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What is a Feebly Interacting Particle (FIP)?

For the context of this talk: A FIP does not thermalize in the early universe.

Simplified DM (SUSY-like)
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Figure 1. Representative Feynman diagram for scattering between DM and quarks.

{d, s, b} quarks, d̃ =
{
d̃, s̃, b̃

}
mediators, q = {u, d, s, c, b, t} quarks and q̃ =

{
ũ, d̃, s̃, c̃, b̃, t̃

}
mediators. In order to have a dark matter candidate which is uncolored or charged,

we restrict ourselves to the parameter space in which all of the mediator masses are

larger than Mχ.

Generation-dependent masses and couplings that are higher order in the Yukawa

couplings can be generated consistently with MFV and can be described (for example,

for the ũR model) by terms such as:

LFV =
(
δgDM ũ∗Y u†Y uχ̄PRu+ h.c.) + δm2 ũ∗Y u†Y uũ+O(Y 4).

)
, (2.6)

where Y u is the SM Yukawa matrix. For simplicity and to avoid potential strong

constraints from the null results of searches for flavor and CP-violation, we take

δgDM = δm2 = 0 and choose gDM to be real, from here onward.

3 Scattering with Heavy Nuclei

In the non-relativistic limit, dark matter scattering with a nucleus is described by

a spin-independent (SI) term, which at low momentum transfer resolves the entire

nucleus coherently leading to a cross section enhanced by the squared number of

scattering centers (nucleons); and a spin-dependent (SD) term, which couples to the

nucleon spin and typically enjoys no coherent enhancement for large nuclei.

We begin by reviewing some of the results of Reference [11], which represents

the baseline upon which our improvements build. At leading order (LO), the dark

matter interacts with a generic quark q via tree level exchange of its corresponding

mediator q̃, as shown in a representative Feynman diagram in Figure 1. The partonic

matrix element for interactions between fermionic (Dirac or Majorana) dark matter
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What is a Feebly Interacting Particle (FIP)?

For the context of this talk: A FIP does not thermalize in the early universe.

Simplified DM (SUSY-like) Vector Portal
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Figure 1. Representative Feynman diagram for scattering between DM and quarks.

{d, s, b} quarks, d̃ =
{
d̃, s̃, b̃

}
mediators, q = {u, d, s, c, b, t} quarks and q̃ =

{
ũ, d̃, s̃, c̃, b̃, t̃

}
mediators. In order to have a dark matter candidate which is uncolored or charged,

we restrict ourselves to the parameter space in which all of the mediator masses are

larger than Mχ.

Generation-dependent masses and couplings that are higher order in the Yukawa

couplings can be generated consistently with MFV and can be described (for example,

for the ũR model) by terms such as:

LFV =
(
δgDM ũ∗Y u†Y uχ̄PRu+ h.c.) + δm2 ũ∗Y u†Y uũ+O(Y 4).

)
, (2.6)

where Y u is the SM Yukawa matrix. For simplicity and to avoid potential strong

constraints from the null results of searches for flavor and CP-violation, we take

δgDM = δm2 = 0 and choose gDM to be real, from here onward.

3 Scattering with Heavy Nuclei

In the non-relativistic limit, dark matter scattering with a nucleus is described by

a spin-independent (SI) term, which at low momentum transfer resolves the entire

nucleus coherently leading to a cross section enhanced by the squared number of

scattering centers (nucleons); and a spin-dependent (SD) term, which couples to the

nucleon spin and typically enjoys no coherent enhancement for large nuclei.

We begin by reviewing some of the results of Reference [11], which represents

the baseline upon which our improvements build. At leading order (LO), the dark

matter interacts with a generic quark q via tree level exchange of its corresponding

mediator q̃, as shown in a representative Feynman diagram in Figure 1. The partonic

matrix element for interactions between fermionic (Dirac or Majorana) dark matter

– 5 –

2

gether, these 4 mechanisms lead to 5 different regimes
through which the DM abundance can be reached in the
case of a massless dark photon. Indeed, the standard
freeze-out of the dark matter particles could occur either
through annihilation into SM particles (Vb regime) or
into the dark photons themselves (Va regime). We will
thus distinguish production mechanisms (classified using
Roman numerals) and regimes (distinguished using the
Latin letter a or b, as in the case of freeze-out).

The aim of the present work is to revisit this classifica-
tion of DM production mechanisms, taking into account
the possible effects of the mass of the dark photon. By
considering the dark photon model above, the generic
underlying structure we will be considering is that of a
system composed of 3 distinct particle sectors, together
with 3 possible connections between the sectors. This
structure is depicted in Fig. 1, again with a focus on the
kinetic mixing setup and its ingredients. So, the 3 sec-
tors (depicted as blobs) consist of the SM, the dark mat-
ter particle χ and the massive dark photon γ′, while the
connections between the sectors (depicted as lines) are
parameterized by the mixing ε̂ (or more precisely εeff ,
which will be defined below), the hidden fine structure
constant α′ and the ”millicharge” κ. Considering such a
structure, we will point out the existence of 4 new regimes
(noted Ib, II, IIIa and IVa), including one along a new
dynamical mechanism (II), making in total potentially 9
distinct ways to reach the observed DM abundance.

.

χ γ′

SM

e′

κ εeff

.

FIG. 1. The 3 sectors (blobs) and their 3 connections (lines).
In the limit of massless dark photon, (or more generally, as
εeff → 0, see text) the connection between the SM and dark
photons blob is absent.

As we will explain in the following sections, the 9 pro-
duction regimes can be read from this figure by consid-
ering the different ways through which the hidden sector
particles can be created and whether they are in thermal
equilibrium with each others and/or with the SM sector.
This is shown in Fig. I. There, one sees the 4 new regimes
that emerge in the case of massive dark photon (and so
are absent in the massless limit — see later) and noted
Ib, II, IIIa and (a priori, see however below) IVa. As
the solid arrow lines between the sectors mean to sug-
gest, they all correspond to regimes in which DM is cre-
ated from the SM sector via the production of real, on
mass-shell dark photons. All these regimes follow each
others along a characteristic pattern in the parameter

space, which in the sequel we call ”the phase diagram”
and that can be seen in Figs. 4 and 5 for two illustrative
hidden sector mass setups. Most interestingly, some of
these new regimes allow for DM production for values
of κ that are even smaller than in the case of standard
freeze-in (regime Ia). As we will see, whether a specific
regime is actually relevant will depend not only on the
connections parameters, but also on the DM and dark
photon masses.

.

χ γ′

SM

e′

κ εeff

.
(a) Ia

.

χ γ′

SM

e′

κ εeff

.
(b) Ib

.

χ γ′

SM

e′

κ εeff

.
(c) II

.

χ γ′

SM

e′

κ εeff

.
(d) IIIa & IVa

.

