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Dark Matter Production [Hambye et. al (2019)]
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Boltzmann Equations

Boltzmann-Equations
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Process Efficiency? → Compare Γ to H ∼ T 2M−1
Pl

→ If Γ � H process decouples; If Γ � H process is in equilibrium
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Dark Matter Production [Chu,Hambye,Tytgat (2011)]

Mediator

SM DM

-15 -10 -5 0

-15

-10

-5

0

Log10[DM-SM coupling]

Lo
g 1
0
[D
M
-
M
ed
ia
to
r
co
up
lin
g]

D
M
-
S
M
th
er
m
.

SM
-M
ed
. t
he
rm
.

DM-Med. therm.

Do not forget: We assume (SM-DM) = (SM-Mediator) · (Mediator-DM)
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Dark Matter Production – Freeze-Out
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Dark Matter Production – Freeze-In [Hall et. al(2009)]

Mediator

SM DM

Mediator

SM DM

z=m
T

Y= n
s

YDM,1

YDM,2

YDM,3

Yeq

yDM,3>yDM,2>yDM,1

DM density increases with an
increasing coupling

ΩDM ∼ M−1
maxMDM

Mathias Becker May 2020 6/27

http://inspirehep.net/record/836205?ln=de


Dark Matter Production – Freeze-In [Hall et. al(2009)]
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Dark Matter Production – Freeze-In
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Dark Matter Production – Dark Freeze-Out
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Energy transfer into the dark
sector (DS) stops before the DS
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A larger SM-DS coupling
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A larger DS self-interaction
decreases ΩDM .
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Dark Matter Production – Reannihilation
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Dark Matter Production – Reannihilation
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Experimental Constraints
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Direct Detection

[1903.03026]

Search for DM scattering with
nucleons on earth.

Looses sensitivity for
MDM . 10GeV.

Constrains the DM-SM coupling.

Light Mediators: Even Freeze-In
can be tested [Hambye et. al (2018)]
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Direct Detection

[1903.03026]
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Collider Constraints

Requires a sizeable SM-DM or SM-Mediator coupling.

Large SM-DM : DM production and its signatures, e.g. missing energy.

Large SM-Mediator can test feeble SM-DM interaction via long-lived particle
searches.

Mathias Becker May 2020 12/27



LHC friendly Freeze-In [Belanger et al (2018)]
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Figure 7. Summary of the LHC constraints for the lepton-like (upper panel) and the quark-like
(lower panel) FIMP scenarios. The lines correspond to contours of Ωsh

2 = 0.12 for the values of
ms and TR given in the legend.

events leave only a few hits in the inner detector. Further lowering TR leads into the region
that can be well covered by the DL search, and thus the mass reach goes up to 400 GeV
for cτ ∼ 1 cm.

We now turn to the small reheating temperatures that indicate the limit below which
one can probe specific baryogenesis models. While supercooled scenarios (TR < 50 GeV)
cannot be falsified with our analysis since the corresponding parameter space is almost
already probed (except for a tiny region around mF ∼ 400 GeV), there is still parameter

developed in [133].

– 21 –

Lines indicate correct
relic density

Hadronic model:
mF ≥ 1.5TeV

A measurement of the
leptonic model might
rule out certain
leptogenesis scenarios

Mathias Becker May 2020 13/27

https://arxiv.org/abs/1811.05478


Collider Constraints and Self-Interactions
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Portals to Dark Matter

Higgs Portal(
φ†φ

)
η2

[Arcadi,Djouadi,Raidal (2019)]

Vector Portal

BµνB′
µν

[Hambye et. al (2019)]

Neutrino Portal

L̄φN

N itself can be a DM candidate

→ simplest scenario tightly constrained from Lyman-α and N → νγ
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The Neutrino Portal to Dark Matter

Dark sector: Fermion χ and scalar η, stabilized by U (1) or Z2.

Lagrangian (Type-I Seesaw)

L = LSM + Lkin,DS − Vsc. −
(

N̄
[
(yν φ̃L + yχηχL

]
+ h.c.

)

Type-I seesaw Inverse seesaw Type-I seesaw
Freeze-Out Freeze-Out Freeze-In

[Escudero,Rius,Sanz (2016)] [Batell et. al (2017)] [MB (2018)]
[Escudero,Rius,Sanz (2016)] [Batell,Han,Es Haghi (2017)] [Chianese,King (2018)]

[González Macıas et. al (2016)]
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Freeze-In, based on [MB,2018]

SM Particle Scattering σ ∼ y2
νy2
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Analytic Approximation with MN � mχ (non-resonant)
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Results I

Same suppression mechanism for yχ and yν can lead to yχ ∼ yν , e.g. extra
dimensional model. [MB,Päs 2017],[Bhattacharyya et. al 2002]
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Results II
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Constraints

Non-resonant case hard to constrain.

Resonant case is mainly constrained from the Lyman-α measurement.

yχ & yν : Freeze-Out

Thermal DM spectrum

zprod = z (T = TFreeze-Out)

mDM & 10 keV

→ This case is ruled out.

yχ � yν : Freeze-In

Non-thermal DM spectrum

zprod ≈ z (T = MN)

mDM & 3 keV

→ This case is constrained.
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Consistency Conditions, ongoing work with C. Hormigos-Feliu

Scalar Potential

L ⊃ −m2
ηη

†η − λ2

2

(
η†η
)2
− λ3

(
φ†φ

)(
η†η
)
− yχχ̄νRη

Consistency Conditions

0 ≤ λ2 ≤ 2 (4π)2 ; 0 ≤ λ1 ≤ 2 (4π)2 ; −
√

λ1λ2 ≤ λ3 ≤ (4π)2

Strategy :

Randomly generate data points that fit DM phenomenology (ΩDM , DD,
Colliders).
Take these values at the DM mass sclae µDM and run them up to higher
sclaes.
Determine scale Λmax, where the model becomes inconsistent.
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RGEs

RGEs

βλ2 ∼ 10λ2
2 + 4λ2

3−36y4
χ + 12λ2y2

χ ,

βyχ ∼ y2
νyχ + y3

χ
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RGEs
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Numerical Study I
RGEs
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Freeze-Out Contributions

Neutrino Portal Contributions σ ∼ y4
χ
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Numerical Study II
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Numerical Study III
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Numerical Study III
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Conclusions

Successful DM production is possible in a very large coupling range.

The neutrino portal relies on Yukawa interactions to produce DM
→ Potentially unstable vacuum

Consistency conditions might constrain the DM mass in the neutrino portal to
mDM . TeV and improve limits on the mediator-DM coupling (yχ) significantly.

Small SM-mediator interaction (yν ) in the type-I seesaw motivates Freeze-In
scenarios, which, in the non-resonant scenario, remain unconstrained.
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Freeze-In Parametrics

Dark Matter production stops at TFI ≈ MMAX.

MMAX = mDM

T < mDM → SM particles dont have
enough energy
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Freeze-In Parametrics
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Freeze-In Parametrics

Dark Matter production stops at TFI ≈ MMAX.

MMAX = mMediator

T < mMediator → Resonance is not
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Freeze-In Parametrics

Dark Matter production stops at TFI ≈ MMAX.

Production Time: t = H−1 (TFI) ∼ T−2
FI Mpl = M−2

MAXMpl.

Production Rate: Γ (TFI) ∼ T x
FIM

−x+1
MAX = MMAX.

Freeze-In Yield

Y ∼ Γ t |T=TFI ∼
Mpl

MMAX
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3 Generation Setup

Casas-Ibarra Parametrization (heavy Neutrinos mass-degenerate)
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