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What we know about DM

• Gravitational interaction


• Stable (cosmologically)


• Electrically neutral


• Cold, pressureless fluid
Galaxy mergers
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The SM does not provide a DM candidate



What we DON’T know about DM

• Fundamental/composite


• Cosmological origin


• Mass


• Other interactions?
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What we DON’T know about DM

Thermally produced

1019GeV10�22eV 1 keV
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Outline

• Thermal relics


• Exceptions: coannihilation


• Dark Higgs



Thermal relics

Early Universe: hot plasma in thermal equilibrium
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Thermal relics

Early Universe: hot plasma in thermal equilibrium
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Thermal relics
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DM annihilation 
freeze-out

Early Universe: hot plasma in thermal equilibrium
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Relic abundance

DM

DM SM

SM

DM annihilation 
freeze-out

neq ⇠ e�mDM/T
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Increasing h�vi
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WIMP miracle
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WIMP miracle
Sudden freeze-out 

approximation
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WIMP miracle
Sudden freeze-out 

approximation
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WIMP miracle
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WIMP searches

Direct detection
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WIMP searches

Indirect detection

DM

DM SM

SM

Planck collaboration, 2018

excluded
mDM . 10 GeV
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Outline

• Thermal relics


• Exceptions: coannihilation


• Dark Higgs



Standard assumptions

•             const. during freeze-out


• DM DM        SM SM dominates                     


• Thermal equilibrium with SM bath

h�vi ⇠
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TDM = TSM
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µDM = 0
<latexit sha1_base64="4s2gNz4jsMbG+Gv7VcuhdzdNYR0=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRV0I1Q1IUboYJ9QBPCZDpph04ezNyoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd77/ETwRVY1rdRWFpeWV0rrpc2Nre2d8zybkvFqaSsSWMRy45PFBM8Yk3gIFgnkYyEvmBtf3g58dv3TCoeR3cwSpgbkn7EA04JaMkzy06Yeg6wR8iubsb4HFueWbGq1hR4kdg5qaAcDc/8cnoxTUMWARVEqa5tJeBmRAKngo1LTqpYQuiQ9FlX04iETLnZ9PQxPtRKDwex1BUBnqq/JzISKjUKfd0ZEhioeW8i/ud1UwjO3IxHSQosorNFQSowxHiSA+5xySiIkSaESq5vxXRAJKGg0yrpEOz5lxdJq1a1j6u125NK/SKPo4j20QE6QjY6RXV0jRqoiSh6QM/oFb0ZT8aL8W58zFoLRj6zh/7A+PwBNSSTTQ==</latexit>



Standard assumptions

•             const. during freeze-out


• DM DM        SM SM dominates                     


• Thermal equilibrium with SM bath
TDM = TSM

<latexit sha1_base64="7p5siiPewZWYRpG4leqRSKz7kSc=">AAACAnicbVDLSgMxFM3UV62vqitxEyyCqzJTBd0IRV24KVTsC9oyZNJMG5rJDMkdsQzFjb/ixoUibv0Kd/6N6UPQ1gMXTs65l9x7vEhwDbb9ZaUWFpeWV9KrmbX1jc2t7PZOTYexoqxKQxGqhkc0E1yyKnAQrBEpRgJPsLrXvxz59TumNA9lBQYRawekK7nPKQEjudm9itsCdg/JVWmIz/HP67Y0dLM5O2+PgeeJMyU5NEXZzX62OiGNAyaBCqJ107EjaCdEAaeCDTOtWLOI0D7psqahkgRMt5PxCUN8aJQO9kNlSgIeq78nEhJoPQg80xkQ6OlZbyT+5zVj8M/aCZdRDEzSyUd+LDCEeJQH7nDFKIiBIYQqbnbFtEcUoWBSy5gQnNmT50mtkHeO84Wbk1zxYhpHGu2jA3SEHHSKiugalVEVUfSAntALerUerWfrzXqftKas6cwu+gPr4xufPpbv</latexit>

µDM = 0
<latexit sha1_base64="4s2gNz4jsMbG+Gv7VcuhdzdNYR0=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRV0I1Q1IUboYJ9QBPCZDpph04ezNyoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd77/ETwRVY1rdRWFpeWV0rrpc2Nre2d8zybkvFqaSsSWMRy45PFBM8Yk3gIFgnkYyEvmBtf3g58dv3TCoeR3cwSpgbkn7EA04JaMkzy06Yeg6wR8iubsb4HFueWbGq1hR4kdg5qaAcDc/8cnoxTUMWARVEqa5tJeBmRAKngo1LTqpYQuiQ9FlX04iETLnZ9PQxPtRKDwex1BUBnqq/JzISKjUKfd0ZEhioeW8i/ud1UwjO3IxHSQosorNFQSowxHiSA+5xySiIkSaESq5vxXRAJKGg0yrpEOz5lxdJq1a1j6u125NK/SKPo4j20QE6QjY6RXV0jRqoiSh6QM/oFb0ZT8aL8W58zFoLRj6zh/7A+PwBNSSTTQ==</latexit>

resonance*, 

forbidden annihilation*,


*Griest and Seckel, 1991

h�vi ⇠
<latexit sha1_base64="He4a3mG42bPeBPK7mo7bLxn5kDQ=">AAACBnicbVBNSwMxEM3Wr1q/qh5FCBbBU9mtgh6LXjxWsB/QXcpsmm1Dk+ySZAul9OTFv+LFgyJe/Q3e/Dem7SLa+mDg8d4MM/PChDNtXPfLya2srq1v5DcLW9s7u3vF/YOGjlNFaJ3EPFatEDTlTNK6YYbTVqIoiJDTZji4mfrNIVWaxfLejBIaCOhJFjECxkqd4rHPQfY4xb5mPQF4iH31I4hOseSW3RnwMvEyUkIZap3ip9+NSSqoNISD1m3PTUwwBmUY4XRS8FNNEyAD6NG2pRIE1cF49sYEn1qli6NY2ZIGz9TfE2MQWo9EaDsFmL5e9Kbif147NdFVMGYySQ2VZL4oSjk2MZ5mgrtMUWL4yBIgitlbMemDAmJscgUbgrf48jJpVMreeblyd1GqXmdx5NEROkFnyEOXqIpuUQ3VEUEP6Am9oFfn0Xl23pz3eWvOyWYO0R84H996uJh9</latexit>