χ γ′

SM

e′

κ εeff

.
(e) IIIb & IVb

.

χ γ′

SM

e′

κ εeff

.
(f) Va

.

χ γ′

SM

e′

κ εeff

.
(g) Vb

FIG. 2. The 9 possible DM production regimes in the dark
photon scenario. A double sided arrow means that the two
corresponding sectors have reached chemical equilibrium; a
single sided arrow indicates slow out-of-equilibrium produc-
tion of one sector by the other one; a dashed line corresponds
to a subdominant interaction between the sectors. Regimes
Ia and Ib, II, IIIa and IIIb, IVa and IVb, Va and Vb are as-
sociated to 5 distinct mechanisms to produce the DM abun-
dance: the freeze-in (I), sequential freeze-in (II), reannihila-
tion (III), secluded freeze-out (IV) and freeze-out (V) mecha-
nisms respectively (see Sections III.1 and III.2). Notice that
the diagrams are identical for the reannihilation and secluded
freeze-out mechanisms. Note that the SM to γ′ connection is
parametrized by εeff when we take into account the thermal
corrections. Without such corrections, it is parametrized by
ε.
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What is a Feebly Interacting Particle (FIP)?

For the context of this talk: A FIP does not thermalize in the early universe.

Simplified DM (SUSY-like) Vector Portal Axion-Like Particle
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Figure 1. Representative Feynman diagram for scattering between DM and quarks.

{d, s, b} quarks, d̃ =
{
d̃, s̃, b̃

}
mediators, q = {u, d, s, c, b, t} quarks and q̃ =

{
ũ, d̃, s̃, c̃, b̃, t̃

}
mediators. In order to have a dark matter candidate which is uncolored or charged,

we restrict ourselves to the parameter space in which all of the mediator masses are

larger than Mχ.

Generation-dependent masses and couplings that are higher order in the Yukawa

couplings can be generated consistently with MFV and can be described (for example,

for the ũR model) by terms such as:

LFV =
(
δgDM ũ∗Y u†Y uχ̄PRu+ h.c.) + δm2 ũ∗Y u†Y uũ+O(Y 4).

)
, (2.6)

where Y u is the SM Yukawa matrix. For simplicity and to avoid potential strong

constraints from the null results of searches for flavor and CP-violation, we take

δgDM = δm2 = 0 and choose gDM to be real, from here onward.

3 Scattering with Heavy Nuclei

In the non-relativistic limit, dark matter scattering with a nucleus is described by

a spin-independent (SI) term, which at low momentum transfer resolves the entire

nucleus coherently leading to a cross section enhanced by the squared number of

scattering centers (nucleons); and a spin-dependent (SD) term, which couples to the

nucleon spin and typically enjoys no coherent enhancement for large nuclei.

We begin by reviewing some of the results of Reference [11], which represents

the baseline upon which our improvements build. At leading order (LO), the dark

matter interacts with a generic quark q via tree level exchange of its corresponding

mediator q̃, as shown in a representative Feynman diagram in Figure 1. The partonic

matrix element for interactions between fermionic (Dirac or Majorana) dark matter
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gether, these 4 mechanisms lead to 5 different regimes
through which the DM abundance can be reached in the
case of a massless dark photon. Indeed, the standard
freeze-out of the dark matter particles could occur either
through annihilation into SM particles (Vb regime) or
into the dark photons themselves (Va regime). We will
thus distinguish production mechanisms (classified using
Roman numerals) and regimes (distinguished using the
Latin letter a or b, as in the case of freeze-out).

The aim of the present work is to revisit this classifica-
tion of DM production mechanisms, taking into account
the possible effects of the mass of the dark photon. By
considering the dark photon model above, the generic
underlying structure we will be considering is that of a
system composed of 3 distinct particle sectors, together
with 3 possible connections between the sectors. This
structure is depicted in Fig. 1, again with a focus on the
kinetic mixing setup and its ingredients. So, the 3 sec-
tors (depicted as blobs) consist of the SM, the dark mat-
ter particle χ and the massive dark photon γ′, while the
connections between the sectors (depicted as lines) are
parameterized by the mixing ε̂ (or more precisely εeff ,
which will be defined below), the hidden fine structure
constant α′ and the ”millicharge” κ. Considering such a
structure, we will point out the existence of 4 new regimes
(noted Ib, II, IIIa and IVa), including one along a new
dynamical mechanism (II), making in total potentially 9
distinct ways to reach the observed DM abundance.

.

χ γ′

SM

e′

κ εeff

.

FIG. 1. The 3 sectors (blobs) and their 3 connections (lines).
In the limit of massless dark photon, (or more generally, as
εeff → 0, see text) the connection between the SM and dark
photons blob is absent.

As we will explain in the following sections, the 9 pro-
duction regimes can be read from this figure by consid-
ering the different ways through which the hidden sector
particles can be created and whether they are in thermal
equilibrium with each others and/or with the SM sector.
This is shown in Fig. I. There, one sees the 4 new regimes
that emerge in the case of massive dark photon (and so
are absent in the massless limit — see later) and noted
Ib, II, IIIa and (a priori, see however below) IVa. As
the solid arrow lines between the sectors mean to sug-
gest, they all correspond to regimes in which DM is cre-
ated from the SM sector via the production of real, on
mass-shell dark photons. All these regimes follow each
others along a characteristic pattern in the parameter

space, which in the sequel we call ”the phase diagram”
and that can be seen in Figs. 4 and 5 for two illustrative
hidden sector mass setups. Most interestingly, some of
these new regimes allow for DM production for values
of κ that are even smaller than in the case of standard
freeze-in (regime Ia). As we will see, whether a specific
regime is actually relevant will depend not only on the
connections parameters, but also on the DM and dark
photon masses.

.

χ γ′

SM

e′

κ εeff

.
(a) Ia

.

χ γ′

SM

e′

κ εeff

.
(b) Ib

.

χ γ′

SM
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κ εeff

.
(c) II

.

χ γ′

SM
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κ εeff

.
(d) IIIa & IVa

.

χ γ′

SM
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κ εeff

.
(e) IIIb & IVb

.

χ γ′

SM

e′

κ εeff

.
(f) Va

.

χ γ′

SM

e′

κ εeff

.
(g) Vb

FIG. 2. The 9 possible DM production regimes in the dark
photon scenario. A double sided arrow means that the two
corresponding sectors have reached chemical equilibrium; a
single sided arrow indicates slow out-of-equilibrium produc-
tion of one sector by the other one; a dashed line corresponds
to a subdominant interaction between the sectors. Regimes
Ia and Ib, II, IIIa and IIIb, IVa and IVb, Va and Vb are as-
sociated to 5 distinct mechanisms to produce the DM abun-
dance: the freeze-in (I), sequential freeze-in (II), reannihila-
tion (III), secluded freeze-out (IV) and freeze-out (V) mecha-
nisms respectively (see Sections III.1 and III.2). Notice that
the diagrams are identical for the reannihilation and secluded
freeze-out mechanisms. Note that the SM to γ′ connection is
parametrized by εeff when we take into account the thermal
corrections. Without such corrections, it is parametrized by
ε.
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Figure 1. ALPs parameter space with current constraints (last update: July 2020). The collected limits,
references and plots are available in the git-hub repository: https://cajohare.github.io/AxionLimits/
(accessed on June, 3rd 2020).

