. We show the F3C uR, S3D uR and F3W uR
models on the left, middle and right panel respectively. The various constraints from direct detec-
tion (DD) and indirect detection (ID) as labelled in the caption: for DD SI we have considered
the XENON1T [23], CRESST-III [25] and DarkSIDE-50 [26], while for DD SD we have consid-
ered PICO-60 [24]. The constraints for ID include: AMS-02 (red) [], Fermi-LAT gamma-ray line
bounds [28] for F3C uR or Fermi-LAT dSph bounds [30] for S3D uR and F3W uR. The constraints
from the Z visible decay width is shown by the pink etched region and roughly excludes all mediator
masses below 45 GeV [38].
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Bound-state formation can have a large impact on the dynamics of dark matter freeze-out in the
early Universe, in particular for colored coannihilators. We present a general formalism to include an
arbitrary number of excited bound states in terms of an effective annihilation cross section, taking
bound-state formation, decay and transitions into account, and derive analytic approximations in the
limiting cases of no or efficient transitions. Furthermore, we provide explicit expressions for radiative
bound-state formation rates for states with arbitrary principal and angular quantum numbers n, `
for a mediator in the fundamental representation of SU(3)c, as well as electromagnetic transition
rates among them in the Coulomb approximation. We then assess the impact of bound states within
a model with Majorana dark matter and a colored scalar t-channel mediator. We consider the regime
of coannihilation as well as conversion-driven freeze-out (or coscattering), where the relic abundance
is set by the freeze-out of conversion processes. We find that the region in parameter space where the
latter occurs is considerably enhanced into the multi-TeV regime. For conversion-driven freeze-out,
dark matter is very weakly coupled, evading direct and indirect detection constraints but leading to
prominent signatures of long-lived particles that provide great prospects to be probed by dedicated
searches at the upcoming LHC runs.

I. INTRODUCTION

Thermal freeze-out of dark matter has proved to be a
successful framework for explaining the measured dark
matter abundance in the Universe. However, the size-
able couplings of dark matter to the Standard Model
(SM) particles required in the simplest realizations of this
mechanism have been put under pressure by experimen-
tal null-results at colliders [1], direct [2] and indirect [3]
detection experiments. Hence, fulfilling the relic den-
sity constraint often requires the exploration of ‘excep-
tional’ [4] regions, e.g. the region where coannihilation
effects increase the effective annihilation rate [5].

Such effects commonly occur in models with a so-called
t-channel mediator, where the mediator is taken to be
odd under the Z2-parity that stabilizes dark matter and
for relatively small mass splittings between the media-
tor and the dark matter particle. Prominent and well-
studied examples are the sfermion coannihilation regions
in the minimal supersymmetric standard model (MSSM),
see e.g. [6–8]. They have, in turn, motivated a wide range
of phenomenological studies of t-channel mediators in the
simplified model framework exploring different spin as-
signments and a wide range of coupling strengths [9–14].

While the presence of coannihilating mediators can in-
crease the effective dark matter annihilation rate, to-
ward small mass splittings, mediator pair-annihilation
alone can become so efficient that dark matter is ren-
dered under-abundant (seemingly) independent of the
dark matter coupling. However, this conclusion is only

valid if dark matter remains in chemical equilibrium with
the mediator during freeze-out through efficient conver-
sions. Dropping this assumption opens up a cosmo-
logically viable part of the parameter space where the
relic density is set by conversion-driven freeze-out [15]
(or coscattering [16]).1 In this scenario, thermal decou-
pling is initiated by the breakdown of efficient conver-
sions between dark matter and the coannihilating part-
ner(s). The required coupling is several orders of magni-
tude smaller than the one required to initiate the break-
down of dark matter pair-annihilations. This is due to
the significantly larger number density for light standard-
model initial states in conversion processes with respect
to the dark matter number density.

