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

contribution by the residual annihilation 𝜒0𝜒0 → 𝜒1𝜒1 (𝑌ast.).      

• We find                                 for s-wave and p-wave, respectively.     
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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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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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<latexit sha1_base64="hjSvpuoNMP7gu3vk/7XvdYD6yZs="></latexit>

m�0 = 100MeV
<latexit sha1_base64="wJnIPlQ9e+VkPW/wJma3xfXiVKI="></latexit>

m�1 = 60MeV

<latexit sha1_base64="IJsx37tedgdF9O3EbEF+o8fjFaY="></latexit>

r = 0.7

<latexit sha1_base64="kuxr/AP1Ah/l6xvTSy4sbGvq+8E="></latexit>

Y�0
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m�0 = 100MeV
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<latexit sha1_base64="S21dc0acq5ZexsoCKIg8ZNIpXZ8="></latexit>

Yast.

<latexit sha1_base64="S21dc0acq5ZexsoCKIg8ZNIpXZ8="></latexit>

Yast.

Thin blue line: ignoring Yast 

• For r1 ≪ 1,        is lifted-up by 𝑌ast. (follows it when T ≲ m1/30). <latexit sha1_base64="u+f4KDxvZln9Qwt/gsB3wCGHNYg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48V7Ie2IWy223bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCanhUijeRIGSdxLNaRRK3g7HNzO//cS1EbG6x0nC/YgOlRgIRtFKjw9B1mMjEXjToFxxq+4cZJV4OalAjkZQ/ur1Y5ZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzSp8MYm1LIZmrvycyGhkziULbGVEcmWVvJv7ndVMc1PxMqCRFrthi0SCVBGMye5/0heYM5cQSyrSwtxI2opoytCGVbAje8surpHVR9a6ql3eXlXotj6MIJ3AK5+DBNdThFhrQBAYKnuEV3hzjvDjvzseiteDkM8fwB87nD1WRkK0=</latexit>

Y�1

When 𝜒1𝜒1→ SM is dominated by s-wave

• The annihilation cross section 𝜒1𝜒1 → SM is enhanced by 1/r1 2.

<latexit sha1_base64="XAb4z69agE0RPZrtHcFe3B4C41k=">AAACVnicdVFLSwMxGMxufdT6WvXoJVgERSi7RdSj4MWjgn1Aty7Z9GsbmmTXJFsoS/+kXvSneBHTWqS2dSAwmZmPJJM45Uwb3/9w3MLa+sZmcau0vbO7t+8dHNZ1kikKNZrwRDVjooEzCTXDDIdmqoCImEMjHtxN/MYQlGaJfDKjFNqC9CTrMkqMlSJPhJzIHgccatYTJArwMMpDJbACPsah+jUFvOCzVaHzqIov/rPS+e1zNfLKfsWfAi+TYEbKaIaHyHsNOwnNBEhDOdG6FfipaedEGUY5jEthpiEldEB60LJUEgG6nU9rGeNTq3RwN1F2SYOn6vxEToTWIxHbpCCmrxe9ibjKa2Wme9POmUwzA5L+HNTNODYJnnSMO0wBNXxkCaGK2bti2ieKUGN/omRLCBafvEzq1UpwVbl8vCzf3szqKKJjdILOUICu0S26Rw+ohih6Q5+O6xScd+fLXXc3f6KuM5s5Qn/get/VS7Kw</latexit>

h�1vreli ' (�1vrel)2 + (�1vrel)pv
2
rel

Backup

Kamada, Kim, Park, SS, arXiv: 2111.06808

Assisted regime
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m�0 = 100MeV
<latexit sha1_base64="wJnIPlQ9e+VkPW/wJma3xfXiVKI="></latexit>

m�1 = 60MeV

<latexit sha1_base64="IJsx37tedgdF9O3EbEF+o8fjFaY="></latexit>

r = 0.7

<latexit sha1_base64="kuxr/AP1Ah/l6xvTSy4sbGvq+8E="></latexit>

Y�0

<latexit sha1_base64="pa+fbRU/BtYpLFrQTA95pjd047g="></latexit>

Y�1

<latexit sha1_base64="hjSvpuoNMP7gu3vk/7XvdYD6yZs="></latexit>

m�0 = 100MeV
<latexit sha1_base64="wJnIPlQ9e+VkPW/wJma3xfXiVKI="></latexit>

m�1 = 60MeV

<latexit sha1_base64="ncNlXtn9y6lF/AD2PkQOlmktY0k="></latexit>

r = 0.1

<latexit sha1_base64="S21dc0acq5ZexsoCKIg8ZNIpXZ8="></latexit>

Yast.

