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GeV TeV PeV 1068 eVMeVkeVeVmeV𝜇eV10-22 eV

1pb

10-10 pb

WIMP

• Dark sector: multiple species of particles? Symmetries?


• Non-trivial structures give unique signals: e.g., iDM

Mass

𝜎DM-SM

Light DM

WDM

QCD axion

PBH

Heavy DM

Freeze-in DM

Dark world beyond WIMP

Dark world beyond WIMP

Multi-component

Smith, Weiner, PRD 2001



Sub-dominant component is hidden?
• Conventionally, sub-dominant DM components are thought to be 

hidden in direct/indirect detection experiments: observables ∝ fraction


• Particularly useful in the scenarios where the dominant relic 
communicates with the SM sector through the sub-dominant relic.


• Question is how the amount of the sub-dominant relic is determined. 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Sub-dominant component is hidden?
• Conventionally, sub-dominant DM components are thought to be 

hidden in direct/indirect detection experiments: observables ∝ fraction


• Particularly useful in the scenarios where the dominant relic 
communicates with the SM sector through the sub-dominant relic.


• Question is how the amount of the sub-dominant relic is determined. 

e.g., DM-SM coupling

Amount-1 = 
fraction-1

cross section

Observable = fraction × cross section
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Assisted freeze-out mechanism

Freeze out later

Y1

non-relativistic relic 𝜒1 (negligible) 
Y0 � Y1
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Assumption: 𝜒0𝜒0 → 𝜒1𝜒1 is 𝑠-wave & the mediator 𝜒1 - SM is heavier than 𝜒1.
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After the heavy component 𝜒0 freezes-out

where
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𝜒0𝜒0 → 𝜒1𝜒1 for a while

• If 𝑌ast. is negligible, 𝜒1 freezes out at T ~ m1/20 as usual.

• If the fraction of 𝜒1 is very small, i.e., r1 ≪ 1, however, departure from 
thermal equilibrium is delayed and 𝑌ast. is non-negligible compared to          

During the decoupling, assume 𝜒1 is in kinetic equilibrium with the SM  

(𝜎𝜒0-𝜒1 < 𝜎𝜒1-SM) 

Structure of 𝜒1𝜒1→ SM
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Yast.

• For a fixed r1 ≪ 1, 𝜒1𝜒1→ SM should be even larger to deplete the 

contribution by the residual annihilation 𝜒0𝜒0 → 𝜒1𝜒1 (𝑌ast.).     
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• Big Bang Nucleosynthesis: photo-dissociation of light elements 
                                            primordial elements if freeze-out T ≲ T𝜈,dec


• Cosmic microwave background: 𝜒1𝜒1 → SM after the last scattering, 

                                                     Neff constraints if freeze-out T ≲ T𝜈,dec


• Diffuse X-rays and 𝛾-rays in the Milky Way


• Direct detection if the crossing symmetry is effective (severer)

Effects of 𝜒1 to various observables

Sub-component DM can be not hidden and affect
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Effects of 𝜒1 to various observables

• For s-wave dominant 𝜒1𝜒1→ SM SM, the nominal constraints directly 
apply because                                             : s-wave not preferred! 
 
   (preconception:                                is not true in the assisted regime.)


• For p-wave dominant 𝜒1𝜒1→ SM SM, the nominal constraints can be 
weaken by velocity suppression but its effect can be small since
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Self-heating of 𝜒1 
• Self-interacting DM models have been proposed actively recently.

• Self-interaction of a subdominant DM 𝜒1 can be large for the 𝛰(1) dark 
sector coupling.

• Self-interactions always exist. The question is how efficient they can 
transfer energy long after the freeze-out (not effective for WIMP).
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Self-heating of 𝜒1 
• Self-interacting DM models have been proposed actively recently.

• Self-interaction of a subdominant DM 𝜒1 can be large for the 𝛰(1) dark 
sector coupling.
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Chu, Garcia-Cely, JCAP 2018 Vogelsberger, Zavala,  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Temperature evolution of 𝜒1 

Tdec,selfTmin
r1 = 0.1

r1 = 3⇥ 10�3

Photo-dissociation CMB
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• The self-heating lasts as 𝑟1 (hence 𝑛1) & the self-interaction are sizable.

