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• Dark matter theories with novel dark sector structures beyond WIMP have 
been actively proposed nowadays. 

• Multiple dark matter components are considered in a variety of dark sector 
theories beyond WIMP, e.g., multi-component boosted dark matter, 
composite dark matter, etc.



Sub-dominant DM is hidden?
• Conventionally, sub-dominant DM components are thought to be 
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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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e.g., DM-SM coupling

Amount-1 = 
fraction-1

cross section

Observable = fraction × cross section
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Detection prospects of BDM
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• Neutrino Experiments

More systematic approach in possible BDM signals
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When 𝜒1𝜒1→ SM is dominated by s-wave

• The annihilation cross section 𝜒1𝜒1 → SM increases as 1/r1 2 so the 
process is sensitive to various observables (strong constraints).

<latexit sha1_base64="ASUNeCh2l34zz5R3DCRGEI36zD0=">AAACV3icbVFLSwMxGMyuVWt9tXr0EiyCIpTdUrTHghePCvYB3bpk069taJJdk2yhLP2T4sW/4kXTWqS2HQhMZuYjySRKONPG8z4ddye3u7efPygcHh2fnBZLZy0dp4pCk8Y8Vp2IaOBMQtMww6GTKCAi4tCOxg9zvz0BpVksX8w0gZ4gQ8kGjBJjpbAoA07kkAMONBsKEnp4EmaBElgBn+FA/ZkC3vD11tBNqPHtdu8mTFa3r9WwWPYq3gJ4k/hLUkZLPIXF96Af01SANJQTrbu+l5heRpRhlMOsEKQaEkLHZAhdSyURoHvZopcZvrJKHw9iZZc0eKGuTmREaD0VkU0KYkZ63ZuL27xuagb1XsZkkhqQ9PegQcqxifG8ZNxnCqjhU0sIVczeFdMRUYQa+xUFW4K//uRN0qpW/LtK7blWbtSXdeTRBbpE18hH96iBHtETaiKKPtCXs+PknE/n291z879R11nOnKN/cEs/sLmzGA==</latexit>

h�0vreli ' (�0vrel)s + (�0vrel)pv
2
rel

Structure of 𝜒1𝜒1→ SM



When 𝜒1𝜒1→ SM is dominated by p-wave Safe from constraints?

Structure of 𝜒1𝜒1→ SM



When 𝜒1𝜒1→ SM is dominated by p-wave Safe from constraints?
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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.

Structure of 𝜒1𝜒1→ SM



When 𝜒1𝜒1→ SM is dominated by p-wave Safe from constraints?
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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). <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



When 𝜒1𝜒1→ SM is dominated by p-wave Safe from constraints?
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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). <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
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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.
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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 by Yast.
<latexit sha1_base64="u+f4KDxvZln9Qwt/gsB3wCGHNYg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48V7Ie2IWy223bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCanhUijeRIGSdxLNaRRK3g7HNzO//cS1EbG6x0nC/YgOlRgIRtFKjw9B1mMjEXjToFxxq+4cZJV4OalAjkZQ/ur1Y5ZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzSp8MYm1LIZmrvycyGhkziULbGVEcmWVvJv7ndVMc1PxMqCRFrthi0SCVBGMye5/0heYM5cQSyrSwtxI2opoytCGVbAje8surpHVR9a6ql3eXlXotj6MIJ3AK5+DBNdThFhrQBAYKnuEV3hzjvDjvzseiteDkM8fwB87nD1WRkK0=</latexit>

Y�1

• 𝜒1𝜒1 → SM affects the cosmo/
astroph observables. 

• For the p-wave dominant case, 
the  𝜒1𝜒1 → SM takes a less role in 
determining Y1 than in the s-wave.

Assisted regime

Structure of 𝜒1𝜒1→ SM
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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="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>
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<latexit sha1_base64="ncNlXtn9y6lF/AD2PkQOlmktY0k="></latexit>

r = 0.1

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

Yast.

<latexit sha1_base64="S21dc0acq5ZexsoCKIg8ZNIpXZ8="></latexit>
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101 102 103

10-10

10-9

10-8

10-7

101 102 103

10-10

10-9

10-8

10-7

<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 > 0.5,       is not affected by Yast.
<latexit sha1_base64="u+f4KDxvZln9Qwt/gsB3wCGHNYg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48V7Ie2IWy223bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCanhUijeRIGSdxLNaRRK3g7HNzO//cS1EbG6x0nC/YgOlRgIRtFKjw9B1mMjEXjToFxxq+4cZJV4OalAjkZQ/ur1Y5ZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzSp8MYm1LIZmrvycyGhkziULbGVEcmWVvJv7ndVMc1PxMqCRFrthi0SCVBGMye5/0heYM5cQSyrSwtxI2opoytCGVbAje8surpHVR9a6ql3eXlXotj6MIJ3AK5+DBNdThFhrQBAYKnuEV3hzjvDjvzseiteDkM8fwB87nD1WRkK0=</latexit>

Y�1

• In this example, the fraction of 𝜒1 is 
already large enough to affect various 
observables.