The boundary between the coannihilation and
conversion-driven freeze-out region marks a significant
change in the phenomenology within the parameter space
of a given model. While the former is characterized by
sizeable couplings that give rise to observable signals in
conventional dark matter searches, the latter is largely
immune to constraints from (in)direct detection but pre-
dicts long-lived particles with typical lifetimes of the or-
der of millimeters to meters to be searched for at the
LHC. The conversion-driven freeze-out region was unex-

1
We use the term conversion-driven freeze-out here as the mech-

anism is not restricted to scattering processes. In general, con-

versions can proceed via (inverse) decays and scatterings [15].
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Boundary between WIMP region
and conversion-driven region

14

FIG. 5: The two figures show one-dimensional slices of the parameter space, varying the mass splitting �m = mq̃ � m�

for fixed m� = 1TeV (left panel) as well as varying the mass m� for fixed �m = 5GeV (right panel). Each figure shows
two quantities: The value of the coupling �� that provides the correct relic abundance when taking into account Sommerfeld
enhancement and bound states up to n = 15 is shown as the green solid curve, with values as given on the axis on the left-hand
side. The gray lines show the relic density (normalized to the observed value 0.12) that is obtained with this coupling in the
various other approximation, following the same convention for the line style and labels as in Fig. 3. The corresponding values
are shown on the axis on the right-hand side.

of Fig. 5. Here, we can also observe that all curves ap-
proach unity towards large mass splittings as both the
Boltzmann suppression of the mediator abundance dur-
ing freeze-out and the larger coupling, ��, diminishes the
relative importance of the mediator annihilation.

In the parameter slice with m� = 1TeV, chosen in the
left panel, freeze-out mainly occurs while the system is
still close to ionization equilibrium. This can also be seen
from the gray dotted curve showing the result assuming
ionization equilibrium (for all n). It only deviates sig-
nificantly for low �m where freeze-out extends to large
x. For even smaller relative mass splittings, �m/m�,
considered in the right panel, this effect is even more
pronounced as freeze-out extends to larger x (even in the
coannihilation region). Here, the result for ionization
equilibrium differs by orders of magnitude from the one
of our fiducial choice reaching ⌦h2/0.12 <

⇠ 10�4 in the
considered range of m� (outside the displayed range in
Fig. 5).

A. Boundary between coannihilation and

conversion-driven regime

In this section, we determine the part of parameter
space of the model for which conversion-driven freeze-out
is relevant. For small mass splitting �m ⌘ mq̃ �m� and
mass m�, the q̃q̃† annihilation process becomes very ef-
ficient, and would deplete the relic abundance below the
observed dark matter density, if � and q̃ were in chem-
ical equilibrium during freeze-out. Within the region of
parameter space where this happens, the correct dark
matter abundance can only be explained if the assump-
tion of chemical equilibrium does not hold. The dynam-

pert.
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FIG. 6: Boundary in the model parameter space (m�,�m =
mq̃ �m�) between the regime of conversion-driven freeze-out
(bottom left) and conventional coannihilation, when requir-
ing the coupling �� to be adjusted such that the relic abun-
dance matches the observed dark matter density. The vari-
ous lines correspond to the boundary obtained when succes-
sively including corrections to the perturbative q̃q̃† cross sec-
tion (‘pert.’), being Sommerfeld enhancement (‘Som.’), the
contribution from the n = 0 bound state (‘BS, n = 1’), and
excited states up to n = 15 within the default approxima-
tion discussed in Sec. IV D (‘BS, n  15’). The gray dotted
line shows the result that would be obtained when assuming
ionization equilibrium for all (excited) states.

ics are described by conversion-driven freeze-out in this
regime, and one obtains a viable relic density for cou-
plings �� ⌧ 1. On the other hand, for points in parame-

[Garny, JH 2112.01499]
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FIG. 5: The two figures show one-dimensional slices of the parameter space, varying the mass splitting �m = mq̃ � m�

for fixed m� = 1TeV (left panel) as well as varying the mass m� for fixed �m = 5GeV (right panel). Each figure shows
two quantities: The value of the coupling �� that provides the correct relic abundance when taking into account Sommerfeld
enhancement and bound states up to n = 15 is shown as the green solid curve, with values as given on the axis on the left-hand
side. The gray lines show the relic density (normalized to the observed value 0.12) that is obtained with this coupling in the
various other approximation, following the same convention for the line style and labels as in Fig. 3. The corresponding values
are shown on the axis on the right-hand side.

of Fig. 5. Here, we can also observe that all curves ap-
proach unity towards large mass splittings as both the
Boltzmann suppression of the mediator abundance dur-
ing freeze-out and the larger coupling, ��, diminishes the
relative importance of the mediator annihilation.