Standard assumptions

•             const. during freeze-out


• DM DM        SM SM dominates                     


• Thermal equilibrium with SM bath
TDM = TSM

<latexit sha1_base64="7p5siiPewZWYRpG4leqRSKz7kSc=">AAACAnicbVDLSgMxFM3UV62vqitxEyyCqzJTBd0IRV24KVTsC9oyZNJMG5rJDMkdsQzFjb/ixoUibv0Kd/6N6UPQ1gMXTs65l9x7vEhwDbb9ZaUWFpeWV9KrmbX1jc2t7PZOTYexoqxKQxGqhkc0E1yyKnAQrBEpRgJPsLrXvxz59TumNA9lBQYRawekK7nPKQEjudm9itsCdg/JVWmIz/HP67Y0dLM5O2+PgeeJMyU5NEXZzX62OiGNAyaBCqJ107EjaCdEAaeCDTOtWLOI0D7psqahkgRMt5PxCUN8aJQO9kNlSgIeq78nEhJoPQg80xkQ6OlZbyT+5zVj8M/aCZdRDEzSyUd+LDCEeJQH7nDFKIiBIYQqbnbFtEcUoWBSy5gQnNmT50mtkHeO84Wbk1zxYhpHGu2jA3SEHHSKiugalVEVUfSAntALerUerWfrzXqftKas6cwu+gPr4xufPpbv</latexit>

µDM = 0
<latexit sha1_base64="4s2gNz4jsMbG+Gv7VcuhdzdNYR0=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRV0I1Q1IUboYJ9QBPCZDpph04ezNyoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd77/ETwRVY1rdRWFpeWV0rrpc2Nre2d8zybkvFqaSsSWMRy45PFBM8Yk3gIFgnkYyEvmBtf3g58dv3TCoeR3cwSpgbkn7EA04JaMkzy06Yeg6wR8iubsb4HFueWbGq1hR4kdg5qaAcDc/8cnoxTUMWARVEqa5tJeBmRAKngo1LTqpYQuiQ9FlX04iETLnZ9PQxPtRKDwex1BUBnqq/JzISKjUKfd0ZEhioeW8i/ud1UwjO3IxHSQosorNFQSowxHiSA+5xySiIkSaESq5vxXRAJKGg0yrpEOz5lxdJq1a1j6u125NK/SKPo4j20QE6QjY6RXV0jRqoiSh6QM/oFb0ZT8aL8W58zFoLRj6zh/7A+PwBNSSTTQ==</latexit>

coannihilation*,

DM DM DM      DM DM,


coscattering

*Griest and Seckel, 1991

h�vi ⇠
<latexit sha1_base64="He4a3mG42bPeBPK7mo7bLxn5kDQ=">AAACBnicbVBNSwMxEM3Wr1q/qh5FCBbBU9mtgh6LXjxWsB/QXcpsmm1Dk+ySZAul9OTFv+LFgyJe/Q3e/Dem7SLa+mDg8d4MM/PChDNtXPfLya2srq1v5DcLW9s7u3vF/YOGjlNFaJ3EPFatEDTlTNK6YYbTVqIoiJDTZji4mfrNIVWaxfLejBIaCOhJFjECxkqd4rHPQfY4xb5mPQF4iH31I4hOseSW3RnwMvEyUkIZap3ip9+NSSqoNISD1m3PTUwwBmUY4XRS8FNNEyAD6NG2pRIE1cF49sYEn1qli6NY2ZIGz9TfE2MQWo9EaDsFmL5e9Kbif147NdFVMGYySQ2VZL4oSjk2MZ5mgrtMUWL4yBIgitlbMemDAmJscgUbgrf48jJpVMreeblyd1GqXmdx5NEROkFnyEOXqIpuUQ3VEUEP6Am9oFfn0Xl23pz3eWvOyWYO0R84H996uJh9</latexit>

resonance*, 

forbidden annihilation*,




Standard assumptions

•             const. during freeze-out


• DM DM        SM SM dominates                     


• Thermal equilibrium with SM bath
TDM = TSM

<latexit sha1_base64="7p5siiPewZWYRpG4leqRSKz7kSc=">AAACAnicbVDLSgMxFM3UV62vqitxEyyCqzJTBd0IRV24KVTsC9oyZNJMG5rJDMkdsQzFjb/ixoUibv0Kd/6N6UPQ1gMXTs65l9x7vEhwDbb9ZaUWFpeWV9KrmbX1jc2t7PZOTYexoqxKQxGqhkc0E1yyKnAQrBEpRgJPsLrXvxz59TumNA9lBQYRawekK7nPKQEjudm9itsCdg/JVWmIz/HP67Y0dLM5O2+PgeeJMyU5NEXZzX62OiGNAyaBCqJ107EjaCdEAaeCDTOtWLOI0D7psqahkgRMt5PxCUN8aJQO9kNlSgIeq78nEhJoPQg80xkQ6OlZbyT+5zVj8M/aCZdRDEzSyUd+LDCEeJQH7nDFKIiBIYQqbnbFtEcUoWBSy5gQnNmT50mtkHeO84Wbk1zxYhpHGu2jA3SEHHSKiugalVEVUfSAntALerUerWfrzXqftKas6cwu+gPr4xufPpbv</latexit>

