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Particle Dark Matter Production in the Early Universe

. . . about why we need additional non-baryonic matter to describe our
universe and how this dark matter must look like.
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Matter Content of the Universe

Description of the evolution of the universe by

Friedmann Lemaı̂tre Equation

H2

H2
0

= Ωra
−4 + Ωma

−3 + Ωka
−2 + ΩΛ

a: scale factor, describes motion of objects due to expansion of
universe r(t)→ a(t)r

H : Hubble constant, H(t) = ṙ(t)
r(t) = ȧ(t)

a(t) , H0≈ 70 km
sMps

Ωi: density parameters (today):
Ωr: radiation/relativistic matter density
Ωm: non-relativistic matter density
Ωk: curvature density
ΩΛ: vacuum density
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Matter Content of the Universe
Definition of density parameters: ratio of density ρi of species i to critical
density ρc:

Ωi =
ρi
ρc

Critical density ρc: mediator between expansion and gravitational
collapse of the universe:

ρc(t) = 3H(t)2M2
Pl, H(t) =

ȧ(t)

a(t)
, G =

1

8πM2
Pl

Matter relic density

Ωm = Ωb + Ωχ with Ωχ > Ωb

Ωm: non-relativistic matter density
Ωb: non-relativistic baryonic matter density (Ωf � Ωb)
Ωχ: dark matter density
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Matter Content of the Universe
PLANCK results for matter densities:

CMB power spectrum:
spherical fourier transform of
temperature fluctuation map of
CMB

even peaks: compression of
baryon-photon fluid due to
gravitation

odd peaks: counter effects of
radiation pressure

relative amplitude ∼ measure of
Ωb

Figure: CMB power spectrum
[arXiv:1502.01589]

Ωm = 0.308± 0.012

Ωχ = Ωm − Ωb → 25% of ρc
has to be non-baryonic dark
matter

Lisa Biermann – Particle Dark Matter Candidates June 17, 2019 6/55

Non-relativistic baryonic matter relic density

Ωbh
2 = 0.022 25± 0.000 23
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Matter Content of the Universe

Role of Dark Matter in Structure Formation:

origin of structures: evolution of initial quantum fluctuations in
inflation field

before CMB decoupling: baryons and photons share density
inhomogeneities

CMB temperature fluctuations: δT/T ∼ δρ/ρ ∼ 10−4

(”smoothness”)

observed structures today: δρ/ρ� 1 (non-linear regime)

GR: growth of fluctuations for matter in linear regime (δρ/ρ . 1):
δρ/ρ ∼ a, growth of a to today by factor 103

problem: not enough time in baryon-only universe for structures to
get to the non-linear regime
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Matter Content of the Universe
Role of Dark Matter in Structure Formation:
requirement for δρ/ρ� 1:

additional particle species
decoupled from baryon-photon
fluid before CMB decoupling

creation of gravitational potential
wells, (δρ/ρ)DM � 10−4 (at CMB
decoupling)

Non-Baryonic Dark Matter stabilizes
matter accumulation and enables
structure formation

”dark” : sufficient electrical
neutrality

”cold” : non-relativistic enough
prohibiting free-streaming out of
gravitational wells by itself

FIG. 1: The power spectrum of matter. Red points with error bars are the data from the Sloan

Digital Sky Survey [9]; heavy black curve is the ΛCDM model, which assumes standard general

relativity and contains 6 times more dark matter than ordinary baryons. The dashed blue curve is

a “No Dark Matter” model in which all matter consists of baryons (with density equal to 20% of

the critical density), and the baryons and a cosmological constant combine to form a flat Universe

with the critical density. This model predicts that inhomogenities on all scales are less than unity

(horizontal black line), so the Universe never went nonlinear, and no structure could have formed.

TeVeS (solid blue curve) solves the no structure problem by modifying gravity to enhance the

perturbations (amplitude enhancement shown by arrows). While the amplitude can now exceed

unity, the spectrum has pronounced Baryon Acoustic Oscillations, in violent disagreement with

the data.

matter model, on the other hand, the oscillations should be just as apparent in matter as

they are in the radiation. Indeed, Fig. 1 illustrates that – even if a generalization such

as TeVeS fixes the amplitude problem – the shape of the predicted spectrum is in violent

5

Figure: Power spectrum of matter
density fluctuations
(k: wavenumber)
[arXiv:1112.1320]
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Dark matter relic density

Ωχh2 = 0.1198± 0.0015

� Sloan Digital Sky Survey
ΛCDM-model
No-DM-model
TeVeS-model
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Criteria for a suitable particle dark
matter candidate

1 darkness: must have hidden from searches for ordinary matter
→ constraints on ratio of charge to particle mass
→ dissipation via photon radiation is inefficient

2 interactions: self-interaction cross section to dark matter mass ratio
σχχ
mχ

. 1 cm2/g from Bullet Cluster merger
→ if mχ ∼ mp → σχχ ∼ σpp ∼ 1 barn ∼ strong interactions

3 mass: very broad mass range
→ stability of bound systems forbids mχ & 103 M�
→ confinement on galactic scales ∼ kpc→ λ < kpc→mχ > 10−22 eV

→ lower mass bound from Tremaine-Gunn limit for fermionic dark matter

4 relic density and distribution: agreement with observed
abundance, explanation of observed density and velocity distribution
of galaxies
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Thermal Production of Particles

Thermal Relic Framework
thermal decoupling can describe particle origin in early universe
→ calculation and verification of relic densities

principle:

at high temperatures: statistic mechanical thermal equilibrium due
to reactions with Γ� H(T )
1/Γ ∼ average time between reactions,
tH = 1/H(T ) ∼ Hubble time (∼ measure of age of universe)

freeze-out: Γ(Tf.o.) = H(Tf.o.)

further cooling of universe: Γ� H(T ), only expansion
determines number density (redshift)

hot relics: freeze-out happens in relativistic regime, Tf.o. � m

cold relics: freeze-out in non-relativistic regime, Tf.o. � m
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Particle Dark Matter Candidates

. . . how particle dark matter models and particle dark matter candidates
do or can look like.
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WIMPs

. . . probably the most famous particle dark matter candidate.
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The WIMP Miracle

= Weakly Interacting Massive Particle

assumptions:

thermal creation, freeze-out and expansion of the universe determine
the relic density

non-relativistic at Tf.o./mχ ∼ few× GeV→ stabilization of structure
formation
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The WIMP Miracle

thermal equilibrium with SM particles: (χ = χ̄ possible)

χχ↔ ff̄

freeze-out-condition

Γ(Tf.o.) = H(Tf.o.)