A real “treasure” for the experimental detectability of ALPs is the term representing the
axion coupling to photons through the two-photon vertex, shown in Figure 2. The mentioned
term is

Laγγ = −
gaγγ

4
Fµν F̃µνa = gaγγ~E · ~Ba, (3)

where gaγγ is the photon-ALP coupling, Fµν the strength tensor of the electromagnetic field,
F̃µν its dual, a is the axion field with mass ma, ~E is the electric field of a beam photon, and ~B is
the external1 magnetic field. This effect, explained as the photon-ALP conversion, occurs in
magnetic fields and is the basis of many experiments in the search for ALPs.

Figure 2. Feynman diagram of photon-axion coupling vertex.

More recently, axions were also proposed as viable Dark Matter (DM) particle candidates.
The reason for this relies upon their small mass, combined with a possibly large decay constant
fa ' 1012 GeV. Since they are connected to spontaneous symmetry breaking, they could have
been produced in the early Universe via “misalignment” mechanisms. As such, they could
represent a substantial fraction of DM. Arias et al. [11] report that, in order to explain the

1 By external magnetic field, we mean that the field is present outside the photon-ALP system itself and not generated during or by the interaction.
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For the context of this talk: A FIP does not thermalize in the early universe.

LLP searches

100 200 300 400 500 600 700 800 900 1000
mP [GeV]

10−4

10−3

10−2

10−1

100

101

102

c
τ

[m
]

DL
CM

S

DL ATLAS

DT

HSCP

mDM = 12 keV

k = 2, Trh = 20 GeV

k = 4 Fermionic

k = 4 Bosonic

k = 2, Trh = 102 GeV

k = 4 Fermionic

k = 4 Bosonic

k = 2,4 ,Trh = 104 GeV

2

gether, these 4 mechanisms lead to 5 different regimes
through which the DM abundance can be reached in the
case of a massless dark photon. Indeed, the standard
freeze-out of the dark matter particles could occur either
through annihilation into SM particles (Vb regime) or
into the dark photons themselves (Va regime). We will
thus distinguish production mechanisms (classified using
Roman numerals) and regimes (distinguished using the
Latin letter a or b, as in the case of freeze-out).

The aim of the present work is to revisit this classifica-
tion of DM production mechanisms, taking into account
the possible effects of the mass of the dark photon. By
considering the dark photon model above, the generic
underlying structure we will be considering is that of a
system composed of 3 distinct particle sectors, together
with 3 possible connections between the sectors. This
structure is depicted in Fig. 1, again with a focus on the
kinetic mixing setup and its ingredients. So, the 3 sec-
tors (depicted as blobs) consist of the SM, the dark mat-
ter particle χ and the massive dark photon γ′, while the
connections between the sectors (depicted as lines) are
parameterized by the mixing ε̂ (or more precisely εeff ,
which will be defined below), the hidden fine structure
constant α′ and the ”millicharge” κ. Considering such a
structure, we will point out the existence of 4 new regimes
(noted Ib, II, IIIa and IVa), including one along a new
dynamical mechanism (II), making in total potentially 9
distinct ways to reach the observed DM abundance.
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FIG. 1. The 3 sectors (blobs) and their 3 connections (lines).
In the limit of massless dark photon, (or more generally, as
εeff → 0, see text) the connection between the SM and dark
photons blob is absent.

As we will explain in the following sections, the 9 pro-
duction regimes can be read from this figure by consid-
ering the different ways through which the hidden sector
particles can be created and whether they are in thermal
equilibrium with each others and/or with the SM sector.
This is shown in Fig. I. There, one sees the 4 new regimes
that emerge in the case of massive dark photon (and so
are absent in the massless limit — see later) and noted
Ib, II, IIIa and (a priori, see however below) IVa. As
the solid arrow lines between the sectors mean to sug-
gest, they all correspond to regimes in which DM is cre-
ated from the SM sector via the production of real, on
mass-shell dark photons. All these regimes follow each
others along a characteristic pattern in the parameter

space, which in the sequel we call ”the phase diagram”
and that can be seen in Figs. 4 and 5 for two illustrative
hidden sector mass setups. Most interestingly, some of
these new regimes allow for DM production for values
of κ that are even smaller than in the case of standard
freeze-in (regime Ia). As we will see, whether a specific
regime is actually relevant will depend not only on the
connections parameters, but also on the DM and dark
photon masses.
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FIG. 2. The 9 possible DM production regimes in the dark
photon scenario. A double sided arrow means that the two
corresponding sectors have reached chemical equilibrium; a
single sided arrow indicates slow out-of-equilibrium produc-
tion of one sector by the other one; a dashed line corresponds
to a subdominant interaction between the sectors. Regimes
Ia and Ib, II, IIIa and IIIb, IVa and IVb, Va and Vb are as-
sociated to 5 distinct mechanisms to produce the DM abun-
dance: the freeze-in (I), sequential freeze-in (II), reannihila-
tion (III), secluded freeze-out (IV) and freeze-out (V) mecha-
nisms respectively (see Sections III.1 and III.2). Notice that
the diagrams are identical for the reannihilation and secluded
freeze-out mechanisms. Note that the SM to γ′ connection is
parametrized by εeff when we take into account the thermal
corrections. Without such corrections, it is parametrized by
ε.
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Figure 1. ALPs parameter space with current constraints (last update: July 2020). The collected limits,
references and plots are available in the git-hub repository: https://cajohare.github.io/AxionLimits/
(accessed on June, 3rd 2020).

A real “treasure” for the experimental detectability of ALPs is the term representing the
axion coupling to photons through the two-photon vertex, shown in Figure 2. The mentioned
term is

Laγγ = −
gaγγ

4
Fµν F̃µνa = gaγγ~E · ~Ba, (3)

where gaγγ is the photon-ALP coupling, Fµν the strength tensor of the electromagnetic field,
F̃µν its dual, a is the axion field with mass ma, ~E is the electric field of a beam photon, and ~B is
the external1 magnetic field. This effect, explained as the photon-ALP conversion, occurs in
magnetic fields and is the basis of many experiments in the search for ALPs.

Figure 2. Feynman diagram of photon-axion coupling vertex.