Standard regime

Structure of 𝜒1𝜒1→ SM



• 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.

Effects of 𝜒1 to various observables

Sub-component DM can be not hidden and affect
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When 𝜒1𝜒1→ SM is dominated by s-wave

• Conventionally, the existence of sub-component 𝜒1𝜒1 → SM like our 
structure has been naively thought as remedy because

• The cosmo/astro bounds on light DM annihilations are very stringent 
because of the enhanced number density.

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

n2
�1
h�1vrelistandard ⇠ r1

Effects of 𝜒1 to various observables
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When 𝜒1𝜒1→ SM is dominated by s-wave

• If the crossing symmetry is effective (𝜒1 - e), various DM direct detection 
experiments can have sensitivities to 𝜒1.

• In the assisted regime viable in a wide range of parameter space, 
however, this is not true since

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

n2
�1
(�1vrel)s ⇠ r21 ·

1

r21
= no r1

Effects of 𝜒1 to various observables
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When 𝜒1𝜒1→ SM is dominated by s-wave

• If the crossing symmetry is effective (𝜒1 - e), various DM direct detection 
experiments can have sensitivities to 𝜒1.

• In the assisted regime viable in a wide range of parameter space, 
however, this is not true since
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Effects of 𝜒1 to various observables
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When 𝜒1𝜒1→ SM is dominated by p-wave

• Robustly constrained by Neff & the DM direct detection (assuming 
crossing symmetry) bounds enter for small r1. 

Effects of 𝜒1 to various observables
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When 𝜒1𝜒1→ SM is dominated by p-wave

• Robustly constrained by Neff & the DM direct detection (assuming 
crossing symmetry) bounds enter for small r1. 

Effects of 𝜒1 to various observables
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• The 4-body s-wave can be dominant over 
the p-wave in later time (minimal s-wave).

<latexit sha1_base64="jXeXzxw4PRx0PVuCIbK61gm9lNg="></latexit>

(�vs) /
1

r21
for r1 ⌧ 1



10
�30 cm

2

10
�33 cm

2

10
�36 cm

2

10
�24 cm

2

10
�30 cm

2

10
�33 cm

2

10
�36 cm

2

Un
ita
rit
y

DDass
iste

d-f
.o.

reg
im
e

sta
nd
ard

-f.o
. r
egi

me

CM
B(

mi
nim

al
s-w

av
e)

BB
N
(m
ini
ma

l s
-w
av
e)

(p-
wa
ve
)

Un
ita
rit
y

DD
ass

ist
ed
-f.o

. r
eg
im
e

sta
nd
ard

-f.o
. r
eg
im
e

CM
B(

mi
nim

al
s-w

av
e)

BB
N
(m
ini
ma

l s
-w
av
e)

M
W

(m
ini
ma

l s
-w
av
e)

M
W

(m
ini
ma

l s
-w
av
e)

N
e↵

N
e↵

<latexit sha1_base64="uoQWfRq79AGLYS2cXr3fSHHybQ4="></latexit>

m�1 > m�0

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

⌦
�
1
/(
⌦

�
0
+
⌦

�
1
))

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

⌦
�
1
/(
⌦

�
0
+
⌦

�
1
))

When 𝜒1𝜒1→ SM is dominated by p-wave

• Robustly constrained by Neff & the DM direct detection (assuming 
crossing symmetry) bounds enter for small r1. 

Effects of 𝜒1 to various observables
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Depends on the evolution of T𝜒1



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-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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r1 = 1⇥ 10�2

• The effect increases as 1/r1 & the strength of the self-interaction.

• If self-heating is efficient even after the kinetic decoupling, the 
temperature evolution of 𝜒1 shows an interesting dynamics.
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• For r1 ≳ 0.1, the self-heating epoch can persist even until the matter-
radiation equality.



Temperature evolution of 𝜒1 
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r1 = 1⇥ 10�2

• The photo-dissociation bounds become severer.

• For r1 ≳ 0.1, the self-heating epoch can persist even until the matter-
radiation equality.

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

# of satellites



New bounds due to self-heating

• Direct detection bounds get weaken because of its warmness.

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

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



Complementary searches
Light DM can be produced in accelerators!

• Reference model: 
singlet scalar DM + 
dark photon

• Green: Neff,  
    Pink: WDM 
    for r1 ≳ 0.1.

• Future discovery 
can tell the dark 
sector details.

• For r1 ≲ 0.1, not 
preferred by the 
accelerator results.
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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 sub-component can affect the structure formation and be a sub-
GeV mass Warm Dark Matter (heavy WDM) for r1 ≳ 0.1! 

• Complementary searches in accelerators are possible (disfavor r1 ≲ 0.1)
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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.



Backup
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