Γ(Tf.o.) = σχχvnχχ, nχχ = nnon-rel ∝
m3
χ

x3/2
exp (−x), x =

mχ

T

H(Tf.o.) ∝
T 2
f.o.

Mpl
radiation dominated epoch
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The WIMP Miracle
freeze-out-condition:

Γ(Tf.o.) = H(Tf.o.)

⇒
√
x exp (−x) =

1

mχMplσχχ
, x =

mχ

T

numerical solution for a cold relic (x� 1): 20 ≤ xf.o. ≤ 50

calculation of relic density:

Ωχ =
ρχ
ρc

=
mχn0

ρc

=
mχT

3
0

ρc

n0

T 3
0

, iso-entropic universe ⇔ n

T 3
= const.

=
T 3

0

ρc
xf.o.

(
nf.o.
T 2
f.o.

)
, nf.o. ∼

T 2
f.o.

Mplσ

=

(
T 3

0

ρcMpl

)
xf.o.
σ
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The WIMP Miracle
relic density from freeze out:

Ωχ =

(
T 3

0

ρcMpl

)
xf.o.
σ

with σ = σEW ∼ 10−8 GeV−2 electroweak pair annihilation cross
section

⇒ Ωχh
2 = 0.12

(
13GeV

mχ

)2

WIMP miracle: weak interacting cold thermal relic gives measured
relic density
result from calculation with Boltzmann equation:

Ωχh
2 = 0.12

(xf.o.
23

)3/2
√
geff

10

(
35GeV

mχ

)2
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The WIMP Miracle

How a general WIMP must look like:

Lee-Weinberg limit: mχ & 10GeV with assumption σ ∼ G2
Fm

2
χ,

same constraint also from PLANCK’s upper limit on dark matter
annihilation cross section

mχ . 120TeV with σ . 4π
m2
χ

(unitarity bound)

coupling to Standard Model to assure annihilation to produce relic
density in thermal relic framework
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WIMP models
Dark Real Scalar in Higgs Portal Interaction

renormalizable extension of Higgs potential by a real scalar field S
(real scalar field to avoid mixing with SM Higgs boson and the
resulting modification of SM Higgs couplings and W− and
Z−masses)

V (φ) = µ2
Hφ
†φ+ λH(φ†φ)2 + µ2

SS
2 + κS3 + λSS

4 + κ3φ
†φS + λ3φ

†φS2

additional global symmetry Z2−symmetry to prevent S → HH
decays, S → −S, H → +H

stable scalar particle with mass mS =
√

2µ2
S − λ3v2

H

and weak coupling to the SM with gSSH = −2λ3vH and
gSSHH = −2λ3
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mh=125 GeV. Shown also are the prospects for XENON upgrades.

the case of scalar DM with a mass of 5–10 GeV consid-
ered, for instance, in Ref. [8]. On the other hand, heavier
dark matter, particularly for MDM >∼ 80 GeV, is allowed

by both BRinv and XENON100. We note that almost the
entire available parameter space will be probed by the
XENON100 upgrade. The exception is a small resonant
region around 62 GeV, where the Higgs–DM coupling is
extremely small.

In the case of vector Higgs-portal DM, the results are
shown in Fig. 2 and are quite similar to the scalar case.
WMAP requires the Higgs–DM coupling to be almost
twice as large as that in the scalar case. This is because
only opposite polarization states can annihilate through
the Higgs channel, which reduces the annihilation cross
section by a factor of 3. The resulting direct detection
rates are therefore somewhat higher in the vector case.
Note that for DM masses below mh/2, only very small

values λhV V <O(10−2) are allowed if BRinv<10%.

Similarly, the fermion Higgs-portal results are shown
in Fig. 3. We find no parameter regions satisfying the
constraints, most notably the XENON100 bound, and
this scenario is thus ruled out for λhff/Λ >∼ 10−3.

This can also be seen from Fig. 4, which displays pre-
dictions for the spin–independent DM–nucleon cross sec-
tion σSI (based on the lattice fN) subject to the WMAP

and BRinv < 10% bounds. The upper band corresponds
to the fermion Higgs-portal DM and is excluded by
XENON100. On the other hand, scalar and vector DM
are both allowed for a wide range of masses. Apart from
a very small region around 1

2
mh, this parameter space

will be probed by XENON100–upgrade and XENON1T.
The typical value for the scalar σSI is a few times 10−9

pb, whereas σSI for vectors is larger by a factor of 3 which
accounts for the number of degrees of freedom.
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DARK MATTER PRODUCTION AT COLLIDERS

The next issue to discuss is how to observe directly the
Higgs-portal DM particles at high energy colliders. There
are essentially two ways, depending on the Higgs versus
DM particle masses. If the DM particles are light enough
for the invisible Higgs decay to occur, MDM <∼ 1

2
mh, the

Higgs cross sections times the branching ratios for the
visible decays will be altered, providing indirect evidence
for the invisible decay channel. In the case of the LHC,
a detailed analysis of this issue has been performed in
Ref. [7] for instance and we have little to add to it. Nev-
ertheless, if the invisible Higgs branching ratio is smaller
than ≈ 10%, its observation would be extremely difficult
in view of the large QCD uncertainties that affect the
Higgs production cross sections, in particular in the main
production channel, the gluon fusion mechanism gg → h