More recently, axions were also proposed as viable Dark Matter (DM) particle candidates.
The reason for this relies upon their small mass, combined with a possibly large decay constant
fa ' 1012 GeV. Since they are connected to spontaneous symmetry breaking, they could have
been produced in the early Universe via “misalignment” mechanisms. As such, they could
represent a substantial fraction of DM. Arias et al. [11] report that, in order to explain the

1 By external magnetic field, we mean that the field is present outside the photon-ALP system itself and not generated during or by the interaction.
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What is a Feebly Interacting Particle (FIP)?

For the context of this talk: A FIP does not thermalize in the early universe.
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Figure 4: Figures are adapted and updated from BRN report [94]. Top left: Current 90% c.l. constraints on
DM-electron scattering through a heavy mediator from direct-detection experiments (including bounds on
the solar-reflected DM component) (beige, as in Fig. 1 and from [204], but see also [203, 212]) together
with approximate regions in parameter space that can be explored in the next ∼5 years (“near-term”, green)
and on longer timescales (“far-term”, blue). Orange regions labelled “Key Milestone” represent concrete
dark-matter benchmark models and are the same as in the BRN report [94]. Along the dotted line DM
would produce about three events in an exposure of 100 gram-year, assuming scattering off electrons in
a hypothetical target material with zero threshold. Top right: As for left plot, but assuming DM-nuclear
scattering; direct-detection bounds are from [50, 51, 56, 213, 214], while the cosmic-ray accelerated DM
bounds are from [42, 59]. Bottom left: As for top-left plot, but assuming scattering through an ultralight
mediator. Direct-detection bounds are as in Fig. 1, while other bounds are collected in [10, 57, 203]. Green
region at large cross section values is allowed for a subdominant DM component [57]. Bottom right: As for
top-left plot, but for the case of dark-photon dark matter absorption (bounds are as in Fig. 1).

will then depend both on the nature of the interaction with the target, and on the sensitiv-
ity of the readout. The former is covered in Sec. 2, and we note that sensitivity to ER also
implies sensitivity to DM-nucleus interactions via Bremsstrahlung and the Migdal effect. In
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Figure 1. ALPs parameter space with current constraints (last update: July 2020). The collected limits,
references and plots are available in the git-hub repository: https://cajohare.github.io/AxionLimits/
(accessed on June, 3rd 2020).

A real “treasure” for the experimental detectability of ALPs is the term representing the
axion coupling to photons through the two-photon vertex, shown in Figure 2. The mentioned
term is

Laγγ = −
gaγγ

4
Fµν F̃µνa = gaγγ~E · ~Ba, (3)

where gaγγ is the photon-ALP coupling, Fµν the strength tensor of the electromagnetic field,
F̃µν its dual, a is the axion field with mass ma, ~E is the electric field of a beam photon, and ~B is
the external1 magnetic field. This effect, explained as the photon-ALP conversion, occurs in
magnetic fields and is the basis of many experiments in the search for ALPs.

Figure 2. Feynman diagram of photon-axion coupling vertex.

More recently, axions were also proposed as viable Dark Matter (DM) particle candidates.
The reason for this relies upon their small mass, combined with a possibly large decay constant
fa ' 1012 GeV. Since they are connected to spontaneous symmetry breaking, they could have
been produced in the early Universe via “misalignment” mechanisms. As such, they could
represent a substantial fraction of DM. Arias et al. [11] report that, in order to explain the

1 By external magnetic field, we mean that the field is present outside the photon-ALP system itself and not generated during or by the interaction.
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Figure 4: Figures are adapted and updated from BRN report [94]. Top left: Current 90% c.l. constraints on
DM-electron scattering through a heavy mediator from direct-detection experiments (including bounds on
the solar-reflected DM component) (beige, as in Fig. 1 and from [204], but see also [203, 212]) together
with approximate regions in parameter space that can be explored in the next ∼5 years (“near-term”, green)
and on longer timescales (“far-term”, blue). Orange regions labelled “Key Milestone” represent concrete
dark-matter benchmark models and are the same as in the BRN report [94]. Along the dotted line DM
would produce about three events in an exposure of 100 gram-year, assuming scattering off electrons in
a hypothetical target material with zero threshold. Top right: As for left plot, but assuming DM-nuclear
scattering; direct-detection bounds are from [50, 51, 56, 213, 214], while the cosmic-ray accelerated DM
bounds are from [42, 59]. Bottom left: As for top-left plot, but assuming scattering through an ultralight
mediator. Direct-detection bounds are as in Fig. 1, while other bounds are collected in [10, 57, 203]. Green
region at large cross section values is allowed for a subdominant DM component [57]. Bottom right: As for
top-left plot, but for the case of dark-photon dark matter absorption (bounds are as in Fig. 1).

will then depend both on the nature of the interaction with the target, and on the sensitiv-
ity of the readout. The former is covered in Sec. 2, and we note that sensitivity to ER also
implies sensitivity to DM-nucleus interactions via Bremsstrahlung and the Migdal effect. In
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What do we do?
→ Calculate the DM production rate in the real time formalism of thermal QFT

→ Compare out results to:

• Thermal QFT calculations in Hard Thermal Loop approximation

• Boltzmann approach employing scattering rates regulated with thermal
masses

Models: s (scalar DM), F (gauge charged Parent), f (SM Fermion)

Lint = yDM f̄SM F s + h.c.

Relevant Parameters

G =
∑

i

C2(Ri)g2
i (mF) , δ =

mF − mDM

mDM
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DM Time Evolution

ṅDM + 3HnDM = γDM ∼
∫

d3pΠA
DM

EDM
fDM (EDM)

Spectral Self-Energy ΠA
DM = −ImΠR

DM =

f

F

DM DM

DM Self-Energy

ΠA
DM (P) ∼

∫
dK SA

F (K) SA
f (K − P) + higher order contributions
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Resummed Propagators

....

→ scattering contributions also arise at leading order of the effective action (DM
self-energy) expansion

Mathias Becker DPG Früjahrstagung, April 2025 5/18



Resummed Propagators

....

→ scattering contributions also arise at leading order of the effective action (DM
self-energy) expansion
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Spectral Propagator

Free Propagator

/SA
(k) ∼ δ

(
k2

)
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Spectral Propagator
Thermal Mass

/SA
(k) ∼ δ

(
k2 − m2

th

)
, m2

th =
G
2 T2
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HTL Resummed

/SA
(k) ∼ δ

(
k2 − ΣH(k)

)
+ /SA

cont.

The HTL approximation:
• assumes a large temperature limit

T � M
• is an expansion in G/π
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Spectral Propagator
1PI-Resummed

/SA
(k) ∼ (/k − /Σ

H
)

Γ(k)
Ω2(k) + Γ2(k) − /Σ

A
(k) Ω(k)

Ω2(k) + Γ2(k)
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Spectral Propagator

1 2 3 4 5

1

2

3

4

5

1

2

3

4

HTL approximation simplifies numerics but only reliable for k . gT!
Freeze-In occurs around T ∼ M → breakdown of HTL.

