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• WIMP: a single species of particles with thermal relic via freeze-out 


• Mass in between 1 GeV ≲ m𝜒 ≲ 100 TeV roughly
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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


• 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


• 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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𝜒0: heavy, 𝜒1: light

Reference: Multi-component BDM

U(1)’/Z’2

Agashe, Cui, Necib, Thaler, JCAP 2014

Kim, Park , SS, PRL 2017

Giudice, Kim, Park , SS, PLB 2018
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U(1)/Z2
Most of  
the relic

Y0

Freeze out first
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𝜒0: heavy, 𝜒1: light

Belanger, Park, JCAP 2012

Assisted freeze-out mechanism

Freeze out later

Y1

non-relativistic relic 𝜒1 (negligible) 
Y0 � Y1

Reference: Multi-component BDM

U(1)’/Z’2

Agashe, Cui, Necib, Thaler, JCAP 2014

Kim, Park , SS, PRL 2017

Giudice, Kim, Park , SS, PLB 2018



𝜒0𝜒0 → 𝜒1 𝜒1

• 𝜒0 : accumulated              
       (GC,   Sun,   dSphs)


• 𝜒0𝜒0 → 𝜒1 𝜒1 (current universe) relativistic

※ relic 𝜒1 is non-relativistic

Reference: Multi-component BDM
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Assume: NFW

Fixed ~ 1 if s-wave annihilation dominates (throughout this work for simplicity)

10,000 times smaller than the flux of atmospheric 𝝂 if m0 ~ 100 GeV 
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Structure of 𝜒1𝜒1→ SM
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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

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

Y�0
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<latexit sha1_base64="hjSvpuoNMP7gu3vk/7XvdYD6yZs="></latexit>
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<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.
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Structure of 𝜒1𝜒1→ SM
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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="ncNlXtn9y6lF/AD2PkQOlmktY0k="></latexit>

r = 0.1

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

Yast.

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

Yast.

Thin blue line: ignoring Yast 

When 𝜒1𝜒1→ SM is dominated by s-wave

Structure of 𝜒1𝜒1→ SM

Assisted regime

Kamada, Kim, Park, SS, JCAP 10, 052 (2022)
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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

<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

Structure of 𝜒1𝜒1→ SM

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

r1 =
⌦�1

⌦DM,tot

Assisted regime

Kamada, Kim, Park, SS, JCAP 10, 052 (2022)
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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.

Structure of 𝜒1𝜒1→ SM

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

r1 =
⌦�1

⌦DM,tot

Assisted regime

Kamada, Kim, Park, SS, JCAP 10, 052 (2022)
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<latexit sha1_base64="wJnIPlQ9e+VkPW/wJma3xfXiVKI="></latexit>
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<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.

Structure of 𝜒1𝜒1→ SM

Assisted regime

Kamada, Kim, Park, SS, JCAP 10, 052 (2022)

Safe from 
constraints?

𝑌ast. Increases with 𝑥.



When 𝜒1𝜒1→ SM is dominated by p-wave
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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 
    (the contribution by p-wave 𝜒1𝜒1 → SM gets relatively suppressed.)

<latexit sha1_base64="u+f4KDxvZln9Qwt/gsB3wCGHNYg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48V7Ie2IWy223bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCanhUijeRIGSdxLNaRRK3g7HNzO//cS1EbG6x0nC/YgOlRgIRtFKjw9B1mMjEXjToFxxq+4cZJV4OalAjkZQ/ur1Y5ZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzSp8MYm1LIZmrvycyGhkziULbGVEcmWVvJv7ndVMc1PxMqCRFrthi0SCVBGMye5/0heYM5cQSyrSwtxI2opoytCGVbAje8surpHVR9a6ql3eXlXotj6MIJ3AK5+DBNdThFhrQBAYKnuEV3hzjvDjvzseiteDkM8fwB87nD1WRkK0=</latexit>

Y�1

Structure of 𝜒1𝜒1→ SM

Assisted regime

Kamada, Kim, Park, SS, JCAP 10, 052 (2022)

Safe from 
constraints?

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

r1 =
⌦�1

⌦DM,tot

𝑌ast. Increases with 𝑥.



