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Abstract

We evaluate the relic density of the lightest neutralino, the lightest supersymmetric
particle, in the Minimal Supersymmetric extension of the Standard Model (MSSM).
For the first time, we include all coannihilation processes between neutralinos and
charginos for any neutralino mass and composition. We use the most sophisticated
routines for integrating the cross sections and the Boltzmann equation. We properly
treat (sub)threshold and resonant annihilations. We also include one-loop corrections
to neutralino masses. We find that coannihilation processes are important not only
for light higgsino-like neutralinos, as pointed out before, but also for heavy higgsinos
and for mixed and gaugino-like neutralinos. Indeed, coannihilations should be included
whenever |µ| ∼

< 2|M1|, independently of the neutralino composition. When |µ| ∼ |M1|,
coannihilations can increase or decrease the relic density in and out of the cosmologically
interesting region. We find that there is still a window of light higgsino-like neutralinos
that are viable dark matter candidates and that coannihilations shift the cosmological
upper bound on the neutralino mass from 3 to 7 TeV.

1 Introduction

In the near future, it may become possible to constrain supersymmetry from high precision
measurements of the cosmological parameters [1, 2], among which the dark matter density.
It is therefore of great importance to calculate the relic density of the lightest neutralino as
accurately as possible.

The lightest neutralino is one of the most promising candidates for the dark matter in the
Universe. It is believed to be the lightest stable supersymmetric particle in the Minimal
Supersymmetric extension of the Standard Model (MSSM). It is a linear combination of the
superpartners of the neutral gauge and Higgs bosons.

The relic density of neutralinos in the MSSM has been calculated by several authors during
the years [3, 4, 5, 6, 7, 8, 9] with various degrees of precision. A complete and precise calcu-
lation including relativistic Boltzmann averaging, subthreshold and resonant annihilations,
and coannihilation processes is the purpose of this paper.
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that are viable dark matter candidates and that coannihilations shift the cosmological
upper bound on the neutralino mass from 3 to 7 TeV.

1 Introduction

In the near future, it may become possible to constrain supersymmetry from high precision
measurements of the cosmological parameters [1, 2], among which the dark matter density.
It is therefore of great importance to calculate the relic density of the lightest neutralino as
accurately as possible.

The lightest neutralino is one of the most promising candidates for the dark matter in the
Universe. It is believed to be the lightest stable supersymmetric particle in the Minimal
Supersymmetric extension of the Standard Model (MSSM). It is a linear combination of the
superpartners of the neutral gauge and Higgs bosons.

The relic density of neutralinos in the MSSM has been calculated by several authors during
the years [3, 4, 5, 6, 7, 8, 9] with various degrees of precision. A complete and precise calcu-
lation including relativistic Boltzmann averaging, subthreshold and resonant annihilations,
and coannihilation processes is the purpose of this paper.
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This allows the squark mass matrices to be diagonalized analytically. For example, for the
top squark one has, in terms of the top squark mixing angle θt̃,

Γt̃1 t̃
UL = Γt̃2t̃

UR = cos θt̃, Γt̃2t̃
UL = −Γt̃1t̃

UR = sin θt̃. (26)

Notice that the Ansatz (25) implies the absence of tree-level flavor changing neutral currents
in all sectors of the model.

3 The Boltzmann equation and thermal averaging

Griest and Seckel [5] have worked out the Boltzmann equation when coannihilations are
included. We start by reviewing their expressions and then continue by rewriting them into
a more convenient form that resembles the familiar case without coannihilations. This allows
us to use similar expressions for calculating thermal averages and solving the Boltzmann
equation whether coannihilations are included or not.

3.1 Review of the Boltzmann equation with coannihilations

Consider annihilation of N supersymmetric particles χi (i = 1, . . . , N) with masses mi and
internal degrees of freedom (statistical weights) gi. Also assume that m1 ≤ m2 ≤ · · · ≤
mN−1 ≤ mN and that R-parity is conserved. Note that for the mass of the lightest neutralino
we will use the notation mχ and m1 interchangeably.

The evolution of the number density ni of particle i is

dni

dt
= −3Hni −

N
∑

j=1

〈σijvij〉
(

ninj − neq
i neq

j

)

−
∑

j "=i

[

〈σ′
Xijvij〉 (ninX − neq

i neq
X ) − 〈σ′

Xjivij〉
(

njnX − neq
j neq

X

) ]

−
∑

j "=i

[

Γij (ni − neq
i ) − Γji

(

nj − neq
j

) ]

. (27)

The first term on the right-hand side is the dilution due to the expansion of the Universe.
H is the Hubble parameter. The second term describes χiχj annihilations, whose total
annihilation cross section is

σij =
∑

X

σ(χiχj → X). (28)

The third term describes χi → χj conversions by scattering off the cosmic thermal back-
ground,

σ′
Xij =

∑

Y

σ(χiX → χjY ) (29)

being the inclusive scattering cross section. The last term accounts for χi decays, with
inclusive decay rates

Γij =
∑

X

Γ(χi → χjX). (30)

6

Why was this only studied in 2017?

Jan Heisig                                                                                                                                                                     3
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We evaluate the relic density of the lightest neutralino, the lightest supersymmetric
particle, in the Minimal Supersymmetric extension of the Standard Model (MSSM).
For the first time, we include all coannihilation processes between neutralinos and
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interesting region. We find that there is still a window of light higgsino-like neutralinos
that are viable dark matter candidates and that coannihilations shift the cosmological
upper bound on the neutralino mass from 3 to 7 TeV.

1 Introduction

In the near future, it may become possible to constrain supersymmetry from high precision
measurements of the cosmological parameters [1, 2], among which the dark matter density.
It is therefore of great importance to calculate the relic density of the lightest neutralino as
accurately as possible.

The lightest neutralino is one of the most promising candidates for the dark matter in the
Universe. It is believed to be the lightest stable supersymmetric particle in the Minimal
Supersymmetric extension of the Standard Model (MSSM). It is a linear combination of the
superpartners of the neutral gauge and Higgs bosons.

The relic density of neutralinos in the MSSM has been calculated by several authors during
the years [3, 4, 5, 6, 7, 8, 9] with various degrees of precision. A complete and precise calcu-
lation including relativistic Boltzmann averaging, subthreshold and resonant annihilations,
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interesting region. We find that there is still a window of light higgsino-like neutralinos
that are viable dark matter candidates and that coannihilations shift the cosmological
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1 Introduction

In the near future, it may become possible to constrain supersymmetry from high precision
measurements of the cosmological parameters [1, 2], among which the dark matter density.
It is therefore of great importance to calculate the relic density of the lightest neutralino as
accurately as possible.