Figure: Parameter space for
self-coupling λhSS ∼ λ3 and scalar
mass MDM = mS

[arXiv:1112.3299]
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WIMP models

Vector Portal Model:

new massive gauge boson as a mediator of thermal freeze-out
production of the dark matter particle

or new massive gauge boson as dark matter itself

global symmetries of SM can be extended to anomaly-free gauge
symmetries

example: extension of hypercharge symmetry U(1)Y by additional
U(1) gauge group

kinetic mixing in Lagrangian

Lgauge = −1

4
B̂µνB̂µν −

sχ
2
V̂ µνB̂µν −

1

4
V̂ µν V̂µν

with small mixing parameter sχ = sinχ.
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WIMP models

Vector Portal Model:

resulting physical masses (weak mixing angle ω):

m2
γ = 0, m2

Z = m̂2
Z

[
1 + s2

χs
2
ω

(
1 +

m̂2
V

m̂2
Z

)]
, m2

V = m̂2
V

[
1 + s2

χc
2
ω

]

coupling of V to SM matter

for m̂
2
V

m̂2
Z
� 1: vanishing coupling to Z−current in leading sχ−order

→ V is called hidden photon

for m̂
2
V

m̂2
Z
� 1: coupling to Z−current can be dominating coupling to SM

fields

→ V is called Z ′−boson
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WIMP models
Vector Portal Model with Z ′ mediator:

Ω ∝ 1
σ with σ ∝ m2

χ

(s−m2
Z′ )

2+m4
Z′

range for hot relics: for
mχ < 1MeV, Ωχ ∝ mχ

→ hot relic for mχ ∼ 10 eV

range for cold relics:
mχ � mZ′ : Ωχ ∼ σ−1 ∼ m2

χ

mχ � mZ′ : Ωχ ∼ m4
Z′/m

2
χ

→ cold relic for mχ ∼ 1TeV

We find that Tfr ∝ m, with only logarithmic corrections (this is due to the exponential Boltzmann factor). We can

then derive the current mass density as ρ ∼ mneq(Tfr)(T/Tfr)
3 ∼ T 3(m/Tfr)/σ. Thus we find the crucial result

that ρ ∝ 1/σ, with only logarithmic dependence on mass since m/Tfr is roughly constant. This means that smaller

annihilation cross sections yield larger relic densities, which makes sense, as less efficient annihilations should allow

more particles to survive. Taking the simple scaling that σ ∝ m−2, we find the approximate relic density

Ωh2 ∼
� m

TeV

�2

. (3)

This is a very interesting result in that a stable particle at the weak interaction scale of several hundred GeV would

give the proper relic density to be dark matter. Any Weakly Interacting Massive Particle (WIMP) might thus be a

compelling dark matter candidate.

3.3. Pedagogical Example

We can illustrate both the relativistic and non-relativistic freeze-out regimes with a single toy model as follows.

Taking a Dirac fermion annihilating through a wide Z ′ boson, the annihilation cross section is

σv =

�

g4

64π cos4 θW

�

m2

(s−m2
Z′)2 +m4

Z′

. (4)

In figure 1, we plot the relic density of this particle for a wide range of masses, as calculated by the DarkSUSY

code [17]. Three regimes are evident. For masses below 1 MeV, the freeze out is relativistic, and the relic density

is proportional to mass. Above 1 MeV, but below mZ′ the interaction is like low energy weak interactions, with

σ ∝ E2 = m2, thus the relic density is proportional to the inverse square of the mass. For masses larger than the Z ′,

the usual behavior of σ ∝ m−2 is recovered, with relic density proportional to the square of the mass. In a parallel set

of three regimes, the boundaries between hot, warm, and cold dark matter are approximately illustrated. Comparing

with the known value of the relic density, the hot and cold possibilities appear at 10 eV and 1 TeV respectively.

Figure 1: Relic density of a species freezing out in thermal

equilibrium. The interaction cross section is of weak interac-

tion strength. For masses below ∼ MeV, the particles are rela-

tivistic at freeze-out, above this mass they are non-relativistic.

Above a mass of ∼ 100 GeV, the interactions look “electro-

magnetic” as the gauge boson becomes light relative to the

particle mass. The three regimes of cold, warm, and hot dark

matter are illustrated, along with the WMAP 2σ constraint

on dark matter density.

L002

Figure: Relic density as a function of mχ

in Z ′ mediator model
[arXiv:astro-ph/0412170]
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in Z ′ mediator model
[arXiv:astro-ph/0412170]
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WIMP Candidates from Supersymmetry

. . . just a glimpse on supersymmetric realization of WIMPs.
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Figure 1. Left panel: Combinations of neutralino mass parameters M1,M2, µ that produce the correct relic
abundance, accounting for Sommerfeld-enhancement, along with the LSP mass. The relic surface without
Sommerfeld enhancement is underlain in gray. Regions excluded by LEP are occluded with a white box.
Right panel: The wino fraction of the lightest neutralino.

sfermions are also motivated by models of split supersymmetry, where most scalar supersymmetric
partners are decoupled [58–71].

Neutralinos in the MSSM are mixtures of the spin-12 superpartners of the weak gauge bosons,
hypercharge gauge bosons, and Higgs bosons. After electroweak symmetry is broken, the neutral
and charged states mix to form neutralinos and charginos, respectively. We identify the neutralinos
as χ̃0

i = Nij(B̃, W̃ 0, H̃0
u, H̃

0
d) and the charginos as χ̃±

i = Vij(W̃
±, H̃±). Here B̃, W̃ , H̃0

d , H̃
0
u, are the

bino, wino, and higgsino fields; Nij and Vij are the neutralino and chargino mixing matrices in the
bino-wino basis, such that i and j index mass and gauge respectively [72]. The bino, wino, and
higgsino mass parameters are M1, M2, and µ, and tanβ defines the ratio of up- and down-type
Higgs boson vacuum expectation values in the MSSM.