In the parameter slice with m� = 1TeV, chosen in the
left panel, freeze-out mainly occurs while the system is
still close to ionization equilibrium. This can also be seen
from the gray dotted curve showing the result assuming
ionization equilibrium (for all n). It only deviates sig-
nificantly for low �m where freeze-out extends to large
x. For even smaller relative mass splittings, �m/m�,
considered in the right panel, this effect is even more
pronounced as freeze-out extends to larger x (even in the
coannihilation region). Here, the result for ionization
equilibrium differs by orders of magnitude from the one
of our fiducial choice reaching ⌦h2/0.12 <

⇠ 10�4 in the
considered range of m� (outside the displayed range in
Fig. 5).

A. Boundary between coannihilation and

conversion-driven regime

In this section, we determine the part of parameter
space of the model for which conversion-driven freeze-out
is relevant. For small mass splitting �m ⌘ mq̃ �m� and
mass m�, the q̃q̃† annihilation process becomes very ef-
ficient, and would deplete the relic abundance below the
observed dark matter density, if � and q̃ were in chem-
ical equilibrium during freeze-out. Within the region of
parameter space where this happens, the correct dark
matter abundance can only be explained if the assump-
tion of chemical equilibrium does not hold. The dynam-
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FIG. 6: Boundary in the model parameter space (m�,�m =
mq̃ �m�) between the regime of conversion-driven freeze-out
(bottom left) and conventional coannihilation, when requir-
ing the coupling �� to be adjusted such that the relic abun-
dance matches the observed dark matter density. The vari-
ous lines correspond to the boundary obtained when succes-
sively including corrections to the perturbative q̃q̃† cross sec-
tion (‘pert.’), being Sommerfeld enhancement (‘Som.’), the
contribution from the n = 0 bound state (‘BS, n = 1’), and
excited states up to n = 15 within the default approxima-
tion discussed in Sec. IV D (‘BS, n  15’). The gray dotted
line shows the result that would be obtained when assuming
ionization equilibrium for all (excited) states.

ics are described by conversion-driven freeze-out in this
regime, and one obtains a viable relic density for cou-
plings �� ⌧ 1. On the other hand, for points in parame-
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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.

4

re
la

ti
ve

ra
te

�
/H

mX1/T

X2X2 ⇥ SM

X2 ⇥ X1 SM

ab
un

da
nc

e

mX1/T

X1X2

neq

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-
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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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Current LLP constraints

LHC – R-hadrons: ATLAS [1902.01636, 1808.04095 approximate reinterpretation];  
                             CMS [CMS-PAS-EXO-16-036, recasting from 1705.09292] 
                 LHC – DT: ATLAS Disappearing-track search [1712.02118, recasting from 2002.12220, 7]
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FIG. 8: Cosmologically allowed parameter space (⌦h2 =
0.12) for conversion-driven freeze-out when taking bound
states with n  15 as well as Sommerfeld enhancement into
account. Green dashed lines show contours of the coupling ��

in units of 10�7, and grey lines of the mediator decay length.
In addition, LHC bounds from R-hadron searches as well as
disappearing track searches are shown, as well as the contours
within the coannihilation regime (see Fig. 7).

emitted facilitating the use of a disappearance condition.
In our scenario, the emitted b-jet is considerably harder
than in the targeted model. However, the search is esti-
mated to still provide sensitivity to the model considered
here, as shown in the approximate recasting of [54] per-
formed in [52]. In this recasting, the probability of the
R-hadron to cause a charged track was also taken into
account. We overlay the respective limit as the purple
dotted curve in Fig. 8.

We conclude that, after including the impact of bound
states, a wide part of the parameter space for conversion-
driven freeze-out is still viable, and provides a clear target
for long-lived particle searches at future LHC runs.

VI. CONCLUSION

In this work, we revisited the computation of the relic
density in the presence of bound-state effects during dark
matter freeze-out. With respect to previous work, we
improved the calculations in various aspects and demon-
strated the respective phenomenological implications on
the cosmologically viable parameter space in the coanni-
hilation and conversion-driven freeze-out scenario.

