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• Conversion-driven freeze-out
• How to search for it at LHC
• Intriguing link to baryogenesis
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⌦DMh2 = 0.12± 0.001
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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.

New particle(s) beyond the SM 
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.
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is the only e�cient annihilation channel. Hence the min-
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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
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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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• Thermalization: predictive power
• Provides cold dark matter
• Testable (but facing null-results)
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• Fine with null-results
• Depend on initial conditions
• Not necessarily cold dark matter
• Only partly testable
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Is there something 'in between'?



Conversion-driven freeze-out
(aka co-scattering)

[Garny, JH, Lülf,  Vogl 1705.09292; D'Agnolo, Pappadopulo, Ruderman 1705.08450]
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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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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
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provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
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ary of the valid parameter space and is shown as a black,
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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
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Dark matter freeze-out: coannihilation
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Dark matter freeze-out: small  
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Dark matter freeze-out: very small  
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• Conversions initiate thermal decoupling 

• Accommodate null-results of WIMP searches

• Still, conversions supply thermalisation
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• Wide range of viable model realizations

• Link to neutrino masses

• Link to baryogensis
 

[Garny+ 2018, Bharucha+ 2018,  D'Agnolo+ 2018, Cheng+ 2018, 
Junius+ 2019, Belanger+ 2022, Alguero+ 2022, Díaz Sáez 2024, …]

[Heeck, JH, Thapa 2023]

[JH 2024]

• Conversions initiate thermal decoupling 

• Accommodate null-results of WIMP searches

• Still, conversions supply thermalisation

7

FIG. 1. Constraints on the t-channel DM models investigated that emerge from cosmological and astrophysical observables, as
well as from the measured Z-boson visible decay width. The coloured hypersurfaces displayed in the different (MX ,MY /MX�1)
planes correspond to scenarios that satisfy ⌦h2 ' 0.12 for a value of the coupling � reflected by the grey-scale colour map. The
left (right) panels correspond to models with self-conjugate (complex) DM, and we consider a scalar (top row), fermion (central
row), and vector (bottom row) DM candidate. The hatched regions denote exclusions from gamma-ray searches (‘ID gamma
rays’), searches in cosmic-ray antiprotons (‘ID anti-protons’), DM direct detection via spin-independent and spin-dependent
interactions (‘DD SI’ and ‘DD SD’, respectively), and Z-boson visible decays (‘Z decay’). For details we refer to sections II.2.5,
II.2.4 and to the end of section II.2.6.

CDFO region

[Arina, Fuks, JH, Krämer et al. 2023] 
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How to search for it at LHC



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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(100GeV)2

T 2

◆
. (4)

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:

Lint = |Dµq̃|
2 + ��q̃ q̄
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2
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d
Note that conversion rates are enhance compared to annihilations by a Boltzmann factor of order e
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the coupling strength of dark matter. However, this conclusion is only true for couplings that
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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.
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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 �
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Bottom-philic example

X: Majorana dark matter
Y: Scalar mediator (bottom-partner)
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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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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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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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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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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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 particle searches)

Disappearing tracks
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LHC Signature
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Current LHC constraints

Just MET
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[see also Fuks et al., contr. 7 in 2002.12220]
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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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via conversion-driven leptogenesis
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Baryon asymmetry

Sakharov conditions: 
• C/CP-violation
• Baryon number violation
• Out-of-equilibrium processes
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New source of CP-violation
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Baryon number violation

In SM, sphaleron processes violate B by washing out B + L 
B – L effectively conserved at TeV scale
Used in leptogenesis: break L  ⇒  ∆L → ∆B
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In SM, sphaleron processes violate B by washing out B + L 
B – L effectively conserved at TeV scale
Used in leptogenesis: break L  ⇒  ∆L → ∆B

Conversion-driven leptogenesis w/o need to break L
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sphalerons
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Similar to Dirac leptogenesis
[Dick, Lindner, Ratz, Wright, 2000]