Assuming that all scalar superpartners are heavy, when the universe cools to Trad < TeV during
radiation dominated expansion, MSSM neutralinos freeze out to a relic abundance determined by
their rate of annihilation to Standard Model particles. For neutralinos with masses below 1 TeV, it
is often sufficient to use tree-level annihilation cross-sections and ignore the initial state exchange
of photons and weak bosons between annihilating neutralinos. On the other hand, the exchange of
gauge bosons between two initial-state particles can substantially alter the annihilation probability
of neutralinos with masses above 1 TeV. At threshold this higher-order correction can diverge
like 1/v, where v is the relative velocity of the two incoming states. For a Yukawa-like potential,
mediated for example by a Z-boson, this effect is cut off at v ≈ mZ/mχ̃, leading to large effects for
a large ratio of LSP vs weak boson masses. This non-relativistic modification of the potential of
two incoming states is called the Sommerfeld effect. For freeze-out temperatures below the mass of
electroweak bosons (Tfreeze-out ≡ mχ̃/20 � 0.1 TeV), and thus for lighter LSPs, the contribution of
W± exchange to the effective potential of neutralino pairs is suppressed by factors of e−mW /Trad [56].

To understand when the Sommerfeld enhancement will affect the freeze-out of mixed neutralinos,
it is useful to first consider the thermal relic abundance of pure neutralino states. With decoupled
scalars, two neutralinos or charginos can either annihilate through an s-channel Z or Higgs boson,
or through a t-channel neutralino or chargino. For the lightest neutralinos the relevant couplings

Figure: Parameter space for neutralinos
as LSP [arXiv:1510.03460]
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Gravitinos
. . . the first supersymmetric dark matter candidate ever proposed!

Spin 3/2 superpartner of graviton
Massless gravitinos are described by (Majorana) Rarita-Schwinger
fields (vector-spinor fields), Ψa

µ(x)

Super-Higgs Mechanism introduces a massless Goldstino χ and
provides the gravitino with mass m3/2

Interactions with matter via Majorana super-current Sµ

Lagrangian for massive Gravitino

L = −1

2
εµνρσΨ̄µγ5γν∂ρΨσ −

m3/2

4
Ψ̄µ [γµ, γν ] Ψν +

1

2MPl
Ψ̄µS

µ

→ Very weak interactions:
transverse modes: suppressed by Planck scale
longitudinal modes: suppressed by supersymmetry-breaking scale
F ∝ m−1

3/2
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Gravitinos
assumption: gravitino as stable LSP (= lightest supersymmetric
particle)

for m3/2 below electroweak scale and s�M2
γ̃ :

pair-annihilation cross section is dominated by two-photon channel
over fermion-antifermion channel
Freeze-out temperature for light gravitinos:

Tf.o. ∼ 450GeV
( m3/2

0.1 eV

)4/5
(
100GeV

Mγ̃

)2/5

Relic density: (g∗(T ) is effective number of relativistic degrees of
freedom)

Ω3/2h
2 '

m3/2

keV

(
100

g∗(Tf.o.)

)
→ potential hot relics (Tf.o. � m3/2) with m3/2 ∼ 100 eV
→ in disagreement with Tremaine-Gunn bound (too light)
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Gravitinos

Tf.o. ∼Ms for m3/2 & 0.02 eV with Ms mass scale of other SUSY
particles

single-gravitino processes possible while other SUSY particles are
in thermal equilibrium: (e.g. with gauge boson V and corresponding
gaugino λ̃)

V + λ̃↔ V + G̃, V + V ↔ λ̃+ G̃

Freeze-out temperature including single-gravitino processes

Tf.o. ∼ 1TeV
(m3/2

1 keV

)2
(
1TeV

M3

)2
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Gravitinos

problem: thermalization of gravitinos with m3/2 & 1 keV lead to
Ω3/2h

2 � Ωχh
2

mechanism to generate heavier gravitinos:
example 1: decay of NLSP (next-to-lightest supersymmetric particles)
after freeze-out

Ω3/2h
2 = m3/2 ·

ΩNLSPh
2

mNLSP

example 2: gravitinos are not the LSP
non-thermal production of LSP’s via decay of gravitinos with
m3/2 � 100TeV
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Axions and ALPs

. . . a particle dark matter candidate with concrete connection to the strong
CP problem of QCD.
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Axions and ALPs

Strong CP Problem of QCD

Lagrangian of Quantum Chromodynamics (QCD)

LQCD = −
1

4
GaµνG

aµν +
n∑
j=1

[
q̄jγ

µiDµqj −
(
mjq

†
LjqRj + h.c.

)]
+
θg2s

32π2
GaµνG̃

aµν (1)

Adler-Bell-Jackiw anomaly: if none of the quark masses vanishes
the theta term has to be present

strong CP problem: theta term violates CP, T and P-symmetry
θ̄ = θ + arg(detM), chiral pertubation theory:
dn ≈ 5 · 10−16 · θ̄ · ecm⇔ dn,exp < few · 10−26ecm

⇒ Smallness of θ, θ̄?
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Axions and ALPs

Strong CP Problem of QCD

Peccei-Quinn Theory: global UPQ(1) symmetry

explicitly broken by non-perturbative effects producing theta-term

spontaneously broken at scale fa →ma ∼
Λ2

QCD
fa

⇒ pseudo-Nambu-Goldstone boson: axion

→ ground state of axion potential drives θ̄ → 0
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Axions and ALPs

Constraints and Consequences

general axion mass range dictated by PQ-theory: ma ∼
Λ2

QCD
fa

10−12 eV . ma . 1MeV (for 100GeV < fa < Mpl)

ma < 1MeV (below e+e−−threshold) because no decays like
π+ → a(e+e−)e+νe are observed

10 keV . ma . 1MeV (below e+e−−threshold) would lead to
K+ → π+ + a, J/Ψ→ a+ γ, Υ→ a+ γ (axion would leave
detector before decaying into two photons)
→ unobserved decays
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Axions and ALPs