In the first part of this work, we reformulated the
Boltzmann equations including arbitrary excitations of
bound states and derived a general framework for incor-
porating their effects in terms of an effective annihilation
cross section. While a full treatment of these effects re-
quires the knowledge of all involved bound-state forma-
tion, decay, and transition rates, we introduced meaning-

ful limiting cases when assuming fully efficient or non-
efficient transitions. We provided simple analytical ex-
pressions for the effective cross section in these limits, as
well as a general result. Furthermore, we showed that for
an arbitrary set of bound states in ionization equilibrium,
the effective cross section is independent of bound-state
formation and transition rates, and only depends on a
weighted sum of bound state decay rates.

For the case of a colored coannihilator, we computed
the radiative bound-state formation rates for arbitrary
excitations with quantum numbers n, `, and estimate the
lowest order transition rates. Furthermore, we investi-
gated the impact of NLO corrections to bound state de-
cays. We further discuss the relevance of NLO effects on
bound-state formation and decay in App. B.

We then solved the coupled Boltzmann equation for
the mediator and the dark matter particle in a t-channel
model and assessed the impact of bound states for coanni-
hilations as well as conversion-driven freeze-out. On the
one hand, in ionization equilibrium, the effective media-
tor annihilation cross section is insensitive to the bound-
state formation but directly proportional to the bound
state decay rates. Including excited states increases the
effective cross section by about 20% in that case. On
the other hand, after the breakdown of ionization equi-
librium of the ground state, higher excitations become
increasingly important. At the same time, a large bound-
state formation rate extends the duration of ionization
equilibrium down to smaller temperatures. Neverthe-
less, we found that freeze-out significantly extends be-
yond the period of ionization equilibrium for small rela-
tive mass splittings between the mediator and dark mat-
ter, phenomenologically most relevant in the region of
high masses, m�

>
⇠ 2TeV. In this region of parameter

space, our fiducial approximation that neglects bound
state transitions is expected to underestimate the effects
of excited bound states, motivating further studies. In
addition, we demonstrated that NLO corrections to the
bound-state formation rate itself play only a moderate
role in the setup considered here.

Evaluating the cosmologically viable parameter space,
we found that the region for which conversion-driven
freeze-out is relevant extends significantly when including
bound-state effects, ranging up to the multi-TeV region.
In addition, our findings imply that significantly higher
dark matter masses are viable also within the coannihi-
lation region. This has immediate consequences for dark
matter searches. For instance, considering a mass split-
ting of 20 GeV and a coupling of ⇠ 0.169, as predicted in
the MSSM, the dark matter mass that matches the relic
density is shifted from around 900 GeV to 1.8 TeV by the
inclusion of the discussed effects. On the other hand,
when keeping the masses fixed at m� = 900 GeV and
�m = 20 GeV, the coupling would change from 0.169 to
around 5⇥10�7 as it lies in the conversion-driven freeze-
out regime.

Dark matter produced via conversion-driven freeze-out
is compatible with (in)direct detection limits due to a

Jan Heisig                                                                                                                                                                   10
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Recent excess in LLP searches

   Ismet Siral, University Of Oregon

Statistical Interpretation

12

• For each signal MC  a different mass windows is defined  
as function of signal model mass. 

• For limit setting: Multi-bin fit over Exclusion signal 
categories using asymptotic formulae is used 

• For significance calculation:  Multi-bin fit over Discovery 
signal categories using asymptotic formulae is used 

• The fits were done individually for each mass window.

• The study shows that the observed excess in the SR-
Inclusive-High region is responsible for a local significance 
of 3.6 sigma and a global significance of 3.3 sigma. 

• The maximum significance was found at 1.4 TeV (Mass 
window [1100,2800])

• The observed p0 value is  for the target mass 1.5 × 10−4
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• 4 of these are Muon events
• 2 of these are non-muon (TRK) tracks with IBL overflow
• 1 of these is a non-muon track without IBL overflow

• The observed events are kinematically different from the rest of the background events. 
• Overall the events topology of these always have a counter balancing jet. 