• If self-heating is efficient even after the kinetic decoupling, the 
temperature evolution of 𝜒1 makes it behave like a radiation.

• The temperature increases rapidly as 1/𝑟1 (large 𝜒1 - SM cross section).

Kamada, Kim, Park, 
SS, arXiv: 2111.06808
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• The photo-dissociation bounds become severer.

• For r1 ≳ 0.07, the self-heating epoch can persist even until the matter-
radiation equality.

𝜒1 can be sub-GeV Warm Dark Matter!!
Lyman-𝛼

# of satellites

Kamada, Kim, Park, 
SS, arXiv: 2111.06808



New bounds due to self-heating

• Direct detection bounds get weaken since 𝑛𝜒1 inside our MW 
decreases due to the kinetic energy of 𝜒1

• WDM constraint enters when r1 ≳ 0.07 even for m𝜒1 ~ 40 MeV.

• ★: reference values of r1 in the temperature evolution (previous slide)

Kamada, Kim, Park, SS, arXiv: 2111.06808



Complementary searches
Light DM can be produced in accelerators with high intensities!

• Reference model: 
singlet scalar DM + 
dark photon (p-wave)

• Green: Neff,  
    Pink: WDM 
    for r1 ≳ 0.07.

Kamada, Kim, Park, SS, arXiv: 2111.06808
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Complementary searches
Light DM can be produced in accelerators with high intensities!

• Reference model: 
singlet scalar DM + 
dark photon (p-wave)

• Green: Neff,  
    Pink: WDM 
    for r1 ≳ 0.07.

• Future discovery 
can tell the dark 
sector details.

• For r1 ≲ 0.07, not 
preferred by the 
accelerator results.

Kamada, Kim, Park, SS, arXiv: 2111.06808



Conclusions

• A sub-component DM (𝜒1) can severely affect the cosmo/astro 
observables (𝜒1 - SM: p-wave preferred!).


• Self-heating naturally arises in a wide range of parameter space and 
changes the evolution of the temperature of 𝜒1 after the freeze-out. 


• The temperature evolution affects the structure formation of 𝜒1:  
       a sub-GeV mass Warm Dark Matter (heavy WDM) for r1 ≳ 0.07! 
   → This is true even when 𝜒1 is a dominant component DM.


• Complementary searches in accelerators can give hints on the dark 
sector details (disfavor r1 ≲ 0.07 for a reference model).
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When 𝜒1𝜒1→ SM is dominated by s-wave

• CMB kills almost everywhere.
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When 𝜒1𝜒1→ SM is dominated by s-wave

• CMB kills almost everywhere.
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When 𝜒1𝜒1→ SM is dominated by p-wave

Backup

• In the assisted regime, the kinetic decoupling can occur after the 
freeze-out of 𝜒1𝜒1 → e+e-: photo-dissociation if 100 eV ≲ Tkd ≲ 10 keV 
after BBN.
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When 𝜒1𝜒1→ SM is dominated by p-wave

Backup

• In the assisted regime, the kinetic decoupling can occur after the 
freeze-out of 𝜒1𝜒1 → e+e-: photo-dissociation if 100 eV ≲ Tkd ≲ 10 keV 
after BBN.

Kamada, Kim, Park, SS, arXiv: 2111.06808
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Thin blue line: ignoring Yast 
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When 𝜒1𝜒1→ SM is dominated by s-wave

• The annihilation cross section 𝜒1𝜒1 → SM is enhanced by 1/r1 2.
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h�1vreli ' (�1vrel)2 + (�1vrel)pv
2
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Backup

Kamada, Kim, Park, SS, arXiv: 2111.06808

Assisted regime
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Yast.
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Thin blue line: ignoring Yast 
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When 𝜒1𝜒1→ SM is dominated by s-wave

• The annihilation cross section 𝜒1𝜒1 → SM is enhanced by 1/r1 2.
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Kamada, Kim, Park, SS, arXiv: 2111.06808
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r1 =
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Assisted regime
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• The annihilation cross section 𝜒1𝜒1 → SM increases as 1/r1 3 so the 
process can be also sensitive to various observables.
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Kamada, Kim, Park, SS, arXiv: 2111.06808

Assisted regime
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