µDM = 0
<latexit sha1_base64="4s2gNz4jsMbG+Gv7VcuhdzdNYR0=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRV0I1Q1IUboYJ9QBPCZDpph04ezNyoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd77/ETwRVY1rdRWFpeWV0rrpc2Nre2d8zybkvFqaSsSWMRy45PFBM8Yk3gIFgnkYyEvmBtf3g58dv3TCoeR3cwSpgbkn7EA04JaMkzy06Yeg6wR8iubsb4HFueWbGq1hR4kdg5qaAcDc/8cnoxTUMWARVEqa5tJeBmRAKngo1LTqpYQuiQ9FlX04iETLnZ9PQxPtRKDwex1BUBnqq/JzISKjUKfd0ZEhioeW8i/ud1UwjO3IxHSQosorNFQSowxHiSA+5xySiIkSaESq5vxXRAJKGg0yrpEOz5lxdJq1a1j6u125NK/SKPo4j20QE6QjY6RXV0jRqoiSh6QM/oFb0ZT8aL8W58zFoLRj6zh/7A+PwBNSSTTQ==</latexit>

coannihilation*,

DM DM DM      DM DM,


coscattering

*Griest and Seckel, 1991

asymmetric,

TDM 6= TSM

<latexit sha1_base64="mZdsF9y66oWuQeY6QMu2V9Z4DKA=">AAACIXicbVBNS8NAEN34bf2qevSyWAQPEpJW0KOoBy9CRatCE8pmO62Lm03cnYgl5K948a948aBIb+KfcVuL+PVg4PHezO7Mi1IpDHremzM2PjE5NT0zW5qbX1hcKi+vnJsk0xwaPJGJvoyYASkUNFCghMtUA4sjCRfR9cHAv7gFbUSizrCXQhizrhIdwRlaqVXezWkwfKWpu1GYe251i3pubYv6BT1rBQh3mB8eFzRQcPMlnB4XRatc8VxvCPqX+CNSISPUW+V+0E54FoNCLpkxTd9LMcyZRsElFKUgM5Ayfs260LRUsRhMmA93K+iGVdq0k2hbCulQ/T6Rs9iYXhzZzpjhlfntDcT/vGaGnd0wFyrNEBT//KiTSYoJHcRF20IDR9mzhHEt7K6UXzHNONpQSzYE//fJf8l51fVrbvVku7K3P4pjhqyRdbJJfLJD9sgRqZMG4eSePJJn8uI8OE/Oq9P/bB1zRjOr5Aec9w+5/qIQ</latexit>

h�vi ⇠
<latexit sha1_base64="He4a3mG42bPeBPK7mo7bLxn5kDQ=">AAACBnicbVBNSwMxEM3Wr1q/qh5FCBbBU9mtgh6LXjxWsB/QXcpsmm1Dk+ySZAul9OTFv+LFgyJe/Q3e/Dem7SLa+mDg8d4MM/PChDNtXPfLya2srq1v5DcLW9s7u3vF/YOGjlNFaJ3EPFatEDTlTNK6YYbTVqIoiJDTZji4mfrNIVWaxfLejBIaCOhJFjECxkqd4rHPQfY4xb5mPQF4iH31I4hOseSW3RnwMvEyUkIZap3ip9+NSSqoNISD1m3PTUwwBmUY4XRS8FNNEyAD6NG2pRIE1cF49sYEn1qli6NY2ZIGz9TfE2MQWo9EaDsFmL5e9Kbif147NdFVMGYySQ2VZL4oSjk2MZ5mgrtMUWL4yBIgitlbMemDAmJscgUbgrf48jJpVMreeblyd1GqXmdx5NEROkFnyEOXqIpuUQ3VEUEP6Am9oFfn0Xl23pz3eWvOyWYO0R84H996uJh9</latexit>

resonance*, 

forbidden annihilation*,




Standard assumptions

•             const. during freeze-out


• DM DM        SM SM dominates                     


• Thermal equilibrium with SM bath
TDM = TSM

<latexit sha1_base64="7p5siiPewZWYRpG4leqRSKz7kSc=">AAACAnicbVDLSgMxFM3UV62vqitxEyyCqzJTBd0IRV24KVTsC9oyZNJMG5rJDMkdsQzFjb/ixoUibv0Kd/6N6UPQ1gMXTs65l9x7vEhwDbb9ZaUWFpeWV9KrmbX1jc2t7PZOTYexoqxKQxGqhkc0E1yyKnAQrBEpRgJPsLrXvxz59TumNA9lBQYRawekK7nPKQEjudm9itsCdg/JVWmIz/HP67Y0dLM5O2+PgeeJMyU5NEXZzX62OiGNAyaBCqJ107EjaCdEAaeCDTOtWLOI0D7psqahkgRMt5PxCUN8aJQO9kNlSgIeq78nEhJoPQg80xkQ6OlZbyT+5zVj8M/aCZdRDEzSyUd+LDCEeJQH7nDFKIiBIYQqbnbFtEcUoWBSy5gQnNmT50mtkHeO84Wbk1zxYhpHGu2jA3SEHHSKiugalVEVUfSAntALerUerWfrzXqftKas6cwu+gPr4xufPpbv</latexit>