• Only exception to this is an event with  counter balancing MET 
• For further investigation: time of flight measurements of these excess event were also extracted from muon and calorimeter 

systems. In these studies, the excess events were observed to  have a . β ≈ 1

Excess Structure
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FIG. 5: The two figures show one-dimensional slices of the parameter space, varying the mass splitting �m = mq̃ � m�

for fixed m� = 1TeV (left panel) as well as varying the mass m� for fixed �m = 5GeV (right panel). Each figure shows
two quantities: The value of the coupling �� that provides the correct relic abundance when taking into account Sommerfeld
enhancement and bound states up to n = 15 is shown as the green solid curve, with values as given on the axis on the left-hand
side. The gray lines show the relic density (normalized to the observed value 0.12) that is obtained with this coupling in the
various other approximation, following the same convention for the line style and labels as in Fig. 3. The corresponding values
are shown on the axis on the right-hand side.

of Fig. 5. Here, we can also observe that all curves ap-
proach unity towards large mass splittings as both the
Boltzmann suppression of the mediator abundance dur-
ing freeze-out and the larger coupling, ��, diminishes the
relative importance of the mediator annihilation.

In the parameter slice with m� = 1TeV, chosen in the
left panel, freeze-out mainly occurs while the system is
still close to ionization equilibrium. This can also be seen
from the gray dotted curve showing the result assuming
ionization equilibrium (for all n). It only deviates sig-
nificantly for low �m where freeze-out extends to large
x. For even smaller relative mass splittings, �m/m�,
considered in the right panel, this effect is even more
pronounced as freeze-out extends to larger x (even in the
coannihilation region). Here, the result for ionization
equilibrium differs by orders of magnitude from the one
of our fiducial choice reaching ⌦h2/0.12 <

⇠ 10�4 in the
considered range of m� (outside the displayed range in
Fig. 5).

A. Boundary between coannihilation and

conversion-driven regime

In this section, we determine the part of parameter
space of the model for which conversion-driven freeze-out
is relevant. For small mass splitting �m ⌘ mq̃ �m� and
mass m�, the q̃q̃† annihilation process becomes very ef-
ficient, and would deplete the relic abundance below the
observed dark matter density, if � and q̃ were in chem-
ical equilibrium during freeze-out. Within the region of
parameter space where this happens, the correct dark
matter abundance can only be explained if the assump-
tion of chemical equilibrium does not hold. The dynam-

pert.
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FIG. 6: Boundary in the model parameter space (m�,�m =
mq̃ �m�) between the regime of conversion-driven freeze-out
(bottom left) and conventional coannihilation, when requir-
ing the coupling �� to be adjusted such that the relic abun-
dance matches the observed dark matter density. The vari-
ous lines correspond to the boundary obtained when succes-
sively including corrections to the perturbative q̃q̃† cross sec-
tion (‘pert.’), being Sommerfeld enhancement (‘Som.’), the
contribution from the n = 0 bound state (‘BS, n = 1’), and
excited states up to n = 15 within the default approxima-
tion discussed in Sec. IV D (‘BS, n  15’). The gray dotted
line shows the result that would be obtained when assuming
ionization equilibrium for all (excited) states.

ics are described by conversion-driven freeze-out in this
regime, and one obtains a viable relic density for cou-
plings �� ⌧ 1. On the other hand, for points in parame-

[Garny, JH 2112.01499]

~1.4 TeV
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Boundary between WIMP region
and conversion-driven region



LHC – R-hadrons: ATLAS [1902.01636, 1808.04095 approximate reinterpretation];  
                             CMS [CMS-PAS-EXO-16-036, recasting from 1705.09292] 
                 LHC – DT: ATLAS Disappearing-track search [1712.02118, recasting from 2002.12220, 7]
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FIG. 8: Cosmologically allowed parameter space (⌦h2 =
0.12) for conversion-driven freeze-out when taking bound
states with n  15 as well as Sommerfeld enhancement into
account. Green dashed lines show contours of the coupling ��

in units of 10�7, and grey lines of the mediator decay length.
In addition, LHC bounds from R-hadron searches as well as
disappearing track searches are shown, as well as the contours
within the coannihilation regime (see Fig. 7).

emitted facilitating the use of a disappearance condition.
In our scenario, the emitted b-jet is considerably harder
than in the targeted model. However, the search is esti-
mated to still provide sensitivity to the model considered
here, as shown in the approximate recasting of [54] per-
formed in [52]. In this recasting, the probability of the
R-hadron to cause a charged track was also taken into
account. We overlay the respective limit as the purple
dotted curve in Fig. 8.