Method we use:
Full form of resummed propagator
[Rychkov, Strumia(2007)])
[Drewes, Kang (2013)])
[Hamaguchi, Moroi, Mukaida(2011)])

Alternative method:
Match at scale gT
[Biondini, Ghiglieri(2020)])
[Ghiglieri, Laine(2020)])
[Bolz, Brandenburg, Buchmüller(2001)])
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Results: Vacuum Decays

-1 -7/9 -5/9 -1/3 -1/9 1/9 1/3 5/9 7/9 1

1.6

1.5

1.4

1.3

1.2

1.1

1.0

0.9

0.8

0.7

0.6

0.5

0.4 -65% -33% -7% 13% 15% 17% 17% 15% 12% 14%

-70% -41% -14% 4% 11% 16% 15% 16% 13% 13%

-73% -47% -19% 0% 12% 12% 12% 12% 11% 12%

-76% -52% -24% -5% 5% 8% 9% 11% 10% 9%

-78% -55% -27% -7% 4% 8% 9% 8% 9% 7%

-80% -58% -31% -10% 1% 5% 6% 7% 6% 6%

-81% -61% -34% -13% 0% 3% 4% 5% 5% 5%

-82% -63% -37% -16% -4% 1% 3% 4% 4% 4%

-83% -65% -39% -18% -5% 0% 2% 3% 3% 3%

-84% -66% -42% -19% -6% 0% 2% 3% 3% 3%

-85% -68% -43% -21% -8% -1% 1% 2% 2% 1%

-85% -69% -45% -23% -9% -2% 0% 1% 1% 1%

-86% -69% -47% -25% -10% -3% 0% 1% 1% 1%

→ Strongly underestimates ΩDM for
small mass splittings.

→ (Accidentally) correct for cer-
tain parameters.

→ Including thermal masses only
for decays worsens the result!
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Results: Thermal Masses for Decays and Scatterings

-1 -7/9 -5/9 -1/3 -1/9 1/9 1/3 5/9 7/9 1

1.6

1.5

1.4

1.3

1.2

1.1

1.0

0.9

0.8

0.7

0.6

0.5

0.4 -7% 8% 23% 37% 35% 34% 33% 30% 26% 28%

-9% 3% 19% 30% 34% 36% 33% 34% 29% 30%

-10% 0% 15% 28% 36% 33% 31% 31% 30% 31%

-11% -3% 12% 24% 31% 31% 31% 32% 30% 29%

-11% -5% 10% 24% 31% 33% 32% 31% 31% 29%

-11% -6% 8% 22% 29% 31% 31% 30% 29% 29%

-12% -8% 6% 20% 30% 30% 30% 30% 29% 29%

-11% -8% 4% 18% 27% 30% 30% 30% 30% 29%

-11% -9% 3% 17% 26% 30% 30% 30% 30% 30%

-9% -8% 2% 17% 26% 30% 31% 31% 31% 31%

-9% -8% 1% 15% 26% 30% 31% 31% 31% 29%

-9% -9% 0% 14% 25% 30% 32% 32% 31% 31%

-8% -6% -1% 13% 25% 31% 32% 32% 32% 32%

→ Underestimates ΩDM for small
mass splittings.

→ Overestimates ΩDM for large
mass splittings.

→ Including Fermi-Dirac/Bose-
Einstein statistics reduces deviation
in ∼ half.
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Results: Hard Thermal Loop Approximation

-1 -7/9 -5/9 -1/3 -1/9 1/9 1/3 5/9 7/9 1

1.6

1.5

1.4

1.3

1.2

1.1

1.0

0.9

0.8

0.7

0.6

0.5

0.4 19% 15% 8% 9% 5% 5% 6% 4% 1% 0%

20% 15% 9% 6% 6% 7% 5% 7% 3% 1%

21% 16% 10% 7% 9% 5% 4% 4% 3% 2%

22% 16% 11% 6% 5% 4% 3% 5% 3% 0%

21% 16% 12% 7% 6% 6% 4% 3% 4% 0%

22% 17% 12% 8% 6% 4% 3% 3% 3% 0%

22% 18% 12% 8% 7% 4% 3% 3% 3% 0%

23% 18% 13% 8% 6% 4% 3% 3% 3% 0%

23% 19% 14% 9% 6% 5% 4% 3% 3% 1%

26% 20% 14% 10% 7% 6% 5% 4% 4% 4%

26% 20% 14% 10% 8% 6% 5% 4% 4% 2%

26% 21% 14% 11% 8% 7% 6% 5% 4% 4%

27% 25% 15% 11% 9% 7% 6% 5% 5% 5%

→ Overestimates ΩDM for small mass
splittings.

→ Percent level accurate ΩDM
for large mass splittings.

→ Better results for smaller ef-
fective gauge couplings G.
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Takeaways:
→ IR freeze-in dynamics most relevant at T ∼ M: Complicates calculation of the
interaction rate.
→ The accuracy of the analyzed methods varies with model parameters, ranging
from percent-level precision to nearly missing complete the contribution, with
typical deviations of O(10%).

Necessary extention:
→ Inclusion of the LPM effect arising at NLO of the effective action: Will be
included in a follow paper soon!

Mathias Becker DPG Früjahrstagung, April 2025 11/18



Part II: Thermal Axions

Photophilic ALP

L ⊃ 1
2∂µa∂µa +

1
2m2

aa2 − 1
4BµνBµν − ciαi

8πfa
aBµνB̃µν
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Figure 2. ALP momentum distribution. Left panel: In blue we show the photophilic case for
Maxwell-Boltzmann statistics; black lines represent the photophilic case with quantum statistics and
in green we show the photophobic case for Maxwell-Boltzmann statistics. For each, the dashed (dot-
dashed) line represents f̄f → V a (fV → fa) and the solid line is their sum. The vertical dashed
line marks p = g′T , left of which thermal corrections should be added [33]. Right panel: Photophilic
scenario for Maxwell-Boltzmann and quantum statistics in QED, namely, with only a single fermion
with unit electric charge included.

in the photophobic scenario. In these expressions, erf is the error and Γ(a, x) is the incomplete
Gamma function. In both (2.17) and (2.18), the first term in the curly brackets comes from
the fermion annihilation process ff̄ → V a, while the second arises from scattering fV → fa.