Out-of-equilibrium processes

Conversion rates: shallower in 1/T than annihilations, 
early departure from equilibrium

abundances still large ⇒ sizeable asymmetries!
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Viable parameter point yielding                 ,  
for quasi mass-degenerate Xi 

Abundances and asymmetry
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[CP-asymmetry in resonant scenario: Hambye,Teresi 2016; 
Frossard, Garny, Hohenegger, Kartavtsev, Mitrouskas 2013 
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⌦h2 = 0.12
Y�B = 0.9⇥ 10�10

Parameter
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Testability at colliders

Current searches
at the LHC
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Displaced leptons?
pT > 65GeV

[ATLAS 2011.07812]

[ATLAS 2305.02005]

pT > 20GeV,
minv > 200GeV

or dileptons with
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• Conversion-driven freeze-out viable scenario, 
• Evade WIMP constraints, but still thermalize

• Collider searches: 
   • accessible parameter space
   • soft displaced objects not well covered yet
   ⇒ prime target for future investigations
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• Conversion-driven freeze-out viable scenario, 
• Evade WIMP constraints, but still thermalize

• Collider searches: 
   • accessible parameter space
   • soft displaced objects not well covered yet
   ⇒ prime target for future investigations

• Conversion-driven leptogenesis:
  • asymmetry in mediator abundance hidden
  • early out-of-equilibrium provides large asymmetries
  • testable at colliders
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ATLAS and LLP figures!
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Search requires:
▪ Number of displaced tracks:
▪ Invariant mass of displaced vertex:

Potential of displaced vertices search
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Search requires:
▪ Number of displaced tracks:
▪ Invariant mass of displaced vertex:

Potential of displaced vertices search
[ATLAS-SUSY-2016-08, 1710.04901]

ntrk � 5

mDV > 10GeV

Table 2: The observed number of vertices for the control and validation regions are shown along with the back-
ground expectations. The last row shows the expected and observed signal region event yields.

Selection Subregion Estimated Observed

Event preselection
ntrk = 3, mDV > 10 GeV 3093

Event preselection
ntrk = 4, mDV > 10 GeV

vrlm 9 ± 2 9
vrm 150 +60

�30 177

Event preselection
ntrk � 5, mDV > 10 GeV

5-tracks 2.2 +2.8
�0.9 1

6-tracks 0.6 +0.6
�0.2 1

�7-tracks 1 +3
�1 3

Total 4.2 +4.1
�1.4 5

Full SR selection Total 0.02 +0.02
�0.01 0
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Figure 7: Two-dimensional distributions of mDV and track multiplicity are shown for DVs in events that satisfy
all signal region event selection criteria. Bin numbers correspond to the observations in data, while the color-
representation shows example distributions for two R-hadron signals used as benchmark models in this search. The
dashed line represents the boundary of the signal region requirements, and the expected signal yield in this region
is shown.
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Search requires:
▪ Number of displaced tracks:
▪ Invariant mass of displaced vertex:

Potential of displaced vertices search
[ATLAS-SUSY-2016-08, 1710.04901]

ntrk � 5

mDV > 5GeV

[JH, A. Lessa, L.M.D. Ramos 2404.16086]
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FIG. 2: One loop self-energy diagram with thermal cut lead-
ing to the CP -asymmetry in the decay � ! �j`R.

m� � m� of 5 (2.5)GeV and for �H = 1.2 The required
entries of the coupling matrix � are of the order of 10�6,
similar to what has been found in Ref. [6]. The evolu-
tion of the number densities and the asymmetry |��/✏|
are shown in Fig. 1 for an exemplary point in parame-
ter space. The asymmetry (green curve) is built up due
to a gradually increasing departure from equilibrium of
�i. It reaches a maximum around x ⇠ 5 after which it
decreases again due to the decrease in the number den-
sity of �. This result is largely insensitive to the initial
conditions at x ⌧ 1. Interestingly, for a DM mass of
a few hundred GeV, the point of sphaleron decoupling,
TSphal ' 132GeV [24], at which the baryon-asymmetry
is frozen, coincides favorably with the maximum in ��.
This is a crucial observation and leads to the prediction
of sizeable values of |��/✏|T=TSphal .

