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Outline
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Introduction

Thermal dark matter
Production

Annihilation
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Thermalized with SM particles in early universe.

To get Ωχh
2 = 0.12, roughly σ ∼ 1pb ∼ 10–26cm3/s ∼ 10–36cm2

(only log dependent on DM mass)

Mass range: 10 MeV – 100 TeV

dnχ

dt
+ 3Hnχ = −⟨σv⟩

(
n2
χ − neq

χ
2
)
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Introduction

Status of direct detection experiments
Production

Annihilation
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Ωh2 = 0.12
⇔ σel ∼ 10–36 cm2

(σel ≲ 10–45 cm2)
(loop)

LZ talk @ TeVPA2024

LZ gives the strongest bound 2.2×10–48 cm2 at 43 GeV.

Low sensitivity at low DM mass due to experimental threshold

Dark Matter

  200km/s

Recoil Energy

          ER
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Semi-annihilations

Mechanisms to boost DM

Semi-annihilations χχ → χϕ (vχ = O(0.1− 1))
⇒ Simple and small uncertainties

boosted DM

https://phys.org

Other mechanisms

SIMP: χχχ → χχ

Decay or annihilations of heavy
particles (non-minimal dark sector)
χ2χ2 → χ1χ1 (mχ2

≫ mχ1
)

Cosmic-ray boosted DM Bringmann and Pospelov, PRL (2019), arXiv:1810.10543

Blazer boosted DM

Solar reflection of DM

Vacuum decay
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Semi-annihilations

Boosted DM from semi-ann.
Semi-annihilations: T. Hambye, JHEP 01 (2009) 028, F. D’Eramo and J. Thaler, JHEP 06 (2010) 109

AiAj → Akh

We focus on χχ → χν

DM energy in the final state: Eχ =
5

4
mχ (monochromatic)

⇒ Moderate boost factor γχ ≡ Eχ

mχ
=

5

4
= 1.25 (vχ = 0.6)

Certain recoil energy can be induced
by BDM even for sub-GeV DM mass

No deep inelastic scattering
⇒ simple calculation
J. Billard et al., Rept.Prog.Phys. 85 (2022) 5, 056201

LZ
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Scattering with nuclei

Scattering with nuclei for BDM
Coherent enhancement for non-relativistic DM may be lost.

Parametrization of incoherent scattering
dσχN
dTN

=

(
dσχN
dTN

)
coh

+

(
dσχN
dTN

)
inc

=
σcoh
SI

Tmax
N

F 2
SI(q

2) +
σinc
SI

Tmax
N

[
1− F 2

SI(q
2)
]

where σcoh
SI = σp

(
µN

µp

)2

[ZNfp + (AN − ZN) fn]
2

σinc
SI = ZNσp + (AN − ZN)σn, FSI(q

2) =
(
1 + q2/Λ2

N

)−1

⇒ smooth transition between coh and inc

Simple assumption: fp = fn = 1 and σp = σn
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Scattering with nuclei

Recoil energy spectra
dRN

dTN
=

1

mN

∫ ∞

Tmin
χ

dσχN
dTN

dΦχ

dTχ
dTχ where

dΦχ

dTχ
= ΦBDMδ

(
Tχ −

mχ

4

)
ΦBDM ≈ 3.2× 10−3 [cm−2s−1]

( mχ

100 MeV

)−2
(

⟨σ2→1v⟩
10−26 cm3/s

)
Mass threshold: mmin

χ =
5

4
mN

(
9mN

8T th
− 1

)−1
(
1 +

3

5

√
1 +

2mN

T th

)
For XENONnT, TXe = 3.3keV
⇒ mmin

χ =19 MeV

R =
∑
N

∫
dRN

dTN
dTN

(events/kg/yr)
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Attenuation

Attenuation due to overburden

Energy loss:
dT z

χ

dz
= −

∑
N

nN

∫ Tmax
χ

0

Tχ
dσχN
dTχ

dTχ

If mχ ≪ mN , Tχ(z) ≈ Tχ(0)e
−z/ℓ

where ℓ ≡ σp
∑
A

2nNA
2
N

(
mχ

mN

)(
1 +

mχ

mp

)2(
1 +

mχ

mN

)−4

Soil component:
O: 48%, Ca: 30%,
C: 12%, Mg: 5.6%
Density: ρ = 2.71 g/cm3

1.4km (XENON)

Earthzexp

Energy loss

E

BDM

EEz
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Results

Bound for SI cross section
Large σp region is not excluded
due to strong attenuation.

The excluded region is sharply
cut at a small DM mass due
to experimental threshold.

XENONnT excluded
σp ∼ 10−35 [cm2] around
mχ ∼ 30 MeV
DARWIN: σp ∼ 10−38 [cm2]

Coherent enhancement is lost
for larger DM mass.
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Summary

Summary
1 Conventional direct detection experiments have low sensitivity in
sub-GeV scale.

2 Semi-annihilations accelerate DM coming from Galactic Center.

3 We found high sensitivity for BDM in sub-GeV mass range through
XENON and DUNE.

Futurte work
Apply to concrete DM models
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