µDM = 0
<latexit sha1_base64="4s2gNz4jsMbG+Gv7VcuhdzdNYR0=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRV0I1Q1IUboYJ9QBPCZDpph04ezNyoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd77/ETwRVY1rdRWFpeWV0rrpc2Nre2d8zybkvFqaSsSWMRy45PFBM8Yk3gIFgnkYyEvmBtf3g58dv3TCoeR3cwSpgbkn7EA04JaMkzy06Yeg6wR8iubsb4HFueWbGq1hR4kdg5qaAcDc/8cnoxTUMWARVEqa5tJeBmRAKngo1LTqpYQuiQ9FlX04iETLnZ9PQxPtRKDwex1BUBnqq/JzISKjUKfd0ZEhioeW8i/ud1UwjO3IxHSQosorNFQSowxHiSA+5xySiIkSaESq5vxXRAJKGg0yrpEOz5lxdJq1a1j6u125NK/SKPo4j20QE6QjY6RXV0jRqoiSh6QM/oFb0ZT8aL8W58zFoLRj6zh/7A+PwBNSSTTQ==</latexit>

coannihilation*,

DM DM DM      DM DM,


coscattering

*Griest and Seckel, 1991

asymmetric,

TDM 6= TSM

<latexit sha1_base64="mZdsF9y66oWuQeY6QMu2V9Z4DKA=">AAACIXicbVBNS8NAEN34bf2qevSyWAQPEpJW0KOoBy9CRatCE8pmO62Lm03cnYgl5K948a948aBIb+KfcVuL+PVg4PHezO7Mi1IpDHremzM2PjE5NT0zW5qbX1hcKi+vnJsk0xwaPJGJvoyYASkUNFCghMtUA4sjCRfR9cHAv7gFbUSizrCXQhizrhIdwRlaqVXezWkwfKWpu1GYe251i3pubYv6BT1rBQh3mB8eFzRQcPMlnB4XRatc8VxvCPqX+CNSISPUW+V+0E54FoNCLpkxTd9LMcyZRsElFKUgM5Ayfs260LRUsRhMmA93K+iGVdq0k2hbCulQ/T6Rs9iYXhzZzpjhlfntDcT/vGaGnd0wFyrNEBT//KiTSYoJHcRF20IDR9mzhHEt7K6UXzHNONpQSzYE//fJf8l51fVrbvVku7K3P4pjhqyRdbJJfLJD9sgRqZMG4eSePJJn8uI8OE/Oq9P/bB1zRjOr5Aec9w+5/qIQ</latexit>

DM properties can be very different from WIMP!

h�vi ⇠
<latexit sha1_base64="He4a3mG42bPeBPK7mo7bLxn5kDQ=">AAACBnicbVBNSwMxEM3Wr1q/qh5FCBbBU9mtgh6LXjxWsB/QXcpsmm1Dk+ySZAul9OTFv+LFgyJe/Q3e/Dem7SLa+mDg8d4MM/PChDNtXPfLya2srq1v5DcLW9s7u3vF/YOGjlNFaJ3EPFatEDTlTNK6YYbTVqIoiJDTZji4mfrNIVWaxfLejBIaCOhJFjECxkqd4rHPQfY4xb5mPQF4iH31I4hOseSW3RnwMvEyUkIZap3ip9+NSSqoNISD1m3PTUwwBmUY4XRS8FNNEyAD6NG2pRIE1cF49sYEn1qli6NY2ZIGz9TfE2MQWo9EaDsFmL5e9Kbif147NdFVMGYySQ2VZL4oSjk2MZ5mgrtMUWL4yBIgitlbMemDAmJscgUbgrf48jJpVMreeblyd1GqXmdx5NEROkFnyEOXqIpuUQ3VEUEP6Am9oFfn0Xl23pz3eWvOyWYO0R84H996uJh9</latexit>

resonance*, 

forbidden annihilation*,




Coannihilation relic density

�1
<latexit sha1_base64="eYAu+efcv56zfHQp3IzWdC2w4y8=">AAACDHicbVDLSsNAFL3xWeur6tLNYBFcSEiqoO6KblxWsA9IQplMJ+3QyYOZiVBCPsCNv+LGhSJu/QB3/o3TNAttPTDD4Zx779w5fsKZVJb1bSwtr6yurVc2qptb2zu7tb39joxTQWibxDwWPR9LyllE24opTnuJoDj0Oe3645up332gQrI4uleThHohHkYsYAQrLfVr9cwthjhi6HuZZV6dIsu0iytHLhmxvp3rKsu0CqBFYpekDiVa/dqXO4hJGtJIEY6ldGwrUV6GhWKE07zqppImmIzxkDqaRjik0suKPXJ0rJUBCmKhT6RQof7uyHAo5ST0dWWI1UjOe1PxP89JVXDpZSxKUkUjMnsoSDlSMZomgwZMUKL4RBNMBNO7IjLCAhOl86vqEOz5Ly+STsO0z8zG3Xm9eV3GUYFDOIITsOECmnALLWgDgUd4hld4M56MF+Pd+JiVLhllzwH8gfH5A+pMmPg=</latexit>

�2
<latexit sha1_base64="6HjFWk8Bb3jtH9oD1V0yOp9urfU=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIxoCgpVGWsYGEsEn1ISRQ5rttadR6yHaQqyh+w8CssDCDEysrG3+CkGaDlSLaOzrn3+vr4MaNCmua3VllZXVvfqG7WtrZ3dvf0/YOeiBKOSRdHLOIDHwnCaEi6kkpGBjEnKPAZ6fvTm9zvPxAuaBTey1lM3ACNQzqiGEklefpp6hRDbD723dQ0rOY5NI1WflnNDDp4Qr1GBj29bhpmAbhMrJLUQYmOp385wwgnAQklZkgI2zJj6aaIS4oZyWpOIkiM8BSNia1oiAIi3LRYJYMnShnCUcTVCSUs1N8dKQqEmAW+qgyQnIhFLxf/8+xEjq7clIZxIkmI5w+NEgZlBPNw4JBygiWbKYIwp2pXiCeIIyxVhDUVgrX45WXSaxjWhdG4u6y3r8s4quAIHIMzYIEWaINb0AFdgMEjeAav4E170l60d+1jXlrRyp5D8Afa5w9InZmf</latexit>