BARYON ASYMMETRY

Following the lepton asymmetry generation (and left-
right equilibration) , e�cient sphaleron processes erase
B + L, converting �` into a baryon asymmetry [9, 25]:

Y�B ' 28

79
�` = �28

79
✏ ⇥ ��

✏

����
T=TSphal

. (6)

For the considered slices in parameter space, |��/✏|TSphal

lies between 10�6 and 10�5 for DM mass up to 450GeV
(and falls o↵ towards larger masses). To explain the ob-
served BAU, Y

meas
�B

' 0.9 ⇥ 10�10 [2, 23], this requires
|✏| ⇠ 10�5–10�4 (or larger).

The leading contribution to ✏ arises from the inter-
ference of the tree-level and one-loop diagram the latter
of which is shown in Fig. 2. While the CP -asymmetry
vanishes at zero temperature for the relevant parameter
region m� + m` > m�, the absorptive part is non-zero
when accounting for thermal corrections. At finite tem-
peratures, the � or `R running in the loop can arise from

2 For smaller (larger) values of �H , the allowed parameter space
shrinks (widens) due to the smaller (larger) �-pair annihilation
rate. For �H = 0, annihilation proceeds via the �’s gauge inter-
actions only, restricting the solutions to m� < 150 GeV.

FIG. 3: Required |✏/�| ' |I1/⇠| matching Y meas
�B for three

slices of parameter space with di↵erent �m�� and B1 for
�H = 1. The overall coupling strength is adjusted such that
⌦h2 = 0.12. The light gray area flags the regime of question-
able validity (for concreteness we display |✏/�| > 0.1).

the thermal bath, kinematically allowing the displayed
cut [26–29]. Given the small couplings ⇠ 10�6, the re-
quired values of ✏ can only be achieved in the resonant
regime of quasi-degenerate �i. The respective process has
been computed in the context of low-scale seesaw lepto-
genesis scenario for the analogous decay of a SM Higgs
into an active and sterile neutrino, yielding [29]:

✏(T ) = I1
⇠ �(T )

(⇠ + ⇡'/(2x)2)2 + �(T )2
' I1

�(T )

⇠
, (7)

where I1 = =[(�†
�)212]/(|�†

�|11|�†
�|22), ⇠ = 2�m12/�0

�2
,

and ' is an O(1) number parametrizing thermal correc-
tions to the mass splitting �m12. The product �0

�2
�(T )

corresponds to the absorptive part of the self-energy,
where �0

�2
corresponds to the �2’s would-be vacuum de-

cay rate (in the limit m�, m` ! 0) and �(T ) is the
spectral loop integral. Its integrand is proportional to
f` + f�, i.e. the sum of the thermal distribution func-
tions of the lepton and scalar of the cut propagators in
Fig. 2, see Appendix D of Ref. [28] for details. Accord-
ingly, �(T ) is a steeply falling function in x = m�/T ,
vanishing for x ! 1. The approximation in Eq. (7)
applies in the case �, ' ⌧ ⇠ which we find to be suf-
ficiently justified in the semi-relativistic regime x & 2
and for �0

�2
⌧ �m12. In this regime, the Boltzmann

equations are expected to provide a good approximation.
However, for m� . 200GeV, its validity becomes ques-
tionable so we display results for the asymmetry only for
m� > 200GeV. A more rigorous computation utilizing a
density matrix formalism goes beyond the scope of this
work. Note that in contrast to the seesaw scenario, the
�i do not mix with the active neutrinos, remaining pure
SM singlets.
Since �(TSphal) depends on m� and m� only, we can