The left panel of Figure 2 shows the momentum distribution obtained for the photophilic
(blue) and photophobic (green) ALP DM, in units of M0TRHc

2
a/f

2
a , where ca denotes caγγ

or caff , respectively. The black lines correspond to the photophilic case with quantum
statistics, and will be discussed later (see Sec. 2.2 below). The dashed lines represent the
contribution from fermion annihilation, the dot-dashed ones correspond to fermion scattering,
and solid lines are the sum. We rescaled the photophobic ALP lines by TRH/κf , as otherwise,
for caγγ ∼ caff choice, green lines would not be visible on the same panel next to those
corresponding to photophilic ALP. Moreover, since for the photophobic ALP f(x) ∝ mf q

2nc,
with such rescaling the computed green curve is independent of the fermion choice. It can
be seen from the plot that, if both caγγ and caff are present, the contribution from caff is
negligible as long as caff . caγγTRH/mf .

Importantly, at p/T ' 4× 10−2 the dot-dashed blue line turns negative and hence the
momentum distribution becomes unphysical for smaller values of p/T . The reason for that is
a simplified treatment of the IR divergence in the t-channel photon exchange diagram. For
the purpose of our computations, we make a sharp cut at the location where the function
turns negative. In the case of a Maxwell-Boltzmann distribution, we inferred this condition
to be

p/T = Exp [−1/4 + γE ]
m2
γ

4T 2
. (2.19)

– 7 –

from [Baumholzer et. al(2021)]

Figure 4: Energy fraction of gravitational waves per logarithmic frequency interval from the pri-
mordial thermal plasma in the SM, cf. Eq. (2.19). From top to bottom, the solid lines correspond
to the following maximal temperatures: Tmax = MP (violet), 1016 GeV (blue), 1013 GeV (green),
1010 GeV (orange), 108 GeV (red), 105 GeV (dark red), 103 GeV (black). The dashed lines give
the projected sensitivities for planned gravitational wave experiments.

bang. The peaks in the spectra, for different Tmax, occur around 80 GHz, less than 10 % higher
than the generic estimate (2.24) based on the analytic approximation (2.21) and the leading-log
result for η̂(T, k̂), while they are reproduced with an accuracy of the order of 3% or better (1% or
better for hCGMB

c ) by the formulae (2.38) and (2.34).
To end this section, let us note that the theoretical uncertainty of the above results for h2ΩCGMB

in the SM is of the order of 0.1%. This has been estimated by considering the effect of varying
the renormalization scale by a factor of 2, and by considering values between -3000 GeV and 3000
GeV of the unknown parameter qc appearing in the three-loop contributions to the QCD pressure
of Ref. [29]. Note that the final uncertainty is one order of magnitude lower than the maximal
theoretical uncertainties found for η̂; this is due to cancellations between the variations of η̂ and
the effective numbers of degrees of freedom.

2.4 CGMB in minimal BSM models explaining neutrino masses, DM, and the
BAU

So far, our predictions were based on the assumption that the SM is valid up to the Planck scale,
and the value of the temperature Tmax was left unspecified. However, there is a strong case for
BSM physics. It is definitely required to explain neutrino masses and mixing, the origin of the non-
baryonic DM, and the BAU. Therefore, we consider now two minimalistic extensions of the SM
which solve also these problems. In addition to the latter issues, these models also accommodate
realizations of the inflation mechanism, which can address the flatness and horizon problems asso-

17

from [Ringwald et. al(2020)], see also [Ghiglieri et.
al(2015)]

Goal: Obtain production rate at g4T ≤ p ≤ gT
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Figure 2. ALP momentum distribution. Left panel: In blue we show the photophilic case for
Maxwell-Boltzmann statistics; black lines represent the photophilic case with quantum statistics and
in green we show the photophobic case for Maxwell-Boltzmann statistics. For each, the dashed (dot-
dashed) line represents f̄f → V a (fV → fa) and the solid line is their sum. The vertical dashed
line marks p = g′T , left of which thermal corrections should be added [33]. Right panel: Photophilic
scenario for Maxwell-Boltzmann and quantum statistics in QED, namely, with only a single fermion
with unit electric charge included.

in the photophobic scenario. In these expressions, erf is the error and Γ(a, x) is the incomplete
Gamma function. In both (2.17) and (2.18), the first term in the curly brackets comes from
the fermion annihilation process ff̄ → V a, while the second arises from scattering fV → fa.

The left panel of Figure 2 shows the momentum distribution obtained for the photophilic
(blue) and photophobic (green) ALP DM, in units of M0TRHc
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a , where ca denotes caγγ

or caff , respectively. The black lines correspond to the photophilic case with quantum
statistics, and will be discussed later (see Sec. 2.2 below). The dashed lines represent the
contribution from fermion annihilation, the dot-dashed ones correspond to fermion scattering,
and solid lines are the sum. We rescaled the photophobic ALP lines by TRH/κf , as otherwise,
for caγγ ∼ caff choice, green lines would not be visible on the same panel next to those
corresponding to photophilic ALP. Moreover, since for the photophobic ALP f(x) ∝ mf q

2nc,
with such rescaling the computed green curve is independent of the fermion choice. It can
be seen from the plot that, if both caγγ and caff are present, the contribution from caff is
negligible as long as caff . caγγTRH/mf .

Importantly, at p/T ' 4× 10−2 the dot-dashed blue line turns negative and hence the
momentum distribution becomes unphysical for smaller values of p/T . The reason for that is
a simplified treatment of the IR divergence in the t-channel photon exchange diagram. For
the purpose of our computations, we make a sharp cut at the location where the function
turns negative. In the case of a Maxwell-Boltzmann distribution, we inferred this condition
to be

p/T = Exp [−1/4 + γE ]
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γ
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Figure 4: Energy fraction of gravitational waves per logarithmic frequency interval from the pri-
mordial thermal plasma in the SM, cf. Eq. (2.19). From top to bottom, the solid lines correspond
to the following maximal temperatures: Tmax = MP (violet), 1016 GeV (blue), 1013 GeV (green),
1010 GeV (orange), 108 GeV (red), 105 GeV (dark red), 103 GeV (black). The dashed lines give
the projected sensitivities for planned gravitational wave experiments.

bang. The peaks in the spectra, for different Tmax, occur around 80 GHz, less than 10 % higher
than the generic estimate (2.24) based on the analytic approximation (2.21) and the leading-log
result for η̂(T, k̂), while they are reproduced with an accuracy of the order of 3% or better (1% or
better for hCGMB

c ) by the formulae (2.38) and (2.34).
To end this section, let us note that the theoretical uncertainty of the above results for h2ΩCGMB

in the SM is of the order of 0.1%. This has been estimated by considering the effect of varying
the renormalization scale by a factor of 2, and by considering values between -3000 GeV and 3000
GeV of the unknown parameter qc appearing in the three-loop contributions to the QCD pressure
of Ref. [29]. Note that the final uncertainty is one order of magnitude lower than the maximal
theoretical uncertainties found for η̂; this is due to cancellations between the variations of η̂ and
the effective numbers of degrees of freedom.