Thermal Production of Hot Axions
axion production and annihilation in early universe mainly through:

a+ g ↔ q̄ + q a+ g ↔ g + g

a+ q ↔ g + q a+ q̄ ↔ g + q̄

Tf.o. ≈ 5× 1011 GeV

(
fa

1012 GeV

)
problem: Ωth.ax. ∼ Ωχ ⇒ma ∼ 13 eV⇒ τa < τU

⇒ DM cannot consist only of thermally produced hot axions
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Axions and ALPs

Non-thermal Production of Cold Light Dark Matter

toy model: complex scalar field φ(t) with potential V , metric g

L√
det(g)

= (∂µφ∗) (∂µφ)− V (φ) = (∂µφ∗) (∂µφ)−m2
φφ
∗φ

for flat space (k = 0): det(g) = a6

equation of motion:

φ̈(t) + 3Hφ̇(t) +m2
φφ(t) = 0
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Axions and ALPs
Non-thermal Production of Cold Light Dark Matter

φ̈(t) + 3Hφ̇(t) +m2
φφ(t) = 0

solution: φ(t) = exp (iωt), ω = 3i
2 H ±

√
−9

4H
2 +m2

φ

3 cases:
Early Universe, H � mφ:
ω1 = 0, ω2 = 3iH , φ(t) = φ1 + φ2 exp (−3Ht)
⇒ misalignment mechanism: temporal evolution to φ1, not a
minimum of V (φ) (in general)

Transition point: Hprod ∼ mφ: ω ≈ 3i
2 Hprod

exponential decay to constant φ1 gets replaced by oscillation mode
→ DM as degree of freedom
⇒ production of cold light dark matter

Late Universe, H � mφ: φ(t) = φ3 exp (±imφt) exp (−3H/2t)

Lisa Biermann – Particle Dark Matter Candidates June 17, 2019 35/55



Axions and ALPs
Non-thermal Production of Cold Light Dark Matter

φ̈(t) + 3Hφ̇(t) +m2
φφ(t) = 0

solution: φ(t) = exp (iωt), ω = 3i
2 H ±

√
−9

4H
2 +m2

φ

3 cases:
Early Universe, H � mφ:
ω1 = 0, ω2 = 3iH , φ(t) = φ1 + φ2 exp (−3Ht)
⇒ misalignment mechanism: temporal evolution to φ1, not a
minimum of V (φ) (in general)

Transition point: Hprod ∼ mφ: ω ≈ 3i
2 Hprod

exponential decay to constant φ1 gets replaced by oscillation mode
→ DM as degree of freedom
⇒ production of cold light dark matter

Late Universe, H � mφ: φ(t) = φ3 exp (±imφt) exp (−3H/2t)

Lisa Biermann – Particle Dark Matter Candidates June 17, 2019 35/55



Axions and ALPs
Non-thermal Production of Cold Light Dark Matter

φ̈(t) + 3Hφ̇(t) +m2
φφ(t) = 0

solution: φ(t) = exp (iωt), ω = 3i
2 H ±

√
−9

4H
2 +m2

φ

3 cases:
Early Universe, H � mφ:
ω1 = 0, ω2 = 3iH , φ(t) = φ1 + φ2 exp (−3Ht)
⇒ misalignment mechanism: temporal evolution to φ1, not a
minimum of V (φ) (in general)

Transition point: Hprod ∼ mφ: ω ≈ 3i
2 Hprod

exponential decay to constant φ1 gets replaced by oscillation mode
→ DM as degree of freedom
⇒ production of cold light dark matter

Late Universe, H � mφ: φ(t) = φ3 exp (±imφt) exp (−3H/2t)

Lisa Biermann – Particle Dark Matter Candidates June 17, 2019 35/55



Axions and ALPs

Non-Thermal Production of Cold Axions

... through the misalignment mechanism:

assumption: relaxation of θ̄ → 0 through oscillation

solution to Lagrange equation of motion for T � ΛQCD:
θ̄ = θ̄1 = const.=̂ misalignment-angle

relic density condition: ma ∼ 2µeV, fa ∼ 1013 GeV

⇒ very cold axions with typical velocity va
c ∼ 10−18

⇒ a→ γγ gives τa→γγ ≈ 2× 1047 years� τU ∼ 14× 109 years X
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Axions and ALPs

Generalization

axion: explanation of strong CP problem and Dark Matter

Axion-like particle (ALP):

global U(1) symmetry spontaneously broken by hidden Higgs-type
mechanism (symmetry breaking scale vh)

Hh(x) = 1√
2

(vh + hh(x)) exp
(
ia(x)
vh

)
(vh suppresses ALP-SM interactions)

ma = µ2

fa
, µ is not related to ΛQCD

⇒ µ ≈ 100 eV, ma ≈ 10−22 eV
typical velocity v ≈ 100 km/s, λde-broglie ∼ galaxy

⇒ fuzzy dark matter
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Sterile Neutrinos

. . . on the task of simultaneously explaining dark matter and neutrino
masses and mixing.
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Sterile Neutrinos
possible explanation of neutrino masses and mixing:

n right-handed fermions Na (a = 1, . . . , n) which form a singlet under all
SM gauge interactions = sterile neutrinos

See-Saw Lagrangian

L = LSM + iN̄a/∂Na − yαaH†L̄αNa −
Ma

2
N̄ c
aNa (2)

mass eigenvalues: M(ν1,2,3) ∼ y2v2

M ⇔m(νa) ∼M
→ lightness of active neutrinos due to heaviness of sterile
neutrinos!

mixing angle θ2 ∼ yαav2

M2

scale M can be derived as VEV of a real scalar S associated with
the electroweak scale
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Sterile Neutrinos
Sterile Neutrinos as Dark Matter Candidate

. . . consider the lightest sterile neutrino as a particle dark matter
candidate.