compute ���/✏ at T = TSphal for our solution of the

CP-asymmetry
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FIG. 1. Constraints on the t-channel DM models investigated that emerge from cosmological and astrophysical observables, as
well as from the measured Z-boson visible decay width. The coloured hypersurfaces displayed in the different (MX ,MY /MX�1)
planes correspond to scenarios that satisfy ⌦h2 ' 0.12 for a value of the coupling � reflected by the grey-scale colour map. The
left (right) panels correspond to models with self-conjugate (complex) DM, and we consider a scalar (top row), fermion (central
row), and vector (bottom row) DM candidate. The hatched regions denote exclusions from gamma-ray searches (‘ID gamma
rays’), searches in cosmic-ray antiprotons (‘ID anti-protons’), DM direct detection via spin-independent and spin-dependent
interactions (‘DD SI’ and ‘DD SD’, respectively), and Z-boson visible decays (‘Z decay’). For details we refer to sections II.2.5,
II.2.4 and to the end of section II.2.6.
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FIG. 7: Contours for which dark matter coannihilation yields
a relic abundance that matches the observed value, for three
fixed values of the coupling ��. Red lines show the leading
order result, and blue lines the result when including bound
states up to n = 15 as well as Sommerfeld enhancement. For
the relevance of individual corrections, we refer to Fig. 6. The
boundary to the conversion-driven regime is also shown.

to our fiducial approximation that includes Sommerfeld
enhancement and bound states up to n = 15. It is appar-
ent that the blue contours allow for significantly larger
masses m� for a given ��. For example, for �� = 0.5
and �m = 20GeV, the mass for which the relic density
matches the observed value shifts from m� ' 1.2TeV
to 2TeV when including the aforementioned corrections.
For the MSSM value, �� = 0.169, the contour almost
coincides with the boundary, and the mass shifts from
m� ' 0.9TeV to 1.8TeV (for �m = 20GeV). In addition,
for a very small mass splitting, including bound states al-
lows for mediator masses in the multi-TeV regime, around
m� = 3TeV for �m = 5GeV. This shift can be ex-
pected to be of major relevance for experimental searches
for colored t-channel mediators within the coannihilation
regime. It re-opens part of the parameter space that is
constraint by conventional dark matter searches.

C. Conversion-driven regime and collider limits

In Fig. 8 we show the viable parameter space within the
regime of conversion-driven freeze-out. The value of the
coupling that is required to obtain the measured dark
matter abundance is of order 10�6

�10�7 in that case.
We show several contours for ��/10�7 = 2, 3, 5, 7. The
smallness of the coupling implies that this production
mechanism is compatible with null results from direct
and indirect dark matter detection experiments, while
still providing an explanation of the abundance of dark
matter that is insensitive to the initial conditions.

The decay length c⌧ of the mediator, where ⌧ is its life-
time, is shown by the grey contour lines in Fig. 8. It is of

the order of a few cm to 1m within most of the parameter
space, going down to 1mm close to the boundary. For
the freeze-out computation, we limit ourselves to the pa-
rameter space where �m > mb, such that the two-body
decay q̃ ! �b is kinematically allowed. For even smaller
mass splitting, conversions proceed via scatterings, and
the mediator would be stable on detector time scales.

The primary signal of conversion-driven dark mat-
ter production with a colored mediator are searches for
heavy, (meta-)stable colored particles at the LHC. For
�m < mb, the colored mediator becomes detector sta-
ble as its decay is 4-body suppressed. We can directly
apply the limit from the 13TeV ATLAS search [48] de-
rived for an R-hadron containing a b-squark. It excludes
masses below 1250GeV. The resulting limit is shown in
Fig. 8 as a solid blue curve (and blue shaded exclusion
region). For larger �m the decay length is in the range
1mm ⇠ 1m such that a sizeable fraction of decays take
place inside the inner detector. To estimate the reach
of the same search for this case, we employ the reported
cross section upper limits for the muon-system-agnostic
analysis for a b-squark R-hadron. We rescale them by
the relative suppression of the cross section upper limits
towards small lifetimes reported in the similar ATLAS
analysis [49] where the case of a gluino R-hadron has
been considered. Note that this introduces a certain level
of approximation. A recasting of the search is, however,
beyond the scope of this work. We use the cross-section
predictions from [50]. The resulting limit is displayed
as the blue, dashed curve in Fig. 8. Furthermore, we
display the limit from the recasting of the CMS 13 TeV
R-hadron search [51] performed in [15] as the blue, dot-
dashed curve.