�N
<latexit sha1_base64="dpRjIK5cVHjuPPFJ+XRV+Y5tKJ4=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCAGFCWFqowVLEyoSPQhJVHkuE5r1XnIdpCqqH/Awq+wMIAQKysbf4OTZoCWI9k6Oufe6+vjJ4wKaZrf2tLyyuraemWjurm1vbOr7+13RZxyTDo4ZjHv+0gQRiPSkVQy0k84QaHPSM8fX+d+74FwQePoXk4S4oZoGNGAYiSV5OknmVMMsfnQdzPTsBpn0DSa+WU1ptDBI+rdTqGn10zDLAAXiVWSGijR9vQvZxDjNCSRxAwJYVtmIt0McUkxI9OqkwqSIDxGQ2IrGqGQCDcrVpnCY6UMYBBzdSIJC/V3R4ZCISahrypDJEdi3svF/zw7lcGlm9EoSSWJ8OyhIGVQxjAPBw4oJ1iyiSIIc6p2hXiEOMJSRVhVIVjzX14k3bphnRv1u4ta66qMowIOwRE4BRZogha4AW3QARg8gmfwCt60J+1Fe9c+ZqVLWtlzAP5A+/wBc0WZuw==</latexit>

�j
<latexit sha1_base64="ZXoQPIK1SNstmMkquCd1zYw4+AE=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxoCgprehYwcJYJPqQkihyXKc1dR6yHaQq6g+w8CssDCDEys7G3+CkHaDlSLaOzrn3+vr4CaNCmua3VlpZXVvfKG9WtrZ3dvf0/YOuiFOOSQfHLOZ9HwnCaEQ6kkpG+gknKPQZ6fnj69zvPRAuaBzdyUlC3BANIxpQjKSSPP0kc4ohNh/6bmYa9XNoGo1afjcbUwePqHc/9fSqaZgF4DKx5qQK5mh7+pcziHEakkhihoSwLTORboa4pJiRacVJBUkQHqMhsRWNUEiEmxWLTOGpUgYwiLk6kYSF+rsjQ6EQk9BXlSGSI7Ho5eJ/np3KoOlmNEpSSSI8eyhIGZQxzKOBA8oJlmyiCMKcql0hHiGOsFQBVlQI1uKXl0m3ZlgXRu22Xm1dzeMogyNwDM6ABS5BC9yANugADB7BM3gFb9qT9qK9ax+z0pI27zkEf6B9/gDk55mI</latexit>

�i
<latexit sha1_base64="gx/WH317IUMYoCynTViVR/IYwPk=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJUYUJSUVnSsYGEsEn1ISRQ5rtNadR6yHaQq6hew8CssDCDEyszG3+CkGaDlSLaOzrn3+vr4CaNCmua3tra+sbm1Xdmp7u7tHxzqR8d9Eacckx6OWcyHPhKE0Yj0JJWMDBNOUOgzMvCnN7k/eCBc0Di6l7OEuCEaRzSgGEkleXo9c4ohNh/7bmYazQtoGq1GfrdbcwdPqEfn0NNrpmEWgKvEKkkNlOh6+pczinEakkhihoSwLTORboa4pJiRedVJBUkQnqIxsRWNUEiEmxWbzGFdKSMYxFydSMJC/d2RoVCIWeiryhDJiVj2cvE/z05l0HYzGiWpJBFePBSkDMoY5tnAEeUESzZTBGFO1a4QTxBHWKoEqyoEa/nLq6TfMKxLo3HXrHWuyzgq4BScgXNggSvQAbegC3oAg0fwDF7Bm/akvWjv2seidE0re07AH2ifP0SqmbE=</latexit>

�

�

�i
<latexit sha1_base64="gx/WH317IUMYoCynTViVR/IYwPk=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJUYUJSUVnSsYGEsEn1ISRQ5rtNadR6yHaQq6hew8CssDCDEyszG3+CkGaDlSLaOzrn3+vr4CaNCmua3tra+sbm1Xdmp7u7tHxzqR8d9Eacckx6OWcyHPhKE0Yj0JJWMDBNOUOgzMvCnN7k/eCBc0Di6l7OEuCEaRzSgGEkleXo9c4ohNh/7bmYazQtoGq1GfrdbcwdPqEfn0NNrpmEWgKvEKkkNlOh6+pczinEakkhihoSwLTORboa4pJiRedVJBUkQnqIxsRWNUEiEmxWbzGFdKSMYxFydSMJC/d2RoVCIWeiryhDJiVj2cvE/z05l0HYzGiWpJBFePBSkDMoY5tnAEeUESzZTBGFO1a4QTxBHWKoEqyoEa/nLq6TfMKxLo3HXrHWuyzgq4BScgXNggSvQAbegC3oAg0fwDF7Bm/akvWjv2seidE0re07AH2ifP0SqmbE=</latexit>