We conclude that, after including the impact of bound
states, a wide part of the parameter space for conversion-
driven freeze-out is still viable, and provides a clear target
for long-lived particle searches at future LHC runs.

VI. CONCLUSION

In this work, we revisited the computation of the relic
density in the presence of bound-state effects during dark
matter freeze-out. With respect to previous work, we
improved the calculations in various aspects and demon-
strated the respective phenomenological implications on
the cosmologically viable parameter space in the coanni-
hilation and conversion-driven freeze-out scenario.

In the first part of this work, we reformulated the
Boltzmann equations including arbitrary excitations of
bound states and derived a general framework for incor-
porating their effects in terms of an effective annihilation
cross section. While a full treatment of these effects re-
quires the knowledge of all involved bound-state forma-
tion, decay, and transition rates, we introduced meaning-

ful limiting cases when assuming fully efficient or non-
efficient transitions. We provided simple analytical ex-
pressions for the effective cross section in these limits, as
well as a general result. Furthermore, we showed that for
an arbitrary set of bound states in ionization equilibrium,
the effective cross section is independent of bound-state
formation and transition rates, and only depends on a
weighted sum of bound state decay rates.

For the case of a colored coannihilator, we computed
the radiative bound-state formation rates for arbitrary
excitations with quantum numbers n, `, and estimate the
lowest order transition rates. Furthermore, we investi-
gated the impact of NLO corrections to bound state de-
cays. We further discuss the relevance of NLO effects on
bound-state formation and decay in App. B.

We then solved the coupled Boltzmann equation for
the mediator and the dark matter particle in a t-channel
model and assessed the impact of bound states for coanni-
hilations as well as conversion-driven freeze-out. On the
one hand, in ionization equilibrium, the effective media-
tor annihilation cross section is insensitive to the bound-
state formation but directly proportional to the bound
state decay rates. Including excited states increases the
effective cross section by about 20% in that case. On
the other hand, after the breakdown of ionization equi-
librium of the ground state, higher excitations become
increasingly important. At the same time, a large bound-
state formation rate extends the duration of ionization
equilibrium down to smaller temperatures. Neverthe-
less, we found that freeze-out significantly extends be-
yond the period of ionization equilibrium for small rela-
tive mass splittings between the mediator and dark mat-
ter, phenomenologically most relevant in the region of
high masses, m�

>
⇠ 2TeV. In this region of parameter

space, our fiducial approximation that neglects bound
state transitions is expected to underestimate the effects
of excited bound states, motivating further studies. In
addition, we demonstrated that NLO corrections to the
bound-state formation rate itself play only a moderate
role in the setup considered here.

Evaluating the cosmologically viable parameter space,
we found that the region for which conversion-driven
freeze-out is relevant extends significantly when including
bound-state effects, ranging up to the multi-TeV region.
In addition, our findings imply that significantly higher
dark matter masses are viable also within the coannihi-
lation region. This has immediate consequences for dark
matter searches. For instance, considering a mass split-
ting of 20 GeV and a coupling of ⇠ 0.169, as predicted in
the MSSM, the dark matter mass that matches the relic
density is shifted from around 900 GeV to 1.8 TeV by the
inclusion of the discussed effects. On the other hand,
when keeping the masses fixed at m� = 900 GeV and
�m = 20 GeV, the coupling would change from 0.169 to
around 5⇥10�7 as it lies in the conversion-driven freeze-
out regime.

Dark matter produced via conversion-driven freeze-out
is compatible with (in)direct detection limits due to a

~1.4 TeV
⇒ xs ~ 0.4 fb
~ 50 events

� > 0.9 ??
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Current LLP constraints



▪ t-channel mediator models: WIMP parameter space 
   almost excluded

▪ Remaining region: Conversion-driven freeze-out 
   less explored terrain 

▪ Long-lived particles main signature
   H ~ Γ: Lifetimes naturally O(1-100cm)
▪ Freeze-out revisited: Bound states very relevant,
   higher excitation important at low energies

▪ LLP parameter space significantly enlarged

▪ Kinematics differs from targets of current searches

Summary
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