Being only sensitive to the fraction of R-hadrons
traversing a significant part of the detector, the sensitiv-
ity of these searches is exponentially suppressed for small
lifetimes. Dedicated analyses exploiting the displaced na-
ture of the decay are, hence, expected to greatly improve
the sensitivity to this scenario. While several such analy-
ses have been performed by the collaborations, their tar-
get model differs considerably from the one considered
here, significantly reducing their reach or raising ques-
tions about their applicability as pointed out in [52] (con-
tribution 7). For instance, the sensitivity of the displaced
jets search [53] considerably suffers from the imposed cut
on the invariant mass of the displaced tracks. While the
respective choice was optimized for the scenario consid-
ered in the search, it reduces the signal of the one consid-
ered here by around two orders of magnitude [52]. This
is due to its relatively small mass splittings �m of order
tens of GeV in our scenario, resulting in softer tracks.
The search has been targeted to mass splittings of the
order of hundreds of GeV.

Another example of a potentially sensitive search is
the one for disappearing tracks. The existing searches
are targeted to charginos whose long lifetime arises due
to a tiny mass splitting, O(100MeV), to the dark matter
particle. Accordingly, in the decay, an ultra-soft pion is

[Garny, JH 2112.01499]
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FIG. 7: Contours for which dark matter coannihilation yields
a relic abundance that matches the observed value, for three
fixed values of the coupling ��. Red lines show the leading
order result, and blue lines the result when including bound
states up to n = 15 as well as Sommerfeld enhancement. For
the relevance of individual corrections, we refer to Fig. 6. The
boundary to the conversion-driven regime is also shown.

to our fiducial approximation that includes Sommerfeld
enhancement and bound states up to n = 15. It is appar-
ent that the blue contours allow for significantly larger
masses m� for a given ��. For example, for �� = 0.5
and �m = 20GeV, the mass for which the relic density
matches the observed value shifts from m� ' 1.2TeV
to 2TeV when including the aforementioned corrections.
For the MSSM value, �� = 0.169, the contour almost
coincides with the boundary, and the mass shifts from
m� ' 0.9TeV to 1.8TeV (for �m = 20GeV). In addition,
for a very small mass splitting, including bound states al-
lows for mediator masses in the multi-TeV regime, around
m� = 3TeV for �m = 5GeV. This shift can be ex-
pected to be of major relevance for experimental searches
for colored t-channel mediators within the coannihilation
regime. It re-opens part of the parameter space that is
constraint by conventional dark matter searches.

C. Conversion-driven regime and collider limits

In Fig. 8 we show the viable parameter space within the
regime of conversion-driven freeze-out. The value of the
coupling that is required to obtain the measured dark
matter abundance is of order 10�6

�10�7 in that case.
We show several contours for ��/10�7 = 2, 3, 5, 7. The
smallness of the coupling implies that this production
mechanism is compatible with null results from direct
and indirect dark matter detection experiments, while
still providing an explanation of the abundance of dark
matter that is insensitive to the initial conditions.

The decay length c⌧ of the mediator, where ⌧ is its life-
time, is shown by the grey contour lines in Fig. 8. It is of

the order of a few cm to 1m within most of the parameter
space, going down to 1mm close to the boundary. For
the freeze-out computation, we limit ourselves to the pa-
rameter space where �m > mb, such that the two-body
decay q̃ ! �b is kinematically allowed. For even smaller
mass splitting, conversions proceed via scatterings, and
the mediator would be stable on detector time scales.