2.4 CGMB in minimal BSM models explaining neutrino masses, DM, and the
BAU

So far, our predictions were based on the assumption that the SM is valid up to the Planck scale,
and the value of the temperature Tmax was left unspecified. However, there is a strong case for
BSM physics. It is definitely required to explain neutrino masses and mixing, the origin of the non-
baryonic DM, and the BAU. Therefore, we consider now two minimalistic extensions of the SM
which solve also these problems. In addition to the latter issues, these models also accommodate
realizations of the inflation mechanism, which can address the flatness and horizon problems asso-

17

from [Ringwald et. al(2020)], see also [Ghiglieri et.
al(2015)]

Goal: Obtain production rate at g4T ≤ p ≤ gT
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Figure 2. ALP momentum distribution. Left panel: In blue we show the photophilic case for
Maxwell-Boltzmann statistics; black lines represent the photophilic case with quantum statistics and
in green we show the photophobic case for Maxwell-Boltzmann statistics. For each, the dashed (dot-
dashed) line represents f̄f → V a (fV → fa) and the solid line is their sum. The vertical dashed
line marks p = g′T , left of which thermal corrections should be added [33]. Right panel: Photophilic
scenario for Maxwell-Boltzmann and quantum statistics in QED, namely, with only a single fermion
with unit electric charge included.
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Gamma function. In both (2.17) and (2.18), the first term in the curly brackets comes from
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the purpose of our computations, we make a sharp cut at the location where the function
turns negative. In the case of a Maxwell-Boltzmann distribution, we inferred this condition
to be

p/T = Exp [−1/4 + γE ]
m2
γ

4T 2
. (2.19)

– 7 –

from [Baumholzer et. al(2021)]
Figure 4: Energy fraction of gravitational waves per logarithmic frequency interval from the pri-
mordial thermal plasma in the SM, cf. Eq. (2.19). From top to bottom, the solid lines correspond
to the following maximal temperatures: Tmax = MP (violet), 1016 GeV (blue), 1013 GeV (green),
1010 GeV (orange), 108 GeV (red), 105 GeV (dark red), 103 GeV (black). The dashed lines give
the projected sensitivities for planned gravitational wave experiments.

bang. The peaks in the spectra, for different Tmax, occur around 80 GHz, less than 10 % higher
than the generic estimate (2.24) based on the analytic approximation (2.21) and the leading-log
result for η̂(T, k̂), while they are reproduced with an accuracy of the order of 3% or better (1% or
better for hCGMB

c ) by the formulae (2.38) and (2.34).
To end this section, let us note that the theoretical uncertainty of the above results for h2ΩCGMB
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Braaten/Buchmüller thermal axions

P ∼ T

K − P

K

P ∼ T

= + + + . . .

K
gT

HTL-resummed free

Improved matching/substraction and alternative scheme discussed in [Bouzoud,Ghiglieri (2024)]
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Soft thermal axions

P . gT

K − P

K

P . gT

= + + + . . .

K
gT

HTL-resummed free

1PI-resummed
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Reminder: ρHTL ∼ δ(K2 − m2) + θ(−K2)ρcont.

1 loop, included

2 loops, included

3 loops, included

3 loops, not included

1 → 2, 2 → 1
B → Ba
BB → a

2 → 2
ψiψ̄i → Ba
ψiB → ψia

2 → 3, 3 → 2
ψiψj → ψiψja
ψiψ̄iψj → ψja

2 → 3, 3 → 2

ψiψ̄i → BBa
ψiB → ψiBa
BB → ψiψ̄ia
ψiψ̄iB → Ba
ψiBB → ψia

Double Timelike: (Inverse) Decays
Time-Spacelike: 2 ↔ 2 scatterings
Double Spacelike: 2 ↔ 3 scatterings
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Reminder: ρHTL ∼ δ(K2 − m2) + θ(−K2)ρcont.

1 loop, included

2 loops, included

3 loops, included

3 loops, not included

1 → 2, 2 → 1
B → Ba
BB → a

2 → 2
ψiψ̄i → Ba
ψiB → ψia

2 → 3, 3 → 2
ψiψj → ψiψja
ψiψ̄iψj → ψja

2 → 3, 3 → 2

ψiψ̄i → BBa
ψiB → ψiBa
BB → ψiψ̄ia
ψiψ̄iB → Ba
ψiBB → ψia

Double Timelike: (Inverse) Decays → kinematically suppressed
Time-Spacelike: 2 ↔ 2 scatterings
Double Spacelike: 2 ↔ 3 scatterings
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Reminder: ρHTL ∼ δ(K2 − m2) + θ(−K2)ρcont.

1 loop, included

2 loops, included

3 loops, included

3 loops, not included

1 → 2, 2 → 1
B → Ba
BB → a

2 → 2
ψiψ̄i → Ba
ψiB → ψia
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ψiψj → ψiψja
ψiψ̄iψj → ψja

2 → 3, 3 → 2

ψiψ̄i → BBa
ψiB → ψiBa
BB → ψiψ̄ia
ψiψ̄iB → Ba
ψiBB → ψia

Double Timelike: (Inverse) Decays → kinematically suppressed
Time-Spacelike: 2 ↔ 2 scatterings → dominates at hard ALP momentum
Double Spacelike: 2 ↔ 3 scatterings
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Reminder: ρHTL ∼ δ(K2 − m2) + θ(−K2)ρcont.

1 loop, included

2 loops, included

3 loops, included

3 loops, not included

1 → 2, 2 → 1
B → Ba
BB → a

2 → 2
ψiψ̄i → Ba
ψiB → ψia

2 → 3, 3 → 2
ψiψj → ψiψja
ψiψ̄iψj → ψja

2 → 3, 3 → 2

ψiψ̄i → BBa
ψiB → ψiBa
BB → ψiψ̄ia
ψiψ̄iB → Ba
ψiBB → ψia

Double Timelike: (Inverse) Decays → kinematically suppressed
Time-Spacelike: 2 ↔ 2 scatterings → dominates at hard ALP momentum
Double Spacelike: 2 ↔ 3 scatterings → dominates at soft ALP momentum
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Soft momentum scaling

K2 > 0 ∧ (K − P)2 < 0
↓

k & g2T2

p

Time-Spacelike (2 ↔2)

• ΠTS ∼ exp(−g2T/p)
• Exponential suppression for p < g2T

Double Spacelike (2 ↔3)

• ΠSS ∼ p4/3

• Only power-law suppression

Conclusion: 2 → 3 scatterings dominate the interaction rate.
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Results

1PI

HTL

Cut

10-3 10-2 10-1 100 10110-2

10-1

100

101

p/T

f(
p
)f

a2
c H2

/M
P

lT
rh

Pg4T g2T gT

Hydrodynamics

2 → 3 scatterings (spacelike)

2 → 3 scatterings (timelike) 2 ↔ 2 scatterings
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1PI

HTL

Cut

10-3 10-2 10-1 100 10110-2

10-1

100

101

p/T

f(
p
)f

a2
c H2

/M
P

lT
rh

Integrated quantities such as:

n ∼
∫

d3p f(p)

〈p〉 ∼
∫

d3p p f(p)

are only moderately affected (O(1−
10%)).