<latexit sha1_base64="S21dc0acq5ZexsoCKIg8ZNIpXZ8="></latexit>

Yast.

Thin blue line: ignoring Yast 

• For r1 ≪ 1,        is lifted-up by 𝑌ast. (follows it when T ≲ m1/30). <latexit sha1_base64="u+f4KDxvZln9Qwt/gsB3wCGHNYg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48V7Ie2IWy223bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCanhUijeRIGSdxLNaRRK3g7HNzO//cS1EbG6x0nC/YgOlRgIRtFKjw9B1mMjEXjToFxxq+4cZJV4OalAjkZQ/ur1Y5ZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzSp8MYm1LIZmrvycyGhkziULbGVEcmWVvJv7ndVMc1PxMqCRFrthi0SCVBGMye5/0heYM5cQSyrSwtxI2opoytCGVbAje8surpHVR9a6ql3eXlXotj6MIJ3AK5+DBNdThFhrQBAYKnuEV3hzjvDjvzseiteDkM8fwB87nD1WRkK0=</latexit>

Y�1

When 𝜒1𝜒1→ SM is dominated by s-wave

• The annihilation cross section 𝜒1𝜒1 → SM is enhanced by 1/r1 2.

<latexit sha1_base64="XAb4z69agE0RPZrtHcFe3B4C41k=">AAACVnicdVFLSwMxGMxufdT6WvXoJVgERSi7RdSj4MWjgn1Aty7Z9GsbmmTXJFsoS/+kXvSneBHTWqS2dSAwmZmPJJM45Uwb3/9w3MLa+sZmcau0vbO7t+8dHNZ1kikKNZrwRDVjooEzCTXDDIdmqoCImEMjHtxN/MYQlGaJfDKjFNqC9CTrMkqMlSJPhJzIHgccatYTJArwMMpDJbACPsah+jUFvOCzVaHzqIov/rPS+e1zNfLKfsWfAi+TYEbKaIaHyHsNOwnNBEhDOdG6FfipaedEGUY5jEthpiEldEB60LJUEgG6nU9rGeNTq3RwN1F2SYOn6vxEToTWIxHbpCCmrxe9ibjKa2Wme9POmUwzA5L+HNTNODYJnnSMO0wBNXxkCaGK2bti2ieKUGN/omRLCBafvEzq1UpwVbl8vCzf3szqKKJjdILOUICu0S26Rw+ohih6Q5+O6xScd+fLXXc3f6KuM5s5Qn/get/VS7Kw</latexit>

h�1vreli ' (�1vrel)2 + (�1vrel)pv
2
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Backup

Kamada, Kim, Park, SS, arXiv: 2111.06808

<latexit sha1_base64="UaUm3PsrQ6jMp3qaKz/DHa329q4=">AAACG3icbVDLSsNAFJ3UV62vqEs3g0VwISUpRbsRCrpwI1awD2hCmEwn7dCZJMxMhBLyH278FTcuFHEluPBvnLYBtfXAwOGce7lzjh8zKpVlfRmFpeWV1bXiemljc2t7x9zda8soEZi0cMQi0fWRJIyGpKWoYqQbC4K4z0jHH11M/M49EZJG4Z0ax8TlaBDSgGKktOSZVeHZ8Bw6gUA4dW44GSAvdfCQenaW/QiCw8vrE6gilWWeWbYq1hRwkdg5KYMcTc/8cPoRTjgJFWZIyp5txcpNkVAUM5KVnESSGOERGpCepiHiRLrpNFsGj7TSh0Ek9AsVnKq/N1LEpRxzX09ypIZy3puI/3m9RAV1N6VhnCgS4tmhIGE6I5wUBftUEKzYWBOEBdV/hXiIdE1K11nSJdjzkRdJu1qxTyu121q5Uc/rKIIDcAiOgQ3OQANcgSZoAQwewBN4Aa/Go/FsvBnvs9GCke/sgz8wPr8BO86g7A==</latexit>