The primary signal of conversion-driven dark mat-
ter production with a colored mediator are searches for
heavy, (meta-)stable colored particles at the LHC. For
�m < mb, the colored mediator becomes detector sta-
ble as its decay is 4-body suppressed. We can directly
apply the limit from the 13TeV ATLAS search [48] de-
rived for an R-hadron containing a b-squark. It excludes
masses below 1250GeV. The resulting limit is shown in
Fig. 8 as a solid blue curve (and blue shaded exclusion
region). For larger �m the decay length is in the range
1mm ⇠ 1m such that a sizeable fraction of decays take
place inside the inner detector. To estimate the reach
of the same search for this case, we employ the reported
cross section upper limits for the muon-system-agnostic
analysis for a b-squark R-hadron. We rescale them by
the relative suppression of the cross section upper limits
towards small lifetimes reported in the similar ATLAS
analysis [49] where the case of a gluino R-hadron has
been considered. Note that this introduces a certain level
of approximation. A recasting of the search is, however,
beyond the scope of this work. We use the cross-section
predictions from [50]. The resulting limit is displayed
as the blue, dashed curve in Fig. 8. Furthermore, we
display the limit from the recasting of the CMS 13 TeV
R-hadron search [51] performed in [15] as the blue, dot-
dashed curve.

Being only sensitive to the fraction of R-hadrons
traversing a significant part of the detector, the sensitiv-
ity of these searches is exponentially suppressed for small
lifetimes. Dedicated analyses exploiting the displaced na-
ture of the decay are, hence, expected to greatly improve
the sensitivity to this scenario. While several such analy-
ses have been performed by the collaborations, their tar-
get model differs considerably from the one considered
here, significantly reducing their reach or raising ques-
tions about their applicability as pointed out in [52] (con-
tribution 7). For instance, the sensitivity of the displaced
jets search [53] considerably suffers from the imposed cut
on the invariant mass of the displaced tracks. While the
respective choice was optimized for the scenario consid-
ered in the search, it reduces the signal of the one consid-
ered here by around two orders of magnitude [52]. This
is due to its relatively small mass splittings �m of order
tens of GeV in our scenario, resulting in softer tracks.
The search has been targeted to mass splittings of the
order of hundreds of GeV.

Another example of a potentially sensitive search is
the one for disappearing tracks. The existing searches
are targeted to charginos whose long lifetime arises due
to a tiny mass splitting, O(100MeV), to the dark matter
particle. Accordingly, in the decay, an ultra-soft pion is
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�dec becomes relevant, for which
⌦
�q̃q̃†v

↵
eff !

⌦
�q̃q̃†v

↵
+

⌦
�BSFv

↵
. (17)

In that limit, any bound state that forms decays almost
immediately, and therefore the effective cross section is
only sensitive to the recombination cross section

⌦
�BSFv

↵
.

B. Multiple bound states

Let us now generalize the previous findings to a set of
bound states. When assuming as before that all relevant
ionization, decay and transition rates are much larger
than H, we obtain a set of coupled algebraic equations
for the yields YBi from setting the left-hand sides of the
Boltzmann equations (9) to zero. It can be written as

YB,i

Y eq

B,i

=
�i

ion
�i

Y 2

q̃

Y eq 2

q̃

+
�i

dec
�i

+
X

j 6=i

�i!j
trans
�i

YB,j

Y eq

B,j

, (18)

where we used eq. (13) and introduced the total width of
Bi,

�i = �i
ion + �i

dec +
X

j 6=i

�i!j
trans . (19)

From the structure of the Boltzmann equation, it is a
priori not clear whether the impact of bound states can
be captured by an effective cross section when inserting
the solution to eq. (18) into the Boltzmann equation (10)
for q̃. However, this turns out to be the case in general.
To see it, we rewrite eq. (18) in the form

yi � 1�
X

j 6=i

�i!j
trans
�i

(yj � 1) =
�i

ion
�i

(y2 � 1) , (20)

where we defined yi ⌘ YB,i/Y
eq

B,i and y ⌘ Yq̃/Y
eq

q̃ . Intro-
ducing the matrix

Mij ⌘ �ij �
�i!j

trans
�i

, (21)

the solution for the bound state abundances reads

yi = 1 +
X

j

(M�1)ij
�j

ion
�j

(y2 � 1) . (22)