SN lifetime estimation with mixing angle θ and mass m:

Γ ∼ θ2G2
Fm

5 ⇒ τ ∼ 1016 s θ−2
( m

keV

)−5
⇒ m� 1 keV/θ2/5

decay into three active neutrinos:

Γ3ν =
G2
Fm

5θ2

96π3
⇒ τ3ν ' 1014 years

(
10 keV

m

)5(10−8

θ2

)

Fermi statistic constraint: Tremaine-Gunn bound ∼ decreasing of
max. value of phase-space density with time m & 1 keV
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Sterile Neutrinos
Production of Sterile Neutrinos
early universe: non-thermal production by oscillations between active
and sterile neutrinos

interaction eigenstates (active and sterile neutrinos) are no eigenstates of
neutrino mass matrix

e.g. mixing only between νe and N1

|ν1〉 = cos(θ)|νe〉 − sin(θ)|N1〉
|ν2〉 = sin(θ)|νe〉+ cos(θ)|N1〉

ΩSN,osci h
2 ∼ 0.1

(
θ2

3× 10−9

)(mSN

3 keV

)1.8
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Sterile Neutrinos
Production of SN

ΩSN,osci h
2 ∼ 0.1

(
θ2

3× 10−9

)(mSN

3 keV

)1.8

potentially warm DM candidate: produced relativistically by
oscillations

structure formation with SN possible for m & 2− 4 keV

Possible model implementation:
νMSM = minimal SM with neutrino masses

three sterile neutrinos M1, M2, M3

lightest SN with M1 ∼ keV is dark matter

M2 'M3 ∼ GeV with |M2 −M3| ∼ 1 keV lead to dynamical
generation (neutrino oscillations) of lepton asymmetry L ∼ B →
explanation of baryon asymmetry
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Superheavy Dark Matter

. . . just a short glimpse on more ”exotic” dark matter candidates.
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Superheavy Dark Matter
WIMPzillas

Schrödinger 1939: "The proper vibrations of the

expanding universe"

description of particle production in presence of an intense classical
field

non-thermal production mechanism of superheavy particles X in
early universe in presence of strong gravitational fields
most likely just after inflation, at T = T∗:

interaction rate is weak enough ⇔ ΓX < H

X is never in thermal equilibrium ⇔
(
200TeV

MX

)2( T∗
MX

)
< 1

mass estimation for WIMPzillas

MX & 200TeV
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Superheavy Dark Matter

Strangelets

macroscopic objects: quarks clumped together to macroscopic
objects (= nuggets)

r = 10mm− 10 cm

m = 109 g − 1018 g ⇔ MX & 200TeV = 3.6× 10−25 g

possible connection to baryogenesis:
→ if ratio of nugget to antinugget 2:3 after nugget formation:
explanation of baryogenesis without needing a net baryon excess
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Kaluza-Klein-, Asymmetric-, Self- and
Strongly-Interacting- and Feebly Interacting Dark
Matter as well as ELastically DEcoupling Relics

. . . some further particle dark matter interaction and production
mechanisms.
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Kaluza-Klein Dark Matter in Universal
Extra Dimension

assumptions:

SM fields are allowed to propagate in extra spatial dimension (ED)

tree-level mass of the n-th Kaluza-Klein excitation of SM field X(n)

with SM mass m2
X(0)

m2
X(n) =

n2

R2
+m2

X(0) , assuming ED realized by circle with radiusR

LKP (= lightest Kaluza-Klein particle) as DM candidate:

1/R . 800GeV: Kaluza-Klein graviton G(1) (super-WIMP)
1/R & 800GeV: Kaluza-Klein hypercharged gauge boson B(1)

(Spin 1 WIMP)
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Asymmetric Dark Matter
Is the similarity between Ωχ and Ωb just a coincidence, or can they be
linked?

Ωχ

Ωb
=

0.12

0.022
≈ 5.5

Ωb determined by initial asymmetry, nB−nB̄nB
≈ 3× 10−8 (not by thermal

freeze-out).

assumptions:
link between Ωχ and Ωb

production of DM out of thermal bath and annihilation with DM
anti-particles
at decoupling of DM-baryon-link: relativistic baryons and
non-relativistic DM
→ mχ ≈ 15Tdec, heavy DM mχ � mb

observed relic density Ωχ due to initial asymmetry
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Self-Interacting Dark Matter (SIDM)

DM candidate classification depending on behavior of co-moving
number N and entropy S in region T ∼ mχ

Hot DM (Tf.o. � mχ): N and S do not change

Cold DM (Tf.o. � mχ): N and S do change

SIDM-scenario: change of N , but no change of S
example: existance of self-annihilation processes

χ . . . χ︸ ︷︷ ︸
n

→ χχ n ≥ 3

condition: thermal decoupling happens before self-interaction gets out of
equilibrium→ change of N , but S constant (no heat exchange with
thermal plasma)
problem: prediction of very light DM mχ ≤ 100 eV⇔ large-scale structure
constraints

Lisa Biermann – Particle Dark Matter Candidates June 17, 2019 49/55



Self-Interacting Dark Matter (SIDM)

DM candidate classification depending on behavior of co-moving
number N and entropy S in region T ∼ mχ

Hot DM (Tf.o. � mχ): N and S do not change

Cold DM (Tf.o. � mχ): N and S do change

SIDM-scenario: change of N , but no change of S
example: existance of self-annihilation processes

χ . . . χ︸ ︷︷ ︸
n

→ χχ n ≥ 3

condition: thermal decoupling happens before self-interaction gets out of
equilibrium→ change of N , but S constant (no heat exchange with
thermal plasma)
problem: prediction of very light DM mχ ≤ 100 eV⇔ large-scale structure
constraints

Lisa Biermann – Particle Dark Matter Candidates June 17, 2019 49/55



Self-Interacting Dark Matter (SIDM)

DM candidate classification depending on behavior of co-moving
number N and entropy S in region T ∼ mχ