�j
<latexit sha1_base64="ZXoQPIK1SNstmMkquCd1zYw4+AE=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxoCgprehYwcJYJPqQkihyXKc1dR6yHaQq6g+w8CssDCDEys7G3+CkHaDlSLaOzrn3+vr4CaNCmua3VlpZXVvfKG9WtrZ3dvf0/YOuiFOOSQfHLOZ9HwnCaEQ6kkpG+gknKPQZ6fnj69zvPRAuaBzdyUlC3BANIxpQjKSSPP0kc4ohNh/6bmYa9XNoGo1afjcbUwePqHc/9fSqaZgF4DKx5qQK5mh7+pcziHEakkhihoSwLTORboa4pJiRacVJBUkQHqMhsRWNUEiEmxWLTOGpUgYwiLk6kYSF+rsjQ6EQk9BXlSGSI7Ho5eJ/np3KoOlmNEpSSSI8eyhIGZQxzKOBA8oJlmyiCMKcql0hHiGOsFQBVlQI1uKXl0m3ZlgXRu22Xm1dzeMogyNwDM6ABS5BC9yANugADB7BM3gFb9qT9qK9ax+z0pI27zkEf6B9/gDk55mI</latexit>

DM

mN
<latexit sha1_base64="s9RgOfRwza8mVjpWOjq/9xsvW40=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJiQFFSqMpYwcKEikQfUhpVjuu0Vh0nsh2kKsoHsPArLAwgxMoHsPE3OGkGaDmSraNz7r2+Pl7EqFSW9W2UVlbX1jfKm5Wt7Z3dver+QVeGscCkg0MWir6HJGGUk46iipF+JAgKPEZ63vQ683sPREga8ns1i4gboDGnPsVIaWlYrSWDfIgjxp6bWKbdOIOW2cwuu5HCYHibQl1lmVYOuEzsgtRAgfaw+jUYhTgOCFeYISkd24qUmyChKGYkrQxiSSKEp2hMHE05Coh0k3yPFJ5oZQT9UOjDFczV3x0JCqScBZ6uDJCayEUvE//znFj5l25CeRQrwvH8IT9mUIUwSwaOqCBYsZkmCAuqd4V4ggTCSudX0SHYi19eJt26aZ+b9buLWuuqiKMMjsAxOAU2aIIWuAFt0AEYPIJn8ArejCfjxXg3PualJaPoOQR/YHz+AClQmHo=</latexit>

m2
<latexit sha1_base64="/Z4HsqOyp7c31zA/9oITI+C9dS4=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEgMKEoKVRkrWBiLRB9SG1WO67RWbSeyHaQqygew8CssDCDEygew8Tc4aQZoOZKto3Puvb4+fsSo0o7zba2srq1vbJa2yts7u3v7lYPDjgpjiUkbhyyUPR8pwqggbU01I71IEsR9Rrr+9Cbzuw9EKhqKez2LiMfRWNCAYqSNNKxUk0E+pC/Hvpc4tls/h47dyC63nkI+rKXQVDm2kwMuE7cgVVCgNax8DUYhjjkRGjOkVN91Iu0lSGqKGUnLg1iRCOEpGpO+oQJxorwk3yOFp0YZwSCU5ggNc/V3R4K4UjPum0qO9EQtepn4n9ePdXDlJVREsSYCzx8KYgZ1CLNk4IhKgjWbGYKwpGZXiCdIIqxNfmUTgrv45WXSqdnuhV27u6w2r4s4SuAYnIAz4IIGaIJb0AJtgMEjeAav4M16sl6sd+tjXrpiFT1H4A+szx/+mZhe</latexit>

m1
<latexit sha1_base64="j5ITlFxdPLWbO7bRTTPWsE6FOco=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEgMKEoKErBVsDAWiT6kNooc12mt2k5kO0hVlJWFX2FhACFW/oCNv8FNM0DLkWwdnXPv9fUJE0aVdt1va2l5ZXVtvbJR3dza3tm19/bbKk4lJi0cs1h2Q6QIo4K0NNWMdBNJEA8Z6YTjm6nfeSBS0Vjc60lCfI6GgkYUI22kwIZZvxjSk8PQz1zn6hS6jldcOeSBlwd2zXXcAnCReCWpgRLNwP7qD2KcciI0Zkipnucm2s+Q1BQzklf7qSIJwmM0JD1DBeJE+VmxRA6PjTKAUSzNERoW6u+ODHGlJjw0lRzpkZr3puJ/Xi/V0aWfUZGkmgg8eyhKGdQxnMYCB1QSrNnEEIQlNbtCPEISYW3Cq5oQvPkvL5J23fHOnPrdea1xXcZRAYfgCJwAD1yABrgFTdACGDyCZ/AK3qwn68V6tz5mpUtW2XMA/sD6/AGixJe3</latexit>

X

i,j
<latexit sha1_base64="IYWwUhC4tZelaCnKpoGteKCIJV8=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCnoMevEYwTwgWcLsZDYZM49lZlYISz7DiwdFvPo13vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLR7dRvPVFtmJIPdpzQUOCBZDEj2Dqp0zWp6GXsDD1OeuWKX/VnQMskyEkFctR75a9uX5FUUGkJx8Z0Aj+xYYa1ZYTTSambGppgMsID2nFUYkFNmM1OnqATp/RRrLQradFM/T2RYWHMWESuU2A7NIveVPzP66Q2vg4zJpPUUknmi+KUI6vQ9H/UZ5oSy8eOYKKZuxWRIdaYWJdSyYUQLL68TJrn1eCien5/Wand5HEU4QiO4RQCuIIa3EEdGkBAwTO8wptnvRfv3fuYtxa8fOYQ/sD7/AEENpET</latexit>

Freeze-out:                   