When 𝜒1𝜒1→ SM is dominated by p-wave
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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="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 
    (the contribution by p-wave 𝜒1𝜒1 → SM gets relatively suppressed.)

<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.

Structure of 𝜒1𝜒1→ SM

Assisted regime

Kamada, Kim, Park, SS, JCAP 10, 052 (2022)

Safe from 
constraints?

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

r1 =
⌦�1

⌦DM,tot

𝑌ast. Increases with 𝑥.



𝜒1

𝜒0

SM

Structure of 𝜒1𝜒1→ SM

<latexit sha1_base64="RPslpAf8yiVkeWxkks4omDPcVJU=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0ikaI8FLx4r2A9pQtlsN+3S3U3YnQgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5USq4Ac/7dkobm1vbO+Xdyt7+weFR9fikY5JMU9amiUh0LyKGCa5YGzgI1ks1IzISrBtNbud+94lpwxP1ANOUhZKMFI85JWCl4HGQB1piYsCdDao1z/UWwOvEL0gNFWgNql/BMKGZZAqoIMb0fS+FMCcaOBVsVgkyw1JCJ2TE+pYqIpkJ88XNM3xhlSGOE21LAV6ovydyIo2Zysh2SgJjs+rNxf+8fgZxI8y5SjNgii4XxZnAkOB5AHjINaMgppYQqrm9FdMx0YSCjaliQ/BXX14nnSvXv3br9/Vas1HEUUZn6BxdIh/doCa6Qy3URhSl6Bm9ojcnc16cd+dj2VpyiplT9AfO5w+zdpFy</latexit>

Yast.

• 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.     
<latexit sha1_base64="UXtNabAMW5AeOAMm/sDPXdDGZy0=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwITWpRbssuHFZwT6giWEynaRDJ5MwMymUUD/Ejb/ixoUiLtyIf+O0zUJbDwwczrmXO+f4CaNSWda3UVhZXVvfKG6WtrZ3dvfM/YO2jFOBSQvHLBZdH0nCKCctRRUj3UQQFPmMdPzh9dTvjIiQNOZ3apwQN0IhpwHFSGnJM2sOQzxkBDqShhHybDiCjsilRMSJiqF9Ljz7vvpwlrMLzyxbFWsGuEzsnJRBjqZnfjr9GKcR4QozJGXPthLlZkgoihmZlJxUkgThIQpJT1OOIiLdbJZuAk+00odBLPTjCs7U3xsZiqQcR76ejJAayEVvKv7n9VIV1N2M8iRVhOP5oSBlUEeeVgX7VBCs2FgThAXVf4V4gATCShda0iXYi5GXSbtasS8rtdtauVHP6yiCI3AMToENrkAD3IAmaAEMHsEzeAVvxpPxYrwbH/PRgpHvHII/ML5+AEdcoBg=</latexit>

h�1vi / 1/r21 , 1/r31

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

r1 =
⌦�1

⌦DM,tot

<latexit sha1_base64="RxUrstEOnL3srKJJ13RFfeHemKc="></latexit>

h�1vi ⌘ h��1�1!SMi

Assisted regime

Kamada, Kim, Park, SS, JCAP 10, 052 (2022)
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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.).     


• We find                                 for s-wave and p-wave, respectively.     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h�1vi / 1/r21 , 1/r31

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

r1 =
⌦�1

⌦DM,tot

<latexit sha1_base64="RxUrstEOnL3srKJJ13RFfeHemKc="></latexit>

h�1vi ⌘ h��1�1!SMi

observables ∝ 
<latexit sha1_base64="9LuW2a1fftWsabPYTc5wM8LN5RU=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiuSlKKdllw47KCfUATw2Q6aYfOTMLMpFBCP8GNv+LGhSJuXbrzb5ymWWjrgQuHc+7l3nvChFGlHefbWlvf2NzaLu2Ud/f2Dw7to+OOilOJSRvHLJa9ECnCqCBtTTUjvUQSxENGuuH4Zu53J0QqGot7PU2Iz9FQ0IhipI0U2BciyDw8ooE7e6hBjyExZAR6ig45Clw4gZ7MpcCuOFUnB1wlbkEqoEArsL+8QYxTToTGDCnVd51E+xmSmmJGZmUvVSRBeIyGpG+oQJwoP8sfmsFzowxgFEtTQsNc/T2RIa7UlIemkyM9UsveXPzP66c6avgZFUmqicCLRVHKoI7hPB04oJJgzaaGICypuRXiEZIIa5Nh2YTgLr+8Sjq1qntVrd/VK81GEUcJnIIzcAlccA2a4Ba0QBtg8AiewSt4s56sF+vd+li0rlnFzAn4A+vzB4MLnDw=</latexit>

n2
�1
h�1vi →  No 𝑟1 suppression! 