Hot DM (Tf.o. � mχ): N and S do not change

Cold DM (Tf.o. � mχ): N and S do change

SIDM-scenario: change of N , but no change of S

example: existance of self-annihilation processes

χ . . . χ︸ ︷︷ ︸
n

→ χχ n ≥ 3

condition: thermal decoupling happens before self-interaction gets out of
equilibrium→ change of N , but S constant (no heat exchange with
thermal plasma)
problem: prediction of very light DM mχ ≤ 100 eV⇔ large-scale structure
constraints

Lisa Biermann – Particle Dark Matter Candidates June 17, 2019 49/55



Self-Interacting Dark Matter (SIDM)

DM candidate classification depending on behavior of co-moving
number N and entropy S in region T ∼ mχ

Hot DM (Tf.o. � mχ): N and S do not change

Cold DM (Tf.o. � mχ): N and S do change

SIDM-scenario: change of N , but no change of S
example: existance of self-annihilation processes

χ . . . χ︸ ︷︷ ︸
n

→ χχ n ≥ 3

condition: thermal decoupling happens before self-interaction gets out of
equilibrium→ change of N , but S constant (no heat exchange with
thermal plasma)

problem: prediction of very light DM mχ ≤ 100 eV⇔ large-scale structure
constraints

Lisa Biermann – Particle Dark Matter Candidates June 17, 2019 49/55



Self-Interacting Dark Matter (SIDM)

DM candidate classification depending on behavior of co-moving
number N and entropy S in region T ∼ mχ

Hot DM (Tf.o. � mχ): N and S do not change

Cold DM (Tf.o. � mχ): N and S do change

SIDM-scenario: change of N , but no change of S
example: existance of self-annihilation processes

χ . . . χ︸ ︷︷ ︸
n

→ χχ n ≥ 3

condition: thermal decoupling happens before self-interaction gets out of
equilibrium→ change of N , but S constant (no heat exchange with
thermal plasma)
problem: prediction of very light DM mχ ≤ 100 eV⇔ large-scale structure
constraints

Lisa Biermann – Particle Dark Matter Candidates June 17, 2019 49/55



Strongly Interacting Massive Particles
(SIMPs)

SIDM with small coupling to SM thermal bath (thermal equilibrium
guaranteed for both sectors)

self-interacting effects n→ 2, n ≥ 3 determine relic density

SIMP-miracle: couplings and masses can be combined such that
correct relic abundance is reproduced
→ combination associated with scale of QCD, αn→2 ∼ 1(

Ωχ

0.2

)
∼
( mχ

35MeV

)3/2 (xf.o.
20

)2
(

1

α3→2

)−3/2

with 4→ 2: mχ ∼ 100 keV

problem: condition for equilibrium is coupling with visible sector
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ELastically DEcoupling Relics (ELDERs)

ELDER scheme:
After chemical decoupling from thermal bath:
DM is still in

kinetic equilibrium with thermal
plasma

chemical equilibrium with itself due
to SIMP-like processes n → 2

After kinetic decoupling at xd:

cannibalization phase with fast
n → 2 self-annihilation processes

After freeze-out at xf :

case 1: cannibalization processes out
of equilibrium, DM is completely frozen

case 2: self-annihilation induced
cannibalization continues after
decoupling

2

tors, or via a relatively light (0.01− 1 GeV) dark photon
with a kinetic mixing parameter � ∼ 10−8 [11].

THE ELASTICALLY DECOUPLING THERMAL
RELIC

The thermal history of the ELDER is summarized in
Fig. 1. At high temperatures, when χ is relativistic, it
maintains thermal and chemical equilibrium with the SM
plasma. As the universe cools, the temperature drops
below the χ mass, and the subsequent thermal history
is marked by two important events. First is “decou-
pling”, when the rate of elastic scattering becomes in-
sufficient to maintain the DM and SM sectors in ther-
mal contact. Second is “freeze-out”, at which point the
rate of self-annihilation becomes insufficient to maintain
chemical equilibrium in the DM sector, and the comov-
ing dark matter density is frozen. Between these two
events, chemical equilibrium within the DM sector are
still maintained by self-annihilations, but the DM tem-
perature T � is no longer equal to the SM temperature T .
In this regime, the DM gas undergoes “cannibalization”:
3 → 2 self-annihilations decrease the number density, but
at the same time inject kinetic energy into the remaining
gas. As the DM gas cannot exchange entropy with the
SM sector at this time, its comoving entropy density is
constant as the universe expands:

a3s�χ = a3
mχnχ

T � = constant

=⇒ (T �)1/2e−mχ/T
� ∝ T 3 (1)

where a ∝ T−1 is the FRW scale-factor. As a result, T �

decreases much slower than T as the universe expands:

T � ≈ Td

1 + 3x−1
d log Td/T

, (2)

where xd ≡ mχ/Td and Td is temperature at which (elas-
tic) decoupling occurs. The comoving DM number den-
sity, plotted in Fig. 1, changes very slowly during the
cannibalization regime.

Let T �
f denote the DM temperature at freeze-out. Since

the comoving entropies of the DM and SM sectors are
separately conserved in the cannibalization epoch, the
DM number density at freeze-out is given by

n�
f =

ρ�f
mχ

=
s�fT

�
f

mχ
=

s�d
x�
f

sf
sd

, (3)

where x�
f = mχ/T

�
f , sd and s�d are the entropy densities

of the SM and DM sectors at decoupling, and sf and s�f
are the same quantities at freeze-out. The DM number
density today is

n0 =
s0
sf

n�
f =

s�d
sd

s0
x�
f

, (4)

CannibalizationCannibalization

Thermalized
with SM

Thermalized
with SM

FrozenFrozenDe
co
up
lin
g

De
co
up
lin
g

Fr
ee
ze
-
ou
t

Fr
ee
ze
-
ou
t

InsetInset

1 101 102 10310-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3

100 200 500 1000 2000
2

3

4

5

6

FIG. 1: Dark matter yield, as a function of the SM plasma
temperature T , for elastically decoupling dark matter with
mχ = 10 MeV, � = 8.5 × 10−9, and α = 1 (purple/solid
line). For comparison, the dashed curves show the equilibrium
yield assuming the DM and SM plasmas are in equilibrium
(blue/dashed), and assuming the DM plasma is in chemical
equilibrium with itself after decoupling (red/dashed).

where s0 is the current entropy density. Since the dark
matter is non-relativistic at Td,

Ωχ =
45

25/2π3/2

�
mχs0
ρc

� �
gχ
g∗d

�
x
5/2
d e−xd

x�
f

, (5)

where ρc is the critical density (s0/ρc ≈ 0.60 eV−1), gχ is
the number of degrees of freedom in the χ field (e.g. 2 for
complex scalar and 4 for Dirac fermion), and g∗d is the
effective number of relativistic SM degrees of freedom at
decoupling. Hence, the relic abundance is exponentially
sensitive to the temperature at which the elastic scatter-
ing processes decouple.