r1 =
⌦�1

⌦DM,tot

Assisted regime
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<latexit sha1_base64="wJnIPlQ9e+VkPW/wJma3xfXiVKI="></latexit>

m�1 = 60MeV

<latexit sha1_base64="IJsx37tedgdF9O3EbEF+o8fjFaY="></latexit>

r = 0.7

<latexit sha1_base64="hjSvpuoNMP7gu3vk/7XvdYD6yZs="></latexit>

m�0 = 100MeV
<latexit sha1_base64="wJnIPlQ9e+VkPW/wJma3xfXiVKI="></latexit>

m�1 = 60MeV

<latexit sha1_base64="ncNlXtn9y6lF/AD2PkQOlmktY0k="></latexit>

r = 0.1

<latexit sha1_base64="kuxr/AP1Ah/l6xvTSy4sbGvq+8E="></latexit>

Y�0

<latexit sha1_base64="pa+fbRU/BtYpLFrQTA95pjd047g="></latexit>

Y�1

<latexit sha1_base64="kuxr/AP1Ah/l6xvTSy4sbGvq+8E="></latexit>

Y�0

<latexit sha1_base64="pa+fbRU/BtYpLFrQTA95pjd047g="></latexit>

Y�1

<latexit sha1_base64="S21dc0acq5ZexsoCKIg8ZNIpXZ8="></latexit>

Yast.

<latexit sha1_base64="S21dc0acq5ZexsoCKIg8ZNIpXZ8="></latexit>

Yast.

• For r1 ≪ 1,        is lifted-up even more by 𝑌ast. (until T ~ m1/80). <latexit sha1_base64="u+f4KDxvZln9Qwt/gsB3wCGHNYg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48V7Ie2IWy223bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCanhUijeRIGSdxLNaRRK3g7HNzO//cS1EbG6x0nC/YgOlRgIRtFKjw9B1mMjEXjToFxxq+4cZJV4OalAjkZQ/ur1Y5ZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzSp8MYm1LIZmrvycyGhkziULbGVEcmWVvJv7ndVMc1PxMqCRFrthi0SCVBGMye5/0heYM5cQSyrSwtxI2opoytCGVbAje8surpHVR9a6ql3eXlXotj6MIJ3AK5+DBNdThFhrQBAYKnuEV3hzjvDjvzseiteDkM8fwB87nD1WRkK0=</latexit>

Y�1

• The annihilation cross section 𝜒1𝜒1 → SM increases as 1/r1 3 so the 
process can be also sensitive to various observables.

Backup

<latexit sha1_base64="UaUm3PsrQ6jMp3qaKz/DHa329q4=">AAACG3icbVDLSsNAFJ3UV62vqEs3g0VwISUpRbsRCrpwI1awD2hCmEwn7dCZJMxMhBLyH278FTcuFHEluPBvnLYBtfXAwOGce7lzjh8zKpVlfRmFpeWV1bXiemljc2t7x9zda8soEZi0cMQi0fWRJIyGpKWoYqQbC4K4z0jHH11M/M49EZJG4Z0ax8TlaBDSgGKktOSZVeHZ8Bw6gUA4dW44GSAvdfCQenaW/QiCw8vrE6gilWWeWbYq1hRwkdg5KYMcTc/8cPoRTjgJFWZIyp5txcpNkVAUM5KVnESSGOERGpCepiHiRLrpNFsGj7TSh0Ek9AsVnKq/N1LEpRxzX09ypIZy3puI/3m9RAV1N6VhnCgS4tmhIGE6I5wUBftUEKzYWBOEBdV/hXiIdE1K11nSJdjzkRdJu1qxTyu121q5Uc/rKIIDcAiOgQ3OQANcgSZoAQwewBN4Aa/Go/FsvBnvs9GCke/sgz8wPr8BO86g7A==</latexit>

r1 =
⌦�1

⌦DM,tot

Kamada, Kim, Park, SS, arXiv: 2111.06808

Assisted regime

Safe from 
constraints?