Pg4T g2T gT

Hydrodynamics

2 → 3 scatterings (spacelike)

2 → 3 scatterings (timelike) 2 ↔ 2 scatterings
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1 loop, included

2 loops, included

3 loops, included

3 loops, not included

1 → 2, 2 → 1
B → Ba
BB → a

2 → 2
ψiψ̄i → Ba
ψiB → ψia

2 → 3, 3 → 2
ψiψj → ψiψja
ψiψ̄iψj → ψja

2 → 3, 3 → 2

ψiψ̄i → BBa
ψiB → ψiBa
BB → ψiψ̄ia
ψiψ̄iB → Ba
ψiBB → ψia

Full leading order result

• Must include all self-energies im-
plying 2 → 3 scatterings.

• Requires extension beyond simple
1-loop 1PI-resummation.

• We include soft ALP radiation from
virtual photons

• We do not include soft ALP emis-
sion from real photons yet.
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Conclusion

• A gap in the interaction rate exists for g4T ≤ p ≤ gT, relevant e.g. ALPs,
gravitons.

• Extrapolating the leading-order rate from hard (p & gT) to soft momenta
yields unphysical (negative) rates.

• For p . g2T, 2 → 3 scatterings dominate, but full leading-order accuracy is
still in progress.

• Impact on integrated quantities (e.g., number density, 〈p〉) is relatively small
(∼ 10%) but crucial for full momentum dependence, affecting e.g. the
gravitational wave spectrum and possibly Neff.
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Closed Time Path (CTP/Keldyish-Schwinger/real time) formalism

Construct 2 particle irreducible
(2PI) effective action Γ

Compute observables
on the closed time path

Kadanoff-Baym equations

Boltzmann-like evolution equation

Find E.o.M. δΓ
δ∆

= δΓ
δS = 0

Kadanoff-Baym Ansatz

for details see [Garbrecht(2018)],[Berges(2004)],[Prokopec et. al(2003)]
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Results

We compare
• Complete 1PI-resummed results (our work)
• Hard Thermal Loop resummed results
• Boltzmann Equations with scatterings regulated by thermal masses
• Leading Order Vacuum results

in terms of two relevant parameters
• the effective gauge coupling G =

∑
i C2 (Ri) g2

i ∈ [0.4, 1.6]
• the mass splitting between the parent F and DM δ = 1−mDM/mF ∈ [0.1, 10]
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1PI-resummed Interacaction Rates from the CTP
Fit of the Interaction Rate

γDM

y2
DMT4 = Az3K1 (az)︸ ︷︷ ︸

Decays

+BzK1 (bz)︸ ︷︷ ︸
Scatterings

0.01 0.05 0.10 0.50 1 5

0.0005

0.0010

0.0015

0.0020

Ultra-relativistic limit

Bb−1 = 5 · 10−4G − 1.66 · 10−4G lnG

Non-relativistic limit

Aa−0.5 = 0.033 δ2(δ + 2)2

16π(1 + δ)4

Goal: Eventually provide all 4 parameters of this fit in terms of G and δ.
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Quality of the Approximation Schemes

Boltzmann/Thermal Mass Approach:
• Underestimates Scattering Contribution

• Overestimates Decay Contribution

Hard Thermal Loop Approximation:
• Overestimates Scattering Contribution

• (Somewhat) accurately captures Decay Contribution
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Models

Y SU(2) SU(3) G µ = MZ 104 GeV 107 GeV 1010 GeV

eL −1/2 2 1 g2
1

4 +
3g2

2
4 0.38 0.4 0.46 0.52

uL +1/6 2 3 g2
1

36 +
3g2

2
4 +

4g2
3

3 2.3 1.6 1.2 1.0

dL +1/6 2 3 g2
1

36 +
3g2

2
4 +

4g2
3

3 2.3 1.6 1.2 1.0
eR −1 1 1 g2

1 0.21 0.22 0.24 0.26

uR +2/3 1 3 4g2
1

9 +
4g2

3
3 2.1 1.3 0.9 0.7

dR −1/3 1 3 g2
1

9 +
4g2

3
3 2.0 1.2 0.8 0.6
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Comparison of Interaction Rates/ Relic Density

BEQ: Dec. + Scatt. (th. masses)

BEQ: Scatt. (th. masses)

BEQ: Dec. (th. masses)

BEQ: Dec. (vacuum)

CTP: Tree

CTP: HTL-resummed

CTP: 1PI-resummed

0.01 0.05 0.10 0.50 1 5 10

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

Boltzmann/Thermal Mass Approach:
• underestimates scatterings

• overestimates decays

BEQ: Dec. + Scatt. (th. masses)

BEQ: Scatt. (th. masses)

BEQ: Dec. (th. masses)

BEQ: Dec. (vacuum)

CTP: Tree

CTP: HTL-resummed

CTP: 1PI-resummed

0.01 0.05 0.10 0.50 1 5 10

0.0

0.5

1.0

1.5

Hard Thermal Loop Approximation:
• overestimates scatterings

• accurately captures decays
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Estimate of LPM corrections

-1 -7/9 -5/9 -1/3 -1/9 1/9 1/3 5/9 7/9 1

1.6

1.5

1.4

1.3

1.2

1.1

1.0

0.9

0.8

0.7

0.6

0.5

0.4 -27% -23% -15% -8% -5% -3% -2% -2% -1% 0%

-28% -24% -16% -10% -6% -4% -3% -2% -1% -1%

-29% -25% -18% -11% -7% -5% -3% -3% -2% -1%

-30% -26% -20% -12% -8% -6% -4% -3% -2% -1%

-29% -27% -21% -13% -8% -6% -4% -3% -2% -1%

-29% -27% -22% -14% -9% -6% -5% -4% -3% -1%

-30% -28% -23% -15% -10% -7% -5% -4% -3% -1%

-30% -28% -24% -16% -11% -8% -6% -5% -3% -1%

-30% -29% -24% -17% -11% -8% -6% -5% -4% -1%

-30% -29% -24% -17% -12% -9% -7% -5% -4% -1%

-30% -29% -25% -18% -12% -9% -7% -6% -4% -1%

-31% -29% -25% -18% -13% -9% -8% -6% -4% -2%

-31% -38% -26% -19% -13% -10% -8% -6% -4% -2%
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