   (even enhanced)

Assisted regime

Kamada, Kim, Park, SS, JCAP 10, 052 (2022)



• Big Bang Nucleosynthesis: photo-dissociation of light elements 
                             e.g., 𝑒𝛾𝑏 → 𝑒′𝛾′  changes the ratio of D, 3He, 4He, ..


• Cosmic microwave background: Neff if 𝜒1 freeze-out at T ≲ T𝜈,dec, 

           Energy injection by 𝜒1𝜒1 → SM at the recombination epoch    


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


• Direct detection if the crossing symmetry is effective. 
                              (depending on the model)

Effects of 𝜒1 to various observables

Sub-component DM can be not hidden and 𝜒1𝜒1 → SM affect



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!)


• For p-wave dominant 𝜒1𝜒1→ SM SM, the nominal constraints can be 
weaken by velocity suppression but its effect can be small since

<latexit sha1_base64="pRpeONVlf+OPJoZLfqqF9Znd/gw="></latexit>

n2
�1
(�1vrel)s ⇠ r21 ·

1

r21
= no r1

<latexit sha1_base64="BNuCJV7mNQovZRmT7fJN+t31QmM="></latexit>

n2
�1
h�1vrelistandard ⇠ r1

Unprecedented role of a sub-dominant DM component
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Unprecedented role of a sub-dominant DM component
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m�1 > m�0
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(=

⌦
�
1
/(
⌦

�
0
+
⌦

�
1
))

<latexit sha1_base64="bY2eIjCrpLyCsTuR28am3F0cHVg="></latexit> r 1
(=

⌦
�
1
/(
⌦

�
0
+
⌦

�
1
))

CMB bound (sky blue): disfavor the 
whole parameter space

𝑁eff (green): almost independent of 𝑟1

Galactic diffuse 𝑋/𝛾-ray (deep blue)

Direct detection bound (brown): 
           XENON10, 100, DarkSide-50
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weaken by velocity suppression but its effect can be small since
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<latexit sha1_base64="EzW0RsEEHxiTpBjkAgLndKuLhc0=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkaI8FLx4r2A9sQ9hst+3SzSbsToQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1LDpVC8hQIl7yaa0yiUvBNObud+54lrI2L1gNOE+xEdKTEUjKKVHlWQ9dlYBO4sKFfcqrsAWSdeTiqQoxmUv/qDmKURV8gkNabnuQn6GdUomOSzUj81PKFsQke8Z6miETd+trh4Ri6sMiDDWNtSSBbq74mMRsZMo9B2RhTHZtWbi/95vRSHdT8TKkmRK7ZcNEwlwZjM3ycDoTlDObWEMi3srYSNqaYMbUglG4K3+vI6aV9Vvetq7b5WadTzOIpwBudwCR7cQAPuoAktYKDgGV7hzTHOi/PufCxbC04+cwp/4Hz+AHSdkME=</latexit>n�0 ↓ ↓<latexit sha1_base64="duJJi3IYLpuQU4M2jyLeFs2cU+8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48V7Ie0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//cS1EbG6x0nC/YgOlQgFo2ilzkM/owar03654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fze6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGNb8TKgkRa7YYlGYSoIxmT1PBkJzhnJiCWVa2FsJG1FNGdqISjYEb/nlVdK6qHpX1cu7y0q9lsdRhBM4hXPw4BrqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8DoI/v</latexit>

