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Dark matter candidates
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Thermal OR non-thermal?
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WIMPs. . .
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But.....



Maybe lighter dark sectors?



Status of Light thermal DM
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Freeze-out scenario with light dark matter requires a light mediator to explain
the relic density, or dark matter is overproduced.

But.....

Liu et. al, 2016

• Light DM below 10 GeV is excluded by CMB

if DM annihilation into SM is s-wave.

• The constraint is much weaker if other

partial waves are dominant in the

annihilation cross-section

Forbidden DM
Resonant DM Katayose et. al, 2021

A velocity dependence is needed



The model
6

New particles

scalar 1 : χ, Z2 odd Ñ DM

scalar 2 : ϕ1, charge neutral

After the electroweak symmetry breaking

H “ p0, vH ` h1qT {
?
2, vH » 246GeV

Φ “ vΦ ` ϕ1, vΦ “ 0

ˆ

h
ϕ

˙

“

ˆ

cos θ ´ sin θ
sin θ cos θ

˙ ˆ

h1

ϕ1

˙



Interactions
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suppressed by mixing angle

φ Cφχχ

χ

χ

not suppressed by mixing angle



Decay of the mediator
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If mϕ ą 2mχ, mediator decays almost entirely into DM



we focus on

the Resonant annihilation region

mϕ » 2mχ

Mediator is a little heavier than twice of DM mass



Relic density
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• Dark matter annihilates into SM particles through

s-channel resonance from ϕ mediation.

DM

DM

SM

SM

med

• Enhanced cross-section keeps the dark sector coupling down in order to match with the observed relic den-

sity

σv pχχ Ñ fSMq »
32C2

ϕχχ

m5
ϕ

rΓ pϕ Ñ fSMqsm2
ϕ

Ñs

pv2 ´ v2
Rq2 ` 16Γ2ϕpsq{m2

ϕ

Γϕpsq ”rΓ pϕ Ñ χχq `
ÿ

fSM

Γ pϕ Ñ fSMqsm2
ϕ

Ñs

xσv pχχ Ñ fSMqyv0
»

ż 8

0
dv σv pχχ Ñ fSMqf pv , v0q

s »m2
ϕp1 ` v2{4q{p1 ` v2

R{8q2

v2
R ”4pmϕ{mχ ´ 2q, γ ” Γ2ϕpsq{m2

ϕ

The mixing angle, ie, sin θ is constrained to very low values



Self-interactions
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Why self-interaction?

A solution to small-scale structure problem

Direct detection of SIDM, S. Tulin

• Stronger self-scattering needed for (dwarf-sized) halos

σSI
mDM

„ 0.5 ´ 10 cm2{g at dwarf scales of DM velocity „ 10 km/s

O. D. Elbert et al. 2016, K. Bondarenko 2016,....

• Weaker self-scattering favoured by cluster merging/halo profiles etc

σSI
mDM

„ 0.2 ´ 1 cm2
{g at cluster scales of DM velocity „ 1000 km/s

O. D. Elbert et al. 2016, K. Bondarenko 2016,....

A velocity-dependence in DM self-scattering

Possibilities : a light mediator
Spergel & Steinhardt 1999, Bringmann, et al. 2016

OR..



Xiaoyong Chu, Humboldt Kolleg 2019



Resonant self-interaction
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CMB
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Parameter space
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How to probe this model ???



Collider searches
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the light mediator can be probed in the searches for
invisible decays of rare mesons



• Current limits : Belle, BaBar, E949, NA62, and KOTO

at 90% C.L

• Future projections : Belle II and KLEVER



Direct detection
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• Current limits : CDEX, DarkSide-50 and XENON1T(M)

at 90% C.L

• Future projections : NEWS-G, SuperCDMS, CYGNUS,

and DARWIN



Indirect detection
21

Indirect detection can constrain DM annihilation into electromagnetically charged particles

For our analysis

vR „ 10´3 „ vDM at present

epoch

DM annihilation cross-section at present epoch has the maximal

contribution from the higher partial waves







Take home
24

• We consider a minimal thermal light DM model that resolves the core-cusp problem of the universe if the

dark matter self-scattering occurs via the Breit-Wigner resonance caused by exchanging the mediator parti-

cle in the s-channel.

• The model is compatible with self-interaction, relic density and CMB constraints in the dark matter mass

range of 10MeV ď mϕ ď 4GeV.

• There are strong constraints from collider searches due to the extensive search for rare K -meson decays.

Moreover, future K -meson experiments can explore most of the parameter sets with mϕ ď 100MeV

• A lighter dark matter region, mχ À 300MeV, is excluded by the indirect dark matter detection using

cosmic-ray and gamma-ray observations, for the signal strength is boosted by the s-channel resonance.

• Only the parameter sets with 300MeV À mχ À 2GeV avoid the severe constraints, although upcoming

experiments in the near future is expected to probe this region.



BACKUP



Parameters



SIDM

Phys. Rev. Lett. 116, 041302 (2016)



Diversity problem

Kamada et. al, PhysRevLett.119.111102



Diversity problem

Kamada et. al, PhysRevLett.119.111102



Another limit from CMB

∆Neff

• Adding new particles with mass close to the neutrino decoupling temperature TD „ 2 MeV to the dark

sector affects expansion rate of the Universe at the recombination epoch

• CMB set a lower limit on the light mediator not to alter the effective # of relativistic d.o.f (∆Neff)

• Assuming the instantaneous neutrino decoupling and no heating of the neutrinos from electrons and

positrons

PLANCK excludes mediator mass below 11 MeV at 95% C.L



Early Kinetic Decoupling

• Small SM-mediator coupling reduces scattering rate between DM and SM particles in the thermal bath

• Suppressed scattering rate causes DM to kinetically decouple much earlier than the standard freeze-out

case

• Phase space distribution differs from standard WIMP scenario.

• Drastic drop in relic density around resonance than standard case ñ smaller DM-SM coupling for EKD to

maintain right relic

Binder et. al, 2017



• The uncertainty on the ”the relativistic degrees of freedom” leads to 10% ambiguity in the relic abundance

when the freeze-out temperature is around the QCD phase transition

• The relic abundance calculated by taking all relevant scattering processes into account is the same as the

one computed assuming no scattering between DM and SM particles at around 10 % level.

• 20% of ΩDMh2 adopted as the standard deviation to take the ambiguities into account conservatively

We use DRAKE code to compute relic density with EKD

• Relic abundance including EKD effect becomes „ 10 times smaller than that without the effect, leading to

the favored mixing angle evaluated including the effect being „ 6 times smaller than that without it.

For DM mass below 10 GeV, observed relic density fixes the mixing angle in the range

10´6 À sin θ À 10´3







mχ ≃ mϕ/2 = 0.75 GeV

mχ ≃ mϕ/2 = 16 GeV
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pvR , σ0{mϕ, γϕ,mϕq : (110 km/s, 0.06 cm2/g, 10´7.9, 3.3 GeV)

(5035 km/s, 0, 10´1.1, 32GeV)
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