Rapid



Coannihilation relic density

�1
<latexit sha1_base64="eYAu+efcv56zfHQp3IzWdC2w4y8=">AAACDHicbVDLSsNAFL3xWeur6tLNYBFcSEiqoO6KblxWsA9IQplMJ+3QyYOZiVBCPsCNv+LGhSJu/QB3/o3TNAttPTDD4Zx779w5fsKZVJb1bSwtr6yurVc2qptb2zu7tb39joxTQWibxDwWPR9LyllE24opTnuJoDj0Oe3645up332gQrI4uleThHohHkYsYAQrLfVr9cwthjhi6HuZZV6dIsu0iytHLhmxvp3rKsu0CqBFYpekDiVa/dqXO4hJGtJIEY6ldGwrUV6GhWKE07zqppImmIzxkDqaRjik0suKPXJ0rJUBCmKhT6RQof7uyHAo5ST0dWWI1UjOe1PxP89JVXDpZSxKUkUjMnsoSDlSMZomgwZMUKL4RBNMBNO7IjLCAhOl86vqEOz5Ly+STsO0z8zG3Xm9eV3GUYFDOIITsOECmnALLWgDgUd4hld4M56MF+Pd+JiVLhllzwH8gfH5A+pMmPg=</latexit>

�2
<latexit sha1_base64="6HjFWk8Bb3jtH9oD1V0yOp9urfU=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIxoCgpVGWsYGEsEn1ISRQ5rttadR6yHaQqyh+w8CssDCDEysrG3+CkGaDlSLaOzrn3+vr4MaNCmua3VllZXVvfqG7WtrZ3dvf0/YOeiBKOSRdHLOIDHwnCaEi6kkpGBjEnKPAZ6fvTm9zvPxAuaBTey1lM3ACNQzqiGEklefpp6hRDbD723dQ0rOY5NI1WflnNDDp4Qr1GBj29bhpmAbhMrJLUQYmOp385wwgnAQklZkgI2zJj6aaIS4oZyWpOIkiM8BSNia1oiAIi3LRYJYMnShnCUcTVCSUs1N8dKQqEmAW+qgyQnIhFLxf/8+xEjq7clIZxIkmI5w+NEgZlBPNw4JBygiWbKYIwp2pXiCeIIyxVhDUVgrX45WXSaxjWhdG4u6y3r8s4quAIHIMzYIEWaINb0AFdgMEjeAav4E170l60d+1jXlrRyp5D8Afa5w9InZmf</latexit>

�N
<latexit sha1_base64="dpRjIK5cVHjuPPFJ+XRV+Y5tKJ4=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCAGFCWFqowVLEyoSPQhJVHkuE5r1XnIdpCqqH/Awq+wMIAQKysbf4OTZoCWI9k6Oufe6+vjJ4wKaZrf2tLyyuraemWjurm1vbOr7+13RZxyTDo4ZjHv+0gQRiPSkVQy0k84QaHPSM8fX+d+74FwQePoXk4S4oZoGNGAYiSV5OknmVMMsfnQdzPTsBpn0DSa+WU1ptDBI+rdTqGn10zDLAAXiVWSGijR9vQvZxDjNCSRxAwJYVtmIt0McUkxI9OqkwqSIDxGQ2IrGqGQCDcrVpnCY6UMYBBzdSIJC/V3R4ZCISahrypDJEdi3svF/zw7lcGlm9EoSSWJ8OyhIGVQxjAPBw4oJ1iyiSIIc6p2hXiEOMJSRVhVIVjzX14k3bphnRv1u4ta66qMowIOwRE4BRZogha4AW3QARg8gmfwCt60J+1Fe9c+ZqVLWtlzAP5A+/wBc0WZuw==</latexit>

DM

X

i,j
<latexit sha1_base64="IYWwUhC4tZelaCnKpoGteKCIJV8=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCnoMevEYwTwgWcLsZDYZM49lZlYISz7DiwdFvPo13vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLR7dRvPVFtmJIPdpzQUOCBZDEj2Dqp0zWp6GXsDD1OeuWKX/VnQMskyEkFctR75a9uX5FUUGkJx8Z0Aj+xYYa1ZYTTSambGppgMsID2nFUYkFNmM1OnqATp/RRrLQradFM/T2RYWHMWESuU2A7NIveVPzP66Q2vg4zJpPUUknmi+KUI6vQ9H/UZ5oSy8eOYKKZuxWRIdaYWJdSyYUQLL68TJrn1eCien5/Wand5HEU4QiO4RQCuIIa3EEdGkBAwTO8wptnvRfv3fuYtxa8fOYQ/sD7/AEENpET</latexit>

n ⌘
NX

i

ni

<latexit sha1_base64="bF+gzCFWzqWRdwz9V7SZfh//spo="></latexit>

�

�

�i
<latexit sha1_base64="gx/WH317IUMYoCynTViVR/IYwPk=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJUYUJSUVnSsYGEsEn1ISRQ5rtNadR6yHaQq6hew8CssDCDEyszG3+CkGaDlSLaOzrn3+vr4CaNCmua3tra+sbm1Xdmp7u7tHxzqR8d9Eacckx6OWcyHPhKE0Yj0JJWMDBNOUOgzMvCnN7k/eCBc0Di6l7OEuCEaRzSgGEkleXo9c4ohNh/7bmYazQtoGq1GfrdbcwdPqEfn0NNrpmEWgKvEKkkNlOh6+pczinEakkhihoSwLTORboa4pJiRedVJBUkQnqIxsRWNUEiEmxWbzGFdKSMYxFydSMJC/d2RoVCIWeiryhDJiVj2cvE/z05l0HYzGiWpJBFePBSkDMoY5tnAEeUESzZTBGFO1a4QTxBHWKoEqyoEa/nLq6TfMKxLo3HXrHWuyzgq4BScgXNggSvQAbegC3oAg0fwDF7Bm/akvWjv2seidE0re07AH2ifP0SqmbE=</latexit>