The lightest neutralino is one of the most promising candidates for the dark matter in the
Universe. It is believed to be the lightest stable supersymmetric particle in the Minimal
Supersymmetric extension of the Standard Model (MSSM). It is a linear combination of the
superpartners of the neutral gauge and Higgs bosons.

The relic density of neutralinos in the MSSM has been calculated by several authors during
the years [3, 4, 5, 6, 7, 8, 9] with various degrees of precision. A complete and precise calcu-
lation including relativistic Boltzmann averaging, subthreshold and resonant annihilations,
and coannihilation processes is the purpose of this paper.
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This allows the squark mass matrices to be diagonalized analytically. For example, for the
top squark one has, in terms of the top squark mixing angle θt̃,

Γt̃1 t̃
UL = Γt̃2t̃

UR = cos θt̃, Γt̃2t̃
UL = −Γt̃1t̃

UR = sin θt̃. (26)

Notice that the Ansatz (25) implies the absence of tree-level flavor changing neutral currents
in all sectors of the model.

3 The Boltzmann equation and thermal averaging

Griest and Seckel [5] have worked out the Boltzmann equation when coannihilations are
included. We start by reviewing their expressions and then continue by rewriting them into
a more convenient form that resembles the familiar case without coannihilations. This allows
us to use similar expressions for calculating thermal averages and solving the Boltzmann
equation whether coannihilations are included or not.

3.1 Review of the Boltzmann equation with coannihilations

Consider annihilation of N supersymmetric particles χi (i = 1, . . . , N) with masses mi and
internal degrees of freedom (statistical weights) gi. Also assume that m1 ≤ m2 ≤ · · · ≤
mN−1 ≤ mN and that R-parity is conserved. Note that for the mass of the lightest neutralino
we will use the notation mχ and m1 interchangeably.

The evolution of the number density ni of particle i is

dni

dt
= −3Hni −

N
∑

j=1

〈σijvij〉
(

ninj − neq
i neq

j

)

−
∑

j "=i

[

〈σ′
Xijvij〉 (ninX − neq

i neq
X ) − 〈σ′

Xjivij〉
(

njnX − neq
j neq

X

) ]

−
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j "=i

[

Γij (ni − neq
i ) − Γji

(

nj − neq
j

) ]

. (27)

The first term on the right-hand side is the dilution due to the expansion of the Universe.
H is the Hubble parameter. The second term describes χiχj annihilations, whose total
annihilation cross section is

σij =
∑

X

σ(χiχj → X). (28)

The third term describes χi → χj conversions by scattering off the cosmic thermal back-
ground,

σ′
Xij =

∑

Y

σ(χiX → χjY ) (29)

being the inclusive scattering cross section. The last term accounts for χi decays, with
inclusive decay rates

Γij =
∑

X

Γ(χi → χjX). (30)

6

annihilations
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coannihilations can increase or decrease the relic density in and out of the cosmologically
interesting region. We find that there is still a window of light higgsino-like neutralinos
that are viable dark matter candidates and that coannihilations shift the cosmological
upper bound on the neutralino mass from 3 to 7 TeV.

1 Introduction

In the near future, it may become possible to constrain supersymmetry from high precision
measurements of the cosmological parameters [1, 2], among which the dark matter density.
It is therefore of great importance to calculate the relic density of the lightest neutralino as
accurately as possible.

The lightest neutralino is one of the most promising candidates for the dark matter in the
Universe. It is believed to be the lightest stable supersymmetric particle in the Minimal
Supersymmetric extension of the Standard Model (MSSM). It is a linear combination of the
superpartners of the neutral gauge and Higgs bosons.

The relic density of neutralinos in the MSSM has been calculated by several authors during
the years [3, 4, 5, 6, 7, 8, 9] with various degrees of precision. A complete and precise calcu-
lation including relativistic Boltzmann averaging, subthreshold and resonant annihilations,
and coannihilation processes is the purpose of this paper.
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particle, in the Minimal Supersymmetric extension of the Standard Model (MSSM).
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interesting region. We find that there is still a window of light higgsino-like neutralinos
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1 Introduction

In the near future, it may become possible to constrain supersymmetry from high precision
measurements of the cosmological parameters [1, 2], among which the dark matter density.
It is therefore of great importance to calculate the relic density of the lightest neutralino as
accurately as possible.

The lightest neutralino is one of the most promising candidates for the dark matter in the
Universe. It is believed to be the lightest stable supersymmetric particle in the Minimal
Supersymmetric extension of the Standard Model (MSSM). It is a linear combination of the
superpartners of the neutral gauge and Higgs bosons.

The relic density of neutralinos in the MSSM has been calculated by several authors during
the years [3, 4, 5, 6, 7, 8, 9] with various degrees of precision. A complete and precise calcu-
lation including relativistic Boltzmann averaging, subthreshold and resonant annihilations,
and coannihilation processes is the purpose of this paper.
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This allows the squark mass matrices to be diagonalized analytically. For example, for the
top squark one has, in terms of the top squark mixing angle θt̃,

Γt̃1 t̃
UL = Γt̃2t̃

UR = cos θt̃, Γt̃2t̃
UL = −Γt̃1t̃

UR = sin θt̃. (26)

Notice that the Ansatz (25) implies the absence of tree-level flavor changing neutral currents
in all sectors of the model.

3 The Boltzmann equation and thermal averaging

Griest and Seckel [5] have worked out the Boltzmann equation when coannihilations are
included. We start by reviewing their expressions and then continue by rewriting them into
a more convenient form that resembles the familiar case without coannihilations. This allows
us to use similar expressions for calculating thermal averages and solving the Boltzmann
equation whether coannihilations are included or not.

3.1 Review of the Boltzmann equation with coannihilations

Consider annihilation of N supersymmetric particles χi (i = 1, . . . , N) with masses mi and
internal degrees of freedom (statistical weights) gi. Also assume that m1 ≤ m2 ≤ · · · ≤
mN−1 ≤ mN and that R-parity is conserved. Note that for the mass of the lightest neutralino
we will use the notation mχ and m1 interchangeably.

The evolution of the number density ni of particle i is

dni

dt
= −3Hni −

N
∑

j=1

〈σijvij〉
(

ninj − neq
i neq

j

)

−
∑

j "=i

[

〈σ′
Xijvij〉 (ninX − neq

i neq
X ) − 〈σ′

Xjivij〉
(

njnX − neq
j neq

X

) ]

−
∑

j "=i

[

Γij (ni − neq
i ) − Γji

(

nj − neq
j

) ]

. (27)

The first term on the right-hand side is the dilution due to the expansion of the Universe.
H is the Hubble parameter. The second term describes χiχj annihilations, whose total
annihilation cross section is

σij =
∑

X

σ(χiχj → X). (28)

The third term describes χi → χj conversions by scattering off the cosmic thermal back-
ground,

σ′
Xij =

∑

Y

σ(χiX → χjY ) (29)

being the inclusive scattering cross section. The last term accounts for χi decays, with
inclusive decay rates

Γij =
∑

X

Γ(χi → χjX). (30)
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Abstract

We evaluate the relic density of the lightest neutralino, the lightest supersymmetric
particle, in the Minimal Supersymmetric extension of the Standard Model (MSSM).
For the first time, we include all coannihilation processes between neutralinos and
charginos for any neutralino mass and composition. We use the most sophisticated
routines for integrating the cross sections and the Boltzmann equation. We properly
treat (sub)threshold and resonant annihilations. We also include one-loop corrections
to neutralino masses. We find that coannihilation processes are important not only
for light higgsino-like neutralinos, as pointed out before, but also for heavy higgsinos
and for mixed and gaugino-like neutralinos. Indeed, coannihilations should be included
whenever |µ| ∼

< 2|M1|, independently of the neutralino composition. When |µ| ∼ |M1|,
coannihilations can increase or decrease the relic density in and out of the cosmologically
interesting region. We find that there is still a window of light higgsino-like neutralinos
that are viable dark matter candidates and that coannihilations shift the cosmological
upper bound on the neutralino mass from 3 to 7 TeV.

1 Introduction

In the near future, it may become possible to constrain supersymmetry from high precision
measurements of the cosmological parameters [1, 2], among which the dark matter density.
It is therefore of great importance to calculate the relic density of the lightest neutralino as
accurately as possible.

The lightest neutralino is one of the most promising candidates for the dark matter in the
Universe. It is believed to be the lightest stable supersymmetric particle in the Minimal
Supersymmetric extension of the Standard Model (MSSM). It is a linear combination of the
superpartners of the neutral gauge and Higgs bosons.

The relic density of neutralinos in the MSSM has been calculated by several authors during
the years [3, 4, 5, 6, 7, 8, 9] with various degrees of precision. A complete and precise calcu-
lation including relativistic Boltzmann averaging, subthreshold and resonant annihilations,
and coannihilation processes is the purpose of this paper.

∗E-mail address: edsjo@teorfys.uu.se
†E-mail address: gondolo@mppmu.mpg.de

1

ar
X

iv
:h

ep
-p

h/
97

04
36

1v
2 

 1
1 

Ju
n 

19
97

UUITP-11/97
MPI-PhT/97-27

April 1997

Neutralino Relic Density including Coannihilations

Joakim Edsjö∗
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We evaluate the relic density of the lightest neutralino, the lightest supersymmetric
particle, in the Minimal Supersymmetric extension of the Standard Model (MSSM).
For the first time, we include all coannihilation processes between neutralinos and
charginos for any neutralino mass and composition. We use the most sophisticated
routines for integrating the cross sections and the Boltzmann equation. We properly
treat (sub)threshold and resonant annihilations. We also include one-loop corrections
to neutralino masses. We find that coannihilation processes are important not only
for light higgsino-like neutralinos, as pointed out before, but also for heavy higgsinos
and for mixed and gaugino-like neutralinos. Indeed, coannihilations should be included
whenever |µ| ∼

< 2|M1|, independently of the neutralino composition. When |µ| ∼ |M1|,
coannihilations can increase or decrease the relic density in and out of the cosmologically
interesting region. We find that there is still a window of light higgsino-like neutralinos
that are viable dark matter candidates and that coannihilations shift the cosmological
upper bound on the neutralino mass from 3 to 7 TeV.

1 Introduction

In the near future, it may become possible to constrain supersymmetry from high precision
measurements of the cosmological parameters [1, 2], among which the dark matter density.
It is therefore of great importance to calculate the relic density of the lightest neutralino as
accurately as possible.

The lightest neutralino is one of the most promising candidates for the dark matter in the
Universe. It is believed to be the lightest stable supersymmetric particle in the Minimal
Supersymmetric extension of the Standard Model (MSSM). It is a linear combination of the
superpartners of the neutral gauge and Higgs bosons.

The relic density of neutralinos in the MSSM has been calculated by several authors during
the years [3, 4, 5, 6, 7, 8, 9] with various degrees of precision. A complete and precise calcu-
lation including relativistic Boltzmann averaging, subthreshold and resonant annihilations,
and coannihilation processes is the purpose of this paper.
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This allows the squark mass matrices to be diagonalized analytically. For example, for the
top squark one has, in terms of the top squark mixing angle θt̃,

Γt̃1 t̃
UL = Γt̃2t̃

UR = cos θt̃, Γt̃2t̃
UL = −Γt̃1t̃

UR = sin θt̃. (26)

Notice that the Ansatz (25) implies the absence of tree-level flavor changing neutral currents
in all sectors of the model.

3 The Boltzmann equation and thermal averaging

Griest and Seckel [5] have worked out the Boltzmann equation when coannihilations are
included. We start by reviewing their expressions and then continue by rewriting them into
a more convenient form that resembles the familiar case without coannihilations. This allows
us to use similar expressions for calculating thermal averages and solving the Boltzmann
equation whether coannihilations are included or not.

3.1 Review of the Boltzmann equation with coannihilations

Consider annihilation of N supersymmetric particles χi (i = 1, . . . , N) with masses mi and
internal degrees of freedom (statistical weights) gi. Also assume that m1 ≤ m2 ≤ · · · ≤
mN−1 ≤ mN and that R-parity is conserved. Note that for the mass of the lightest neutralino
we will use the notation mχ and m1 interchangeably.

The evolution of the number density ni of particle i is

dni

dt
= −3Hni −

N
∑

j=1

〈σijvij〉
(

ninj − neq
i neq

j

)

−
∑

j "=i

[

〈σ′
Xijvij〉 (ninX − neq

i neq
X ) − 〈σ′

Xjivij〉
(

njnX − neq
j neq

X

) ]

−
∑

j "=i

[

Γij (ni − neq
i ) − Γji

(

nj − neq
j

) ]

. (27)

The first term on the right-hand side is the dilution due to the expansion of the Universe.
H is the Hubble parameter. The second term describes χiχj annihilations, whose total
annihilation cross section is

σij =
∑

X

σ(χiχj → X). (28)

The third term describes χi → χj conversions by scattering off the cosmic thermal back-
ground,

σ′
Xij =

∑

Y

σ(χiX → χjY ) (29)

being the inclusive scattering cross section. The last term accounts for χi decays, with
inclusive decay rates

Γij =
∑

X

Γ(χi → χjX). (30)

6

annihilations

assuming conversions are fully efficient

[Honorable exceptions exist, e.g. Ellis+ 1503.07142]
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This allows the squark mass matrices to be diagonalized analytically. For example, for the
top squark one has, in terms of the top squark mixing angle θt̃,

Γt̃1 t̃
UL = Γt̃2t̃

UR = cos θt̃, Γt̃2t̃
UL = −Γt̃1t̃

UR = sin θt̃. (26)

Notice that the Ansatz (25) implies the absence of tree-level flavor changing neutral currents
in all sectors of the model.

3 The Boltzmann equation and thermal averaging

Griest and Seckel [5] have worked out the Boltzmann equation when coannihilations are
included. We start by reviewing their expressions and then continue by rewriting them into
a more convenient form that resembles the familiar case without coannihilations. This allows
us to use similar expressions for calculating thermal averages and solving the Boltzmann
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Consider annihilation of N supersymmetric particles χi (i = 1, . . . , N) with masses mi and
internal degrees of freedom (statistical weights) gi. Also assume that m1 ≤ m2 ≤ · · · ≤
mN−1 ≤ mN and that R-parity is conserved. Note that for the mass of the lightest neutralino
we will use the notation mχ and m1 interchangeably.

The evolution of the number density ni of particle i is
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dt
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N
∑

j=1

〈σijvij〉
(

ninj − neq
i neq

j

)

−
∑

j "=i

[

〈σ′
Xijvij〉 (ninX − neq

i neq
X ) − 〈σ′

Xjivij〉
(

njnX − neq
j neq

X

) ]

−
∑

j "=i

[

Γij (ni − neq
i ) − Γji

(
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The first term on the right-hand side is the dilution due to the expansion of the Universe.
H is the Hubble parameter. The second term describes χiχj annihilations, whose total
annihilation cross section is

σij =
∑

X

σ(χiχj → X). (28)

The third term describes χi → χj conversions by scattering off the cosmic thermal back-
ground,

σ′
Xij =

∑

Y

σ(χiX → χjY ) (29)

being the inclusive scattering cross section. The last term accounts for χi decays, with
inclusive decay rates

Γij =
∑

X

Γ(χi → χjX). (30)

6

annihilations

assuming conversions are fully efficient

[Honorable exceptions exist, e.g. Ellis+ 1503.07142]

In the previous expressions, X and Y are (sets of) standard model particles involved in the
interactions, vij is the ‘relative velocity’ defined by

vij =

√

(pi · pj)2 − m2
i m

2
j

EiEj
(31)

with pi and Ei being the four-momentum and energy of particle i, and finally neq
i is the

equilibrium number density of particle χi,

neq
i =

gi

(2π)3

∫

d3pifi (32)

where pi is the three-momentum of particle i, and fi is its equilibrium distribution function.
In the Maxwell-Boltzmann approximation it is given by

fi = e−Ei/T . (33)

The thermal average 〈σijvij〉 is defined with equilibrium distributions and is given by

〈σijvij〉 =

∫

d3pid3pjfifjσijvij
∫

d3pid3pjfifj
(34)

Normally, the decay rate of supersymmetric particles χi other than the lightest which is stable
is much faster than the age of the universe. Since we have assumed R-parity conservation,
all of these particles decay into the lightest one. So its final abundance is simply described
by the sum of the density of all supersymmetric particles,

n =
N

∑

i=1

ni. (35)

For n we get the following evolution equation

dn

dt
= −3Hn−

N
∑

i,j=1

〈σijvij〉
(

ninj − neq
i neq

j

)

(36)

where the terms on the second and third lines in Eq. (27) cancel in the sum.

The scattering rate of supersymmetric particles off particles in the thermal background is
much faster than their annihilation rate, because the scattering cross sections σ′

Xij are of the
same order of magnitude as the annihilation cross sections σij but the background particle
density nX is much larger than each of the supersymmetric particle densities ni when the
former are relativistic and the latter are non-relativistic, and so suppressed by a Boltzmann
factor. In this case, the χi distributions remain in thermal equilibrium, and in particular
their ratios are equal to the equilibrium values,

ni

n
$

neq
i

neq
. (37)

We then get

dn

dt
= −3Hn− 〈σeffv〉

(

n2 − n2
eq

)

(38)
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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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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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⇥�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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sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
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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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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-
imal relic density that can be obtained for a certain point
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provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.
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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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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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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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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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Rich phenomenology

CDFO occupies an interesting spot in parameter space:

• Small couplings 10-7–10-6 avoid all conventional WIMP-constraints

• Despite tiny couplings: thermalisation

• Prolonged freeze-out: bound state effects of Y become important
  [Garny, JH 2112.01499]

• Couplings 10-7–10-6 : sweet spot for radiative neutrino mass generation
  in scotogenic models [Heeck, JH+2211.13013]

• Early departure from equilibrium before significant dilution
  ⇒ opportunities for simultaneous baryogenesis [JH 2404.12428; Belfatto, JH+2607.11147]

•               at freeze-out  ⇒ LLP at colliders: c⌧ & 1mm�con ⇠ H
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How to search for it at LHC



Conversion rate on the edge of being efficient:

⇒ Long-lived particles (LLPs) at the 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 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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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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How to search for it at the LHC?
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Bottom-philic example

[JH, A. Lessa, L.M.D. Ramos 2404.16086]

[cf. Garny, JH, Lülf, Vogl 1705.09292;
bound state effects from Garny, JH 2112.01499]
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LHC Signature
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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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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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by the gray dashed line in Fig. 4. Furthermore, the gray
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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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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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out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
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would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
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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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ists that renders the involved conversion rates just large
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 particle searches)
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Disappearing tracks
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c⌧Y > 1m

10 cm . c⌧Y . 1m
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Current LHC constraints

Just MET
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Anomalous tracks
(Heavy stable charged
 particle searches)

Disappearing tracks

Displaced vertices (+MET)

c⌧Y > 1m

10 cm . c⌧Y . 1m

4mm . c⌧Y . 30 cmJust MET

Why poor performance?

[see also Fuks et al., contr. 7 in 2002.12220]

Current LHC constraints
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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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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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Viable parameter space and constraints

[JH 2404.12428]
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FIG. 4. Decay length of the three cosmologically viable
slices in parameter space (same as in Fig. 3; the curves are
shown fainted for |✏/�| > 0.1). The opaque shaded regions de-
note current 95% CL exclusion limits from MET and HSCP
searches at the LHC. The transparent regions show projec-
tions for the proposed soft DL searches, see main text.

Implications for searches—Because of the small
DM couplings required, |�ik| ⇠ 10�6, the scenario is im-
mune to canonical DM searches via direct and indirect
detection. Similarly, the considered minimal model pre-
cludes measurable contributions to charge lepton flavor
violation. For instance, B(µ ! e�) / �

4 [31] is more than
ten orders of magnitude below the current limit [32] and
remains inaccessible in the foreseeable future [33, 34].2

Three-flavor models may provide larger values though, if
� is hierarchical.

At colliders, pairs of charged scalars can be produced
at a sizable rate. Their decay into �i and `k leads to
the signature of leptons plus missing energy (MET). At
the LHC, corresponding searches have been performed
in the regime of prompt decays in the context of su-
persymmetry, particularly in the compressed slepton-
neutralino scenario [36, 37]. For non-prompt decays, dis-
placed lepton (DL) searches [38, 39] and, towards larger
lifetimes, searches for disappearing tracks (DT) [40, 41]
and heavy stable charged particles (HSCPs) [42–44] po-
tentially constrain the model. However, none of these
searches provide sensitivity to our scenario in the region
m� > 140GeV.3

Figure 4 shows the decay lengths of the three cosmolog-
ically viable slices in parameter space considered before.
The royal blue and red shaded regions on the very left of
the plot denote current limits from MET searches apply-
ing to mass splitting of 5 and 2.5GeV, respectively, as-

2 Similarly, contributions to the lepton electric dipole moments are
negligible, particularly as the one-loop contribution vanish due
to the chiral coupling structure, see e.g. [35].

3 We use the production cross sections from Ref. [45, 46] and utilize
SModelS [47] for the reinterpretation of experimental results.

suming dominant decays into muons (limits for electrons
are weaker). Towards large lifetimes stronger limits from
DT and HSCP searches exist which are independent of
decay products (orange shadings). In the regime of large
asymmetries, c⌧ is typically of the order of a cm but
ranges down to around a mm towards high masses. This
region is most promisingly constrained by searches for
DLs plus MET. Currently performed analyses, however,
require relatively hard leptons, pT > 65GeV [38], or di-
leptons with pT > 20GeV and minv > 200GeV [39].
In our scenario, the displaced leptons are much softer

– typically of the order of the mass splitting, �m��.
Hence, the studied scenario can only be probed by low-
ering the pT (and minv) cut. A comparable level of SM
background suppression may be achieved by exploiting
the scenario’s MET signature. Exploring specific MET-
based discriminators or timing information of the tracker
might further leverage background suppression in a high-
luminosity environment in the future. For illustration,
we show the hypothetical reach of the DL search [39] but
with pT > 10GeV and no cut on minv assuming that
the same upper limits on the fiducial cross section can be
achieved by a MET cut, E

miss
T > 200GeV, as indicated

by an estimate of the leading SM background of [39].
We show the 95% CL exclusion reach for the current
luminosity of the search, 139 fb�1, for a HL-LHC with
3 ab�1 and projections for a HE-LHC (pp@27TeV), FCC-
hh (pp@100TeV) and future muon collider (µµ@3TeV)
for a similar integrated luminosity.4 These projections –
serving as rough estimates – hint at the testability of the
parameter space of interest, motivating dedicated phe-
nomenological studies in the future.
While an indirect detection signal from DM annihi-

lation is negligible, the emission or absorption of low-
energy photons via the loop-induced process �2 $ ��1

constitutes an astrophysical prediction of the scenario.
Interestingly, the mass splitting, �m12 ⇠ 0.01m��

2
⇠, is

roughly in the meV range, providing a potential line sig-
nal in the infrared. Note, however, that its rate is further
suppressed by �

4, severely challenging the observation of
such a signal.

Conclusions—In the framework of conversion-driven
freeze-out, the dark matter relic density is determined
by semi-e�cient conversion processes between dark mat-

4 We use the cross section upper limits for the non-compressed sce-
nario from Ref. [39] and obtain the ones for the considered com-
pressed scenario by applying the rescaling factor �compr(pT >
10 GeV, Emiss

T > 200 GeV)/�non-compr(pT > 10 GeV, minv >
200 GeV) from a simulation with MadGraph5 aMC@NLO [19]
and Pythia 8 [48] employing merging [49] up to two jets. For
the projection of the HL-LHC, we assume the background-
uncertainty to be statistical. The future-collider projections are
estimated by requiring the same production cross section as func-
tion of lifetime as the HL-LHC projection at the exclusion limit.
The limits assume �m�� = 5 GeV and decay into muons.

⌦h2 = 0.12
Y�B = 0.9⇥ 10�10⌦h2 = 0.12

Y�B = 0.9⇥ 10�10
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ing to mass splitting of 5 and 2.5GeV, respectively, as-

2 Similarly, contributions to the lepton electric dipole moments are
negligible, particularly as the one-loop contribution vanish due
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we show the hypothetical reach of the DL search [39] but
with pT > 10GeV and no cut on minv assuming that
the same upper limits on the fiducial cross section can be
achieved by a MET cut, E

miss
T > 200GeV, as indicated

by an estimate of the leading SM background of [39].
We show the 95% CL exclusion reach for the current
luminosity of the search, 139 fb�1, for a HL-LHC with
3 ab�1 and projections for a HE-LHC (pp@27TeV), FCC-
hh (pp@100TeV) and future muon collider (µµ@3TeV)
for a similar integrated luminosity.4 These projections –
serving as rough estimates – hint at the testability of the
parameter space of interest, motivating dedicated phe-
nomenological studies in the future.
While an indirect detection signal from DM annihi-

lation is negligible, the emission or absorption of low-
energy photons via the loop-induced process �2 $ ��1

constitutes an astrophysical prediction of the scenario.
Interestingly, the mass splitting, �m12 ⇠ 0.01m��

2
⇠, is

roughly in the meV range, providing a potential line sig-
nal in the infrared. Note, however, that its rate is further
suppressed by �

4, severely challenging the observation of
such a signal.

Conclusions—In the framework of conversion-driven
freeze-out, the dark matter relic density is determined
by semi-e�cient conversion processes between dark mat-

4 We use the cross section upper limits for the non-compressed sce-
nario from Ref. [39] and obtain the ones for the considered com-
pressed scenario by applying the rescaling factor �compr(pT >
10 GeV, Emiss

T > 200 GeV)/�non-compr(pT > 10 GeV, minv >
200 GeV) from a simulation with MadGraph5 aMC@NLO [19]
and Pythia 8 [48] employing merging [49] up to two jets. For
the projection of the HL-LHC, we assume the background-
uncertainty to be statistical. The future-collider projections are
estimated by requiring the same production cross section as func-
tion of lifetime as the HL-LHC projection at the exclusion limit.
The limits assume �m�� = 5 GeV and decay into muons.
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FIG. 5: Viable parameter space below the CDFO boundary that provides correct relic abundance and baryon
asymmetry. The green and purple shaded regions show the current limits from LHC searches for long-lived particles.
The light orange shaded region displays the reach of a proposed displaced-vertex search. The gray region
corresponds to the region where ✏/� > 0.1 and the blue contours show the lifetime of the mediator �.

leaves a track in the inner detector that suddenly disap-
pears due to the decay of the particle. For shorter decay
lengths smaller than O(10) cm, displaced vertex searches
can be used by looking for a vertex that is displaced from
the primary interaction point. Because of the very small
Yukawa couplings needed, constraints from the LHC are
the most relevant for probing the viable parameter space
as canonical direct and indirect detection searches are
not sensitive to this scenario.

Flavor and EDM observables likewise do not impose
relevant constraints on the model, owing to the small
couplings �̄ . 10�6. The most sensitive flavor observ-
able in the down-type quark sector is ✏K parameterizing
the CP violation in K

0 � K
0
mixing. The constraints on

the coupling matrix � imposed by the current measure-
ments of ✏K [? ] in the given model have been derived
in Eq. (B.56) of Ref. [? ]. Using this result, we find that
the present model is more than 16 orders of magnitude
below the current sensitivity reach of ✏K . Also electric
dipole moments (EDMs) are strongly suppressed in this
model due to the chiral structure of the dark sector, cou-
pling exclusively to right-handed down-type quarks at
tree level. This forbids one-loop contributions to EDMs
in the model [? ] in addition to the very small coupling.

Thus, neither flavor nor EDM measurements provide rel-
evant additional constraints in the parameter region of
interest.

We now turn to the existing collider constraints, shown
as the green and purple shaded regions in Fig. ??. The
green one denotes the 95% CL exclusion from the CMS
searches for disappearing tracks (DT) [? ? ]. To derive
it, we reinterpret the analysis of Ref. [? ] performed in a
similar scenario by using the obtained limits as function
of the mediator mass and lifetime. The purple shaded
area denotes the exclusion from HSCP searches which we
derived by using SModelS [? ]. For the relevant parame-
ter points, the strongest constraint comes from the CMS
HSCP search for detector-stable R-hadrons in Ref. [? ].
For a given mediator mass and lifetime, SModelS approx-
imately reinterprets the corresponding search result by
estimating the fraction of events containing at least one
mediator particle that traverses the relevant parts of the
detector before decaying [? ? ]. The disappearing-track
search provides the strongest existing constraint over a
larger region at low and intermediate DM masses, but
loses sensitivity for m� approaching 1TeV while HSCP
searches exclude only a small region at very small mass
splittings.

⌦h2 = 0.12
Y�B = 0.9⇥ 10�10⌦h2 = 0.12

Y�B = 0.9⇥ 10�10

[Belfatto, Blanke, JH, Rathmann, Wilsch 2607.11147]
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leaves a track in the inner detector that suddenly disap-
pears due to the decay of the particle. For shorter decay
lengths smaller than O(10) cm, displaced vertex searches
can be used by looking for a vertex that is displaced from
the primary interaction point. Because of the very small
Yukawa couplings needed, constraints from the LHC are
the most relevant for probing the viable parameter space
as canonical direct and indirect detection searches are
not sensitive to this scenario.

Flavor and EDM observables likewise do not impose
relevant constraints on the model, owing to the small
couplings �̄ . 10�6. The most sensitive flavor observ-
able in the down-type quark sector is ✏K parameterizing
the CP violation in K

0 � K
0
mixing. The constraints on

the coupling matrix � imposed by the current measure-
ments of ✏K [? ] in the given model have been derived
in Eq. (B.56) of Ref. [? ]. Using this result, we find that
the present model is more than 16 orders of magnitude
below the current sensitivity reach of ✏K . Also electric
dipole moments (EDMs) are strongly suppressed in this
model due to the chiral structure of the dark sector, cou-
pling exclusively to right-handed down-type quarks at
tree level. This forbids one-loop contributions to EDMs
in the model [? ] in addition to the very small coupling.

Thus, neither flavor nor EDM measurements provide rel-
evant additional constraints in the parameter region of
interest.

We now turn to the existing collider constraints, shown
as the green and purple shaded regions in Fig. ??. The
green one denotes the 95% CL exclusion from the CMS
searches for disappearing tracks (DT) [? ? ]. To derive
it, we reinterpret the analysis of Ref. [? ] performed in a
similar scenario by using the obtained limits as function
of the mediator mass and lifetime. The purple shaded
area denotes the exclusion from HSCP searches which we
derived by using SModelS [? ]. For the relevant parame-
ter points, the strongest constraint comes from the CMS
HSCP search for detector-stable R-hadrons in Ref. [? ].
For a given mediator mass and lifetime, SModelS approx-
imately reinterprets the corresponding search result by
estimating the fraction of events containing at least one
mediator particle that traverses the relevant parts of the
detector before decaying [? ? ]. The disappearing-track
search provides the strongest existing constraint over a
larger region at low and intermediate DM masses, but
loses sensitivity for m� approaching 1TeV while HSCP
searches exclude only a small region at very small mass
splittings.
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• CDFO points to very small couplings,         

• Evades conventional WIMP constraints 

• Naturally implies LLPs at colliders: soft displaced signatures not 
   well covered yet ⇒ prime targets for future searches

• Interesting regime on the edge of thermal equilibrium
   - provide thermalization 
   - sufficient departure for baryogenesis
   - technically challenging

• In flavored realizations: CP violation and flavor breaking

• Leptophilic realizations: a route toward a common explanation of
  dark matter, baryogenesis, and neutrino masses      

Thank you!

) � ⇠ 10�6

Conclusions
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Cosmologically viable regions across various regimes
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Bound state effects on the parameter space

Conversion-driven
freeze-out region, 
��⇠ 10�6

WIMP region �� ⇠ O(1)
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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]

Sommerfeld+
excited bound states
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Bound state formation cross section

9

10-1 100 101 102
10-4

10-3

10-2

10-1

100

101

102

�s/vrel

S
B
S
F

(q
˜
+q
˜*)8->(Bnl)1+g, l=0,..,n-1

n=1

n=2

n=3

n=4

n=5

n=6

FIG. 1: Bound-state formation cross section, eq. (49), for the strong (left) and elecromagnetic process (right). We show the
sum

P
` S

BSF
n` (⇣s, ⇣b) (solid lines) as well as the ` = 0 contribution only (dashed lines). The various colors corresponds to

the principal quantum numbers n = 1, . . . , 6, as given in the legend. For large ↵s/vrel the cross section of the strong process
is Sommerfeld suppressed due to the repulsive interaction of the q̃q̃† pair in the octet representation, while it is Sommerfeld
enhanced for the electromagnetic process, involving a scattering wave function in the color singlet configuration.

tion, and the first from `0 = ` � 1 exists only for ` > 0.
The contribution from ` = 0 orbitals therefore dominates
for ↵s/vrel ⌧ 1, as can also be seen by the convergence
of solid and dashed lines for each n � 2 in Fig. 1 in that
limit.

In the opposite limit ↵s/vrel � 1,

SBSF
n` (⇣s, ⇣b) !

2⇡⇣s
1� e�2⇡⇣s

fBSF
n`

✓
⇣s
⇣b

◆
, |⇣s,b| ! 1 ,

(55)

where

fBSF
n`

✓
⇣s
⇣b

◆
= e�

4n⇣s
⇣b

sBSF
n` |4n�2`

⇣4n�2`
b

. (56)

Here sBSF
n` |4n�2` corresponds to the polynomial obtained

when keeping only the terms with maximal combined
power in ⇣s and ⇣b in sBSF

n` (⇣s, ⇣b), being 4n�2`, such that
fBSF
n` depends only on the ratio ⇣s/⇣b = ↵eff

s /↵eff
b . Up to

the different renormalization scale at which the effective
couplings are evaluated, fBSF

n` approaches a constant for
↵s/vrel � 1.

The behavior at small relative velocities is therefore
governed dominantly by the first factor in eq. (55). It
exhibits a qualitatively different behavior depending on
the sign of ⇣s. For (q̃q̃†)[8] ! B

[1]
n` + g, the repulsive

potential relevant for the initial state implies ⇣s < 0,
leading to an exponential suppression for small relative
velocities, SBSF

n` ! 2⇡|⇣s|e�2⇡|⇣s|fBSF
n` . For the electro-

magnetic process (q̃q̃†)[1] ! B
[1]
n` +�, both the initial and

final state wavefunction are sensitive to the attractive
color singlet potential, such that in particular ⇣s > 0,
and SBSF

n` ! 2⇡⇣sfBSF
n` grows with ⇣s / ↵s/vrel.

The different shape of SBSF
n` for the two processes can

clearly be seen in Fig. 1. For the electromagnetic process,

the combined contribution from all angular momentum
states

P
` S

BSF
n` decreases with increasing values of n, for

all velocities vrel. On the other hand, for the strong pro-
cess the exponential suppression at large ⇣s leads to a
maximum of SBSF

n` . Its position shifts to higher values of
↵s/vrel for excited states with increasing n. In addition,
the value at the maximum increases with n. This indi-
cates that excited levels become more and more relevant
the smaller the relative velocity, i.e. the lower the tem-
perature that is relevant for determining the relic density.

B. Decay

The leading decay process is due to annihilation of the
constituents of the bound state into a pair of gluons,
Bn` ! gg. Here, we briefly review the derivation of the
decay rate following [23], provide an expression for gen-
eral n (for ` = 0) and discuss the role of higher-order
corrections.

For a generic 1 ! N decay process Bn` !

X1X2 . . . XN the matrix element Mn` can be related
to the usual Feynman matrix element for the process
q̃(k1, i)+q̃†(k2, j) ! X1(p1)+· · ·+XN (pN ), with color in-
dices in the initial state contracted with P s

ij = �ij/
p
Nc,

that we denote by M
s(k1, k2, {pj}), via

Mn`m =

Z
d3q

(2⇡)3
 n`m(q)p

2Nq
M

s(K/2 + q,K/2� q, {pj}) ,

(57)
with Nq ! µ in the nonrelativistic limit, and bound state
wave function  n`m ⌘  [1]

n`m in momentum space, nor-
malized such that

R
d3x| n`m(x)|2 = 1 in position space.

Here K is the four-momentum of the bound state. The

�q̃q̃
†!Bg

BSF,n` vrel / ↵s!
3
��h [1]

n` |r| 
[8]
preli

��2

[Garny, JH 2112.01499]

small velocities ~ relevant for small temperatures

[Color-electric dipol operator,
computed in potential nonrel. QCD, 

see e.g. X. Yao, B. Müller 1811.09644 ]
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Scotogenic model:
[E. Ma, 2006]

Ni mN1 < mH+,H,A

|Y |2,3 ⇠
�
10�6�10�5

�

�1/4
5

gew,�i

H
+

• Natural conversion-driven regime for O(1) scalar couplings

• Provides all ingredients for leptogenesis
[J. Heeck, JH, A. Thapa, 2211.13013]

2

involving the SM Higgs doublet � and the new ⌘ reads

V = µ
2
h
�†�+ µ

2
⌘
⌘
†
⌘ +

�1

2
(�†�)2 +

�2

2
(⌘†⌘)2 (2)

+ �3(�
†�)(⌘†⌘) + �4(�

†
⌘)(⌘†�)�

✓
�5

2
(�†

⌘)2 + h.c.

◆
.

µ
2
h
is negative to trigger electroweak symmetry breaking,

but µ
2
⌘
is positive and ⌘ does not acquire a vacuum ex-

pectation value. Any phase of �5 can be absorbed into ⌘

and eventually the lepton fields, allowing us to restrict �5

to non-negative values without loss of generality, similar
to the inert-doublet model [20]. The unbroken Z2 sym-
metry ensures that there is no mixing between the SM
Higgs h and the new neutral scalars in ⌘, parameterized
via

⌘ =

✓
H

+

1p
2
(H + iA)

◆
. (3)

We note that despite the formal similarity with non-Z2-
symmetric two-Higgs-doublet models [21], H and A can-
not be assigned definite CP properties [22] because they
do not have diagonal couplings to fermions. The masses
of the scalar fields after electroweak symmetry breaking
are given by [2]

m
2
h
= �1v

2
, m

2
H+ = µ

2
⌘
+

�3

2
v
2
, (4)

m
2
H

= µ
2
⌘
+

v
2

2
(�3 + �4 � �5) , (5)

m
2
A
= µ

2
⌘
+

v
2

2
(�3 + �4 + �5) . (6)

Here, v =
p

�2µ2
h
/�1 ' 246GeV is the vacuum ex-

pectation value of the SM Higgs doublet, with Higgs
mass mh ' 125GeV [23]. Our choice �5 � 0 defines
A to be the heavier of the two new neutral scalars with-
out loss of generality, with mass splitting given by �5:
m

2
A
� m

2
H

= �5v
2. For later convenience we define the

linear combination of couplings

�L ⌘ �3 + �4 � �5 (7)

and note that some of our � couplings are defined dif-
ferently from other articles. The scalar couplings of
Eq. (2) have to comply with the vacuum stability condi-
tions [2, 24]

�1 � 0 , �2 � 0 , �3 +
p

�1�2 � 0 , (8)

�3 + �4 � �5 +
p

�1�2 � 0 , (9)

and the perturbativity condition [3]

|2�3(�3 + �4) + �
2
4 + �

2
5| . 50 . (10)

Due to the unbroken Z2 symmetry of the Lagrangian,
the Majorana fermions Nk do not mix with the left-
handed neutrinos, so the latter remain massless at tree

⌫↵ Nk ⌫�

⌘ ⌘

h�i h�i

FIG. 1: Radiative neutrino mass generation at one loop.

level. However, the simultaneous presence of y, �5, and
mN explicitly breaks lepton number by two units, gen-
erating a one-loop Majorana neutrino mass matrix M⌫

through the diagrams shown in figure 1 as

(M⌫)↵� =
X

k

y
⇤
↵k

⇤ky
⇤
�k

, with (11)

⇤k =
mNk

32⇡2

"
m

2
H
log

✓
m

2
H

m
2
N

k

◆

m
2
H
�m

2
Nk

� (mH $ mA)

#
. (12)

(Our expression is smaller than Ma’s [1] by a factor 1/2,
in agreement with Ref. [25].) In addition to the loop sup-
pression factor, neutrino masses in the scotogenic model
can be suppressed in several ways, all directly linked to
the restoration of lepton number and thus technically
natural in the sense of ’t Hooft [26]: 1) small y, 2) small
�5, 3) small mN or very large mN .
In the present work we are interested in the region

of parameter space where the Yukawas yik are small, as
this enables conversion-driven freeze out; for this we note
that |⇤k| is maximized when the mass splitting between
the scalars H and A is as large as possible and mNk

is
equal to the heavier one, A. This gives |⇤k| '

p
�5

v

32⇡2 '

1 GeV⇥
p
�5 and thus a naive lower bound on the Yukawa

of |y| &
p
|M⌫/⇤| ⇠ 5 ⇥ 10�6, assuming �5 is close to

its perturbativity bound �5 ' 4 [3], which also requires
large �3 and small �4.
A proper evaluation of the Yukawas including their

flavor structure can be obtained via the Casas–
Ibarra parametrization [27] adapted to the scotogenic
model [25]:

y = UPMNS

q
M

diag
⌫ R

p

⇤�1 , (13)

where UPMNS is the unitary Pontecorvo–Maki–
Nakagawa–Sakata matrix and M

diag
⌫

the diagonal
matrix containing the active-neutrino masses m1,2,3,
defined through diagonalization of M⌫ . Furthermore, ⇤
is the diagonal matrix containing the ⇤k from Eq. (12)
and R is some complex orthogonal matrix. With these
definitions, the above y indeed solves Eq. (11) and allows
us to use neutrino masses and mixing angles as input
parameters.
Neutrino oscillations have provided experimental ac-

cess to the three mixing angles and the Dirac CP

Neutrino mass link [J. Heeck, JH, A. Thapa, 2211.13013]
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FIG. 1: Radiative neutrino mass generation at one-loop.

parametrization [7] adapted to the scotogenic model [5]:

y = UPMNS

p
M

diag

⌫
R

†
p
⇤�1 , (8)

where UPMNS is the unitary Pon-

tecorvo–Maki–Nakagawa–Sakata matrix and Mdiag
⌫

the diagonal matrix containing the active-neutrino

masses, defined through diagonalization of M⌫ . Fur-

thermore, ⇤ is the diagonal matrix containing the ⇤k

from Eq. (7) and R is some complex orthogonal matrix.

With these definitions, the above y indeed solves Eq. (6)

and allows us to use neutrino masses and mixing angles

as input parameters. Assuming normal hierarchy, a

vanishing lightest neutrino mass, vanishing Majorana

CP phases, and otherwise the best-fit values for the

mass splittings and Dirac CP phase [8], we find

y ' 10
�6

0

@
0 2.1 1.4

0 2.4 7.0

0 2.3 6.1

1

A , (9)

using a Casas–Ibarra matrix R = 1, mH = 100 GeV

and MNk = mA = 266 GeV (i.e. |�5| = 1). The order

of magnitude matches the previous estimate but here we

see that one of the Nk can be arbitrarily decoupled in

the limit of a vanishing lightest neutrino mass.

III. CORRECTION TO W BOSON MASS

In the Scotogenic model, the oblique parameters S, T ,

and U [9, 10] get corrections from the weak doublet scalar

� similar to the Inert doublet model (IDM) [3, 6, 11]. We

have implemented one-loop corrections to these oblique

parameters to evaluate the W boson mass [12], which can

be expressed as

M
2
W

= M
2
W,SM

2

41 +
↵em

⇣
c
2
W
T � 1

2S +
c
2
W�s

2
W

4s2W
U

⌘

c
2
W

� s
2
W

3

5 .

(10)

Julian: Correct equation (for U = 0):

MW ' M
SM
W
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2
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2
W
)T )

�
,

(11)

FIG. 2: 2� ranges for S and T translated into IDM to show
the mass splitting between components of the doublet scalar.

FIG. 3: 2� ranges for S and T assuming a mass splitting
m2

A�m2
H = �5v

2 with �5 = 1.0. Dashed orange line showmA.
The 1� region is shown in green, which has mH+ < mH ⌧
mA. Gray band is the exclusion region from perturbativity [6]
with �4  7, whereas gray dotted line represents bound when
�4  4.

Here ✓W is the Weinberg angle. Note that the corrections

to U are suppressed in comparison to S and T at one-

loop order. We incorporate the global EW fit [13] with

the new CDF data to quote the 2� allowed ranges of

oblique parameters and recast in our model parameter

space as shown in Fig. 2.

See also [14, 15].

Neutrino mass link

▪ Relate to neutrino masses using Casas-Ibarra parametrization: 

▪ Use best-fit parameters from NuFit 5.1 [Esteban et al. 2020]
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