In order to determine the temperatures at decoupling,
xd, and at freeze-out, x�

f , we parametrize the elastic
scattering and self-annihilation cross-sections in the non-
relativistic limit as

lim
T→0

�σelv� ≡
�2

m2
χ

, lim
T→0

�σ3→2v
2� ≡ α3

m5
χ

, (6)

where σel is the cross-section of elastic scattering, aver-
aged over SM species that are relativistic at T ∼ mχ.
At T < mχ, the equilibrium density of DM particles
drops exponentially as neq

χ ∼ (mχT )
3/2e−mχ/T . The

self-annihilation process which maintains chemical equi-
librium in the DM gas releases kinetic energy, at a per-
particle rate of

K̇χ = m
ṅ

n

����
µχ=0

� −m2
χHT−1. (7)

Elastic scattering processes transfer this excess kinetic
energy to the SM gas at a rate

K̇χ ∼ Γelv
2
χT ∼ T 5�2/m3

χ, (8)

Figure: ELDER scheme
[arXiv:1512.04545]

Υχ =
nχ
s with number density n and

entropy density s
→ Υχ ∝ co-moving number density in
iso-entropic universe (sa3 = const.)
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FIG. 1: Dark matter yield, as a function of the SM plasma
temperature T , for elastically decoupling dark matter with
mχ = 10 MeV, � = 8.5 × 10−9, and α = 1 (purple/solid
line). For comparison, the dashed curves show the equilibrium
yield assuming the DM and SM plasmas are in equilibrium
(blue/dashed), and assuming the DM plasma is in chemical
equilibrium with itself after decoupling (red/dashed).
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the number of degrees of freedom in the χ field (e.g. 2 for
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FIG. 1: Dark matter yield, as a function of the SM plasma
temperature T , for elastically decoupling dark matter with
mχ = 10 MeV, � = 8.5 × 10−9, and α = 1 (purple/solid
line). For comparison, the dashed curves show the equilibrium
yield assuming the DM and SM plasmas are in equilibrium
(blue/dashed), and assuming the DM plasma is in chemical
equilibrium with itself after decoupling (red/dashed).
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the number of degrees of freedom in the χ field (e.g. 2 for
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FIMPs and LOSPs

Freeze-in mechanism

assumption:

coupling between SM and DM large enough to reach thermal
equilibrium

SM particles decay and annihilate producing DM

DM not in thermal equilibrium

= non-thermal freeze-in mechanism, e.g. sterile neutrinos
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FIMPs and LOSPs
FIMP = Feebly-Interacting Massive Particle

zero initial abundance

never in thermal equilibrium due to highly suppressed interaction
vertex with coupling λ� 1

stable because of shared unbroken symmetry with LOSP

LOSP = Lightest Obervable Sector Particle
participates in λ−vertex

if LOSP is heavier:
1 dominant contribution from freeze-in with additional small contribution

from LOSP freeze-out and decay to FIMP DM
2 dominant contribution from freeze-out and decay of LOSP to FIMP DM,

additional small contribution from freeze-in

if LOSP is lighter than FIMP:
1 dominant contribution from freeze-in of FIMP which later decays to

LOSP DM, additional small contribution from LOSP freeze-out
2 dominant contribution from freeze-out of LOSP DM, additional small

contribution from FIMP freeze-in and decay to LOSP DM
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FIMPs and LOSPs
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Figure 3: Schematic representation of the four possible scenarios involving the freeze-in
mechanism. The left-hand figures show the LOSP/FIMP spectrum with circles repre-
senting cosmologically produced abundances. The large (small) circles represent the
dominant (sub-dominant) mechanism for producing the dark matter relic abundance,
a dotted (solid) circle signifies that the particle is unstable (stable), and a filled (open)
circle corresponds to production by freeze-in (freeze-out). The right-hand figures show
the LOSP and FIMP abundances as a function of time. The initial era has a thermal
abundance of LOSPs and a growing FIMP abundance from freeze-in. The LOSP and
FIMP are taken to have masses of the same order, so that FIMP freeze-in ends around
the same time as LOSP freeze-out. Considerably later, the heavier of the LOSP and
FIMP decays to the lighter.

1. Freeze-in of FIMP DM The FIMP is the DM and the dominant contribution to the
relic DM abundance is generated via the freeze-in mechanism. A small abundance of LOSP
freezes-out which then decays late to FIMP dark matter.

2. LOSP freeze-out and decay to FIMP DM The FIMP is again the DM but now the
dominant contribution to the relic abundance is generated via the conventional freeze-out of
the unstable LOSP which then decays to the FIMP. A sub-dominant component of FIMP
DM arises from freeze-in.

3. FIMP freeze-in and decay to LOSP DM The LOSP is the DM and the dominant
contribution to the relic abundance comes from the freeze-in of a long lived FIMP which
later decays to the LOSP. A sub-dominant component of DM arises from LOSP freeze-out.

4. Freeze-out of LOSP DM The LOSP is again the DM but the dominant contribution to
the relic abundance comes from conventional freeze-out of the LOSP. A small abundance of

11

Figure: Mechanism of freeze-in and freeze-out for FIMP and
LOSP DM [arXiv:0911.1120]
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