Yast.➜



Effects of 𝜒1 to various observables
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apply because                                             : s-wave not preferred! 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weaken by velocity suppression but its effect can be small since
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<latexit sha1_base64="EzW0RsEEHxiTpBjkAgLndKuLhc0=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkaI8FLx4r2A9sQ9hst+3SzSbsToQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1LDpVC8hQIl7yaa0yiUvBNObud+54lrI2L1gNOE+xEdKTEUjKKVHlWQ9dlYBO4sKFfcqrsAWSdeTiqQoxmUv/qDmKURV8gkNabnuQn6GdUomOSzUj81PKFsQke8Z6miETd+trh4Ri6sMiDDWNtSSBbq74mMRsZMo9B2RhTHZtWbi/95vRSHdT8TKkmRK7ZcNEwlwZjM3ycDoTlDObWEMi3srYSNqaYMbUglG4K3+vI6aV9Vvetq7b5WadTzOIpwBudwCR7cQAPuoAktYKDgGV7hzTHOi/PufCxbC04+cwp/4Hz+AHSdkME=</latexit>n�0 ↓ ↓<latexit sha1_base64="duJJi3IYLpuQU4M2jyLeFs2cU+8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48V7Ie0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//cS1EbG6x0nC/YgOlQgFo2ilzkM/owar03654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fze6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGNb8TKgkRa7YYlGYSoIxmT1PBkJzhnJiCWVa2FsJG1FNGdqISjYEb/nlVdK6qHpX1cu7y0q9lsdRhBM4hXPw4BrqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8DoI/v</latexit>

Yast.➜

Forget s-wave! 
for m𝜒0 ≲ 𝑂(sub-GeV)



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! )


• 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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r1

Unprecedented role of a sub-dominant DM component
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Sensitive to the evolution of the temperature of 𝜒1  

in the early Universe 

Unprecedented role of a sub-dominant DM component
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• 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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Temperature evolution of 𝜒1 
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• If self-heating is efficient even after the kinetic decoupling, the temperature 
evolution of 𝜒1 makes it behave like a radiation.
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• Strong photo-dissociation bounds for 100 eV ≲ T ≲ 10 keV after BBN

• 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
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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, JCAP 10, 052 (2022)



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, JCAP 10, 052 (2022)
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• 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.
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preferred by the 
accelerator results.

Kamada, Kim, Park, SS, JCAP 10, 052 (2022)



Conclusions

• A sub-component DM (𝜒1) can severely affect the cosmo/astro 
observables: p-wave 𝜒1 - SM is preferred but still constrained!. 
(Multi-component p-wave scenarios are not always safe.)


• 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).



Postdoc hiring
Laboratory for Symmetry and Structure of the Universe


(LSSU)

A couple of postdoc positions with priorities in BSM theories covering collider 
phenomenology, dark matter, neutrino, and astroparticle physics

https://academicjobsonline.org/ajo/jobs/23491
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• Neutrino Experiments

Kim, Park, SS, PRL 2017

Backup



De Roeck, Kim, Moghaddam, Park, SS, Whitehead,2005.08979
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• Dark Matter direct detection experiments

Giudice, Kim, Park, 
SS, PLB 2018Based on the suggestion in

106kg array of 8 ultra-pure NaI(Tl) crystals

immersed in an active veto detector

2200L of liquid scintillator 
(~ 2 ton)

Observed: 21 events  
Background expected: 16.4 ± 2.1

E1 < Eth of DUNE

Backup



• Dark Matter direct detection experiments

Giudice, Kim, Park, SS, PLB 2018

Backup

Smoking gun?? Alhazmi, Kim, Kong, 
Mohlabeng, Park, SS, 

JHEP 2021

June 2020



• Dark Matter direct detection experiments

Giudice, Kim, Park, SS, PLB 2018

Backup

Smoking gun?? Alhazmi, Kim, Kong, 
Mohlabeng, Park, SS, 

JHEP 2021

June 2020 July 2022

Tritium contamination in Xe1T



• Dark Matter direct detection experiments

Giudice, Kim, Park, SS, PLB 2018

Backup

Smoking gun?? Alhazmi, Kim, Kong, 
Mohlabeng, Park, SS, 

JHEP 2021

June 2020 July 2022

Tritium contamination in Xe1T

Nevertheless, many powerful DM direct detection experiments are 
underway and let’s see what they can discover!