Inserting it in the Boltzmann equation (10) for q̃ indeed
yields a contribution that has the form of the annihilation
term, involving in particular a factor y2 � 1. Therefore,
provided the rates are large compared to the expansion
rate, the impact of a set of bound states can in general
be captured by an effective cross section, given by

⌦
�q̃q̃†v

↵
eff =

⌦
�q̃q̃†v

↵
+

X

i

⌦
�BSF,iv

↵
Ri , (23)

with

Ri ⌘ 1�
X

j

(M�1)ij
�j

ion
�j

(24)

The effective cross section, eq. (23), describes the im-
pact of an arbitrary number of bound states on the q̃
abundance, that can all individually be populated by
recombination processes, decay into SM particles, and
undergo a network of transitions among them, with the
corresponding rates entering in the determination of Ri.
For a given setup, the Ri can be determined numerically.
Nevertheless, it is instructive to study two limiting cases
analytically.

1. No transition limit

In the limit �i!j
trans ⌧ �i

dec,�
i
ion we can neglect the tran-

sition terms, such that Mij ! �ij becomes the unity ma-
trix, and the total width depends only on ionization and
decay rates. The effective cross section becomes

⌦
�q̃q̃†v

↵
eff =

⌦
�q̃q̃†v

↵
+

X

i

⌦
�BSF,iv

↵ �i
dec

�i
ion + �i

dec
. (25)

In the absence of transitions, each bound state therefore
gives a contribution to the effective cross section that is
analog to the case for a single bound state, see eq. (15).
In particular, each summand exhibits the limiting cases
of ionization equilibrium (�i

ion � �i
dec) or instantaneous

decay (�i
ion ⌧ �i

dec) in close analogy to the case of a
single bound state.

2. Efficient transition limit

In the limit �i!j
trans � �i

dec,�
i
ion, we expect that the

transitions establish chemical equilibrium among the
bound states,

YB,j

YB,i
!

Y eq

B,j

Y eq

B,i

' e(EBj�EBi )/T , (26)

which is indeed a solution to eq. (18) in that limit. The
most straightforward way to derive the effective cross sec-
tion in that limit is to proceed similar to the case of
coannihilations [5], introducing

YB =
X

i

YB,i , (27)

and summing up all Boltzmann equations (9) for the Bi,
such that the transition terms drop out. Using (26) to
write

YB,i = YB
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Y eq

B
, (28)
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SM QCD+QED (incl. transitions)

[Binder, Garny, JH, Lederer, Urban 2308.01336]

�
'
1.
7

6

been recently raised for monopole transitions in Ref. [16]
where partial-wave unitarity can be violated already for
capture into the ground state level n = 1.

For non-numerical evidence of unitarity violation in
non-Abelian gauge theories, a simple analytic expression
would be warranted. We managed to get an approximate
analytic result by taking two limits in Eq. (6): (i) ↵eff

s !

0 and subsequently (ii) ⇣̃b ! 1 where ⇣̃b = ↵
eff
b /(nv).

Taking these limits, we obtain the result for the s-wave
case in SU(Nc)

(�v)`
0=0
n,`=1 '

CF

N2
c

4↵

3

32⇡↵eff
b

µ2
n(n2

� 1), for (i) and (ii).

(9)

The two limits are justified for relative velocities which
fulfill the condition2

2⇡|↵eff
s | ⌧ v ⌧

↵
eff
b

2n2
. (10)

In this velocity regime, we compared our direct numerical
evaluation of Eq. (6) to the analytical result in Eq. (9)
for a variety of Nc and n values and find very good agree-
ment. The fact that the s-wave BSF cross section reaches
a constant value for the above velocity regime is another
non-trivial check of our numerical implementation also
for very large n.