�j
<latexit sha1_base64="ZXoQPIK1SNstmMkquCd1zYw4+AE=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxoCgprehYwcJYJPqQkihyXKc1dR6yHaQq6g+w8CssDCDEys7G3+CkHaDlSLaOzrn3+vr4CaNCmua3VlpZXVvfKG9WtrZ3dvf0/YOuiFOOSQfHLOZ9HwnCaEQ6kkpG+gknKPQZ6fnj69zvPRAuaBzdyUlC3BANIxpQjKSSPP0kc4ohNh/6bmYa9XNoGo1afjcbUwePqHc/9fSqaZgF4DKx5qQK5mh7+pcziHEakkhihoSwLTORboa4pJiRacVJBUkQHqMhsRWNUEiEmxWLTOGpUgYwiLk6kYSF+rsjQ6EQk9BXlSGSI7Ho5eJ/np3KoOlmNEpSSSI8eyhIGZQxzKOBA8oJlmyiCMKcql0hHiGOsFQBVlQI1uKXl0m3ZlgXRu22Xm1dzeMogyNwDM6ABS5BC9yANugADB7BM3gFb9qT9qK9ax+z0pI27zkEf6B9/gDk55mI</latexit>

Freeze-out:                   

Total number density:

dn

dt
+ 3Hn = �h�e↵vi

�
n
2 � n

2
eq

�
<latexit sha1_base64="jkyK467QHEy2H3mqe+qDVXL/ijo="></latexit>

h�e↵vi ⌘
X

i,j

ni
eqnj

eq

(neq)2
�ij

<latexit sha1_base64="yY3u1QdPfSRGwR6j0J7DdqIeV+E="></latexit>



Coannihilation relic density

Freeze-out:                   

�1
<latexit sha1_base64="eYAu+efcv56zfHQp3IzWdC2w4y8=">AAACDHicbVDLSsNAFL3xWeur6tLNYBFcSEiqoO6KblxWsA9IQplMJ+3QyYOZiVBCPsCNv+LGhSJu/QB3/o3TNAttPTDD4Zx779w5fsKZVJb1bSwtr6yurVc2qptb2zu7tb39joxTQWibxDwWPR9LyllE24opTnuJoDj0Oe3645up332gQrI4uleThHohHkYsYAQrLfVr9cwthjhi6HuZZV6dIsu0iytHLhmxvp3rKsu0CqBFYpekDiVa/dqXO4hJGtJIEY6ldGwrUV6GhWKE07zqppImmIzxkDqaRjik0suKPXJ0rJUBCmKhT6RQof7uyHAo5ST0dWWI1UjOe1PxP89JVXDpZSxKUkUjMnsoSDlSMZomgwZMUKL4RBNMBNO7IjLCAhOl86vqEOz5Ly+STsO0z8zG3Xm9eV3GUYFDOIITsOECmnALLWgDgUd4hld4M56MF+Pd+JiVLhllzwH8gfH5A+pMmPg=</latexit>

�2
<latexit sha1_base64="6HjFWk8Bb3jtH9oD1V0yOp9urfU=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIxoCgpVGWsYGEsEn1ISRQ5rttadR6yHaQqyh+w8CssDCDEysrG3+CkGaDlSLaOzrn3+vr4MaNCmua3VllZXVvfqG7WtrZ3dvf0/YOeiBKOSRdHLOIDHwnCaEi6kkpGBjEnKPAZ6fvTm9zvPxAuaBTey1lM3ACNQzqiGEklefpp6hRDbD723dQ0rOY5NI1WflnNDDp4Qr1GBj29bhpmAbhMrJLUQYmOp385wwgnAQklZkgI2zJj6aaIS4oZyWpOIkiM8BSNia1oiAIi3LRYJYMnShnCUcTVCSUs1N8dKQqEmAW+qgyQnIhFLxf/8+xEjq7clIZxIkmI5w+NEgZlBPNw4JBygiWbKYIwp2pXiCeIIyxVhDUVgrX45WXSaxjWhdG4u6y3r8s4quAIHIMzYIEWaINb0AFdgMEjeAav4E170l60d+1jXlrRyp5D8Afa5w9InZmf</latexit>

�N
<latexit sha1_base64="dpRjIK5cVHjuPPFJ+XRV+Y5tKJ4=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCAGFCWFqowVLEyoSPQhJVHkuE5r1XnIdpCqqH/Awq+wMIAQKysbf4OTZoCWI9k6Oufe6+vjJ4wKaZrf2tLyyuraemWjurm1vbOr7+13RZxyTDo4ZjHv+0gQRiPSkVQy0k84QaHPSM8fX+d+74FwQePoXk4S4oZoGNGAYiSV5OknmVMMsfnQdzPTsBpn0DSa+WU1ptDBI+rdTqGn10zDLAAXiVWSGijR9vQvZxDjNCSRxAwJYVtmIt0McUkxI9OqkwqSIDxGQ2IrGqGQCDcrVpnCY6UMYBBzdSIJC/V3R4ZCISahrypDJEdi3svF/zw7lcGlm9EoSSWJ8OyhIGVQxjAPBw4oJ1iyiSIIc6p2hXiEOMJSRVhVIVjzX14k3bphnRv1u4ta66qMowIOwRE4BRZogha4AW3QARg8gmfwCt60J+1Fe9c+ZqVLWtlzAP5A+/wBc0WZuw==</latexit>

DM

X

i,j
<latexit sha1_base64="IYWwUhC4tZelaCnKpoGteKCIJV8=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCnoMevEYwTwgWcLsZDYZM49lZlYISz7DiwdFvPo13vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLR7dRvPVFtmJIPdpzQUOCBZDEj2Dqp0zWp6GXsDD1OeuWKX/VnQMskyEkFctR75a9uX5FUUGkJx8Z0Aj+xYYa1ZYTTSambGppgMsID2nFUYkFNmM1OnqATp/RRrLQradFM/T2RYWHMWESuU2A7NIveