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The freeze-in production in the early universe
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Ṡ = 0 Ṡ 6= 0

10−30 10−19 10−8 103 1014

aTr

10−30

10−20

10−10

100

1010

1020

1030

T
,H

[G
eV

]
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EMDE & cosmic relics
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The model

Beyond the standard model sector [arXiv:2003.01723]

• three heavy neutrinos (N j) interacting with SM leptons and Higgs
and generating neutrino masses via seesaw Type-I

• dark fermion (χ) and dark scalar (S) as FIMP candidates, having
Yukawa couplings to the heavy neutrinos

L ⊃ −
(
LiLY

ij
ν H̃(N j

` )R + h.c.
)
−
(
λiχSχ(N i

`)R + h.c.
)

Processes contributing to the freeze-in production of χ and S:

6
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Relic density evolution
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Thermalization of N

Γint(T ) > H(T )⇒ nN ∼ nthermal bath
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Freeze-in conditions

Γdecays, Γs−channels, Γt−channels < H(T )⇒ nDM � nbath
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Scan of parameter space

Parameters Case A Case B

mχ [1 GeV, 104 GeV] [mS , 106 GeV]
mS [mχ, 106 GeV] [1 GeV, 104 GeV]
mN [10 GeV, 106 GeV]
Ti [102 GeV, 5× 1014 GeV]
Tr [4 MeV, Ti]

• Yij determined from neutrino masses
• λχ determined from agreement with DM relic density
• all points in agreement with freeze-in conditions:

Γdecay,Γs−channels,Γt−channels < H(T )

• if N is thermalized before freeze-in: all channels contribute to
freeze-in

• if N is not thermalized before freeze-in: only s-channels contribute
to freeze-in

10
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• smaller λχ are needed to compensate the enhanced production of
dark matter in the resonant region

• Increasing values of Ti (longer EMDE) brings the need for larger λχ
to compensate dilution

12
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• s-channel dominance: always (Yij � λχ), in resonant region
(Yij � λχ), never (λχ � Yij for large Ti)

• t-channel dominance: never, in non-resonant region (Yij ∼ λχ),
always
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Direct detection
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Indirect detection
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∣∣∣
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• continuum gamma-ray emission

• EMDE-induced microhalos of dark matter (see for instance Yue Zhang
2015, arXiv:1502.06983): upper bounds on DM annihilation as low as
〈σv〉 ∼ 10−32cm3/s [Delos, Linden, Erickcek 2019, arXiv:1910.08553]
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• bounds on 〈σv〉DMDM→NN from Campos et al 2017 arXiv:1702.06145
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Conclusions

• We have explored a model in which dark matter is produced in the
early universe via the freeze-in mechanism, through a neutrino portal
model that also provides neutrino masses

• If the freeze-in happens during or before an early matter-dominated
era (EMDE), predicted by many BSM scenarios, larger SM-FIMP
couplings are need from relic density constraints

• We have shown that an EMDE allows for enhanced cross-sections
relevant for indirect detection, making the neutrino portal to FIMPs
in the reach of current experiments
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EMDE & FIMP relic density

In the presence of an early matter-dominated era (EMDE), the yield of a
FIMP dark matter today has the following contributions:
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When do particles freeze-in?

The freeze-in can finish at the Boltzmann suppression of the heaviest of
the particles involved ({mi}). Also, it can be determined from
approximate expressions of the dominant production rate, either in a
resonant regime (NWA) or by RDM ∝ Tn:

TFI
∣∣X on-shell ∼ mX

TFI
∣∣ERD/RD ∼

{
max(Ti/0, {mi}), n < 5

max(TRH/r, {mi}), n > 5

TFI
∣∣EMDE ∼

{
max(Te, {mi}), n < 4.5

max(Ti, {mi}), n > 4.5

TFI
∣∣EP ∼

{
max(Tr, {mi}), n < 12

max(Te, {mi}), n > 12 .
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