However, the velocity regime may be too restricted to
analytically proof unitarity violation for contributions of
a single n. Namely, while for SU(Nc) the s-wave BSF
cross section approaches the unitarity limit for increasing
n, the velocity regime where the analytic expression is
valid becomes smaller and eventually – (very) close to
the unitarity bound – the condition in Eq. (10) cannot be
met. Nevertheless, if there exists a theory with ↵

eff
s = 0,

then there is no lower bound on v and violation of s-
wave unitarity can be shown with the above formula.
Notice that ↵

eff
s = 0 corresponds to the large Nc limit of

SU(Nc), which is, however, not justified for all velocities
for a finite Nc.

In the following, we explore phenomenological conse-
quences focusing on the regime compatible with pertur-
bativity and partial wave unitarity bounds.

III. SUPER CRITICAL BEHAVIOR

The impact of a set of bound states on the freeze-out
dynamics of some particle species, j, can under very gen-
eral conditions be described by the Boltzmann equation

ṅj + 3Hnj = �h�vieff[n
2
j � (neq

j )2] , (11)

2 For adjoint-to-singlet BSF in SU(Nc) ↵eff
s = �↵/(2Nc) and

↵eff
b = CF↵, where CF = (N2

c � 1)/(2Nc).

where nj is the number density and H the Hubble ex-
pansion rate. The effective cross section, h�vieff, includes
all the effects of pair annihilation as well as scattering-
bound [4] and bound-bound transitions [1, 14, 36]. Here,
we investigate whether the inclusion of an increasing
number of excited states can lead to an effective cross
section that grows sufficiently fast to maintain efficient
depletion of the (comoving) particle number density and,
hence, prevent the particle species (e.g. dark matter)
from freezing out. We call this condition a super crit-
ical behavior.

To obtain the threshold for such a super critical be-
havior, let us consider a typical scenario where a particle
species with mass m is initially in thermal equilibrium
with a heat bath with temperature T and entropy den-
sity s. We assume s / T

3, H / T
2, i.e. no (significant)

change in the relativistic degrees of freedom of the bath.
Introducing the yield as Yj ⌘ nj/s and parametrizing
time by x ⌘ m/T in Eq. (11), one can estimate the yield
evolution as a function of x as follows. For times where
the yield Yj(x) starts to deviate significantly from its
equilibrium value, Yj(x) � Y

eq
j (x), also known as the

time of chemical decoupling, xcd, one can neglect the im-
pact of Y eq

j (x) in the Boltzmann equation. This allows
for an analytic solution for the yield evolution after chem-
ical decoupling (see e.g. Ref. [57]), which up to constants,
can be estimated to scale as

Yj(x0) /
1R x0

xcd
dxx�2 h�vieff(x)

. (12)

The integral converges for x0 ! 1 only if h�vieff(x)
grows slower than x while for h�vieff / x

� with � � 1
the integral diverges. Accordingly, the particle species
only freezes out for � < 1 (typical WIMP) while the par-
ticle continues to deplete for � � 1. The critical value
� = 1 leads to logarithmic depletion and sets the thresh-
old for what we define a super critical behavior. Above
this threshold, the evolution of the yield approaches the
scaling Yj / x

1�� for x � xcd. In this case, the effective
annihilation rate �eff ⌘ njh�vieff is dynamically driven
to be proportional to the Hubble rate �eff / H.

In the presence of bound states, the effective cross sec-
tion introduced above can be written as [14, 36]

⌦
�v

↵
eff =

⌦
�v

↵
ann +

X

n,`

⌦
�v

↵
n`
Rn` , (13)

where the first term is the usual pair annihilation cross
section, thermally averaged. In all cases considered in
this work, it includes the Sommerfeld effect [58, 59].
The second term contains the thermal average of the
BSF cross sections, denoted as

⌦
�v

↵
n`

. The summation
over all bound-state quantum numbers contains a dimen-
sionless, temperature dependent quantity, which obeys
0  Rn`  1.3 Thus, the presence of bound states al-

3 Within the electric dipole approximation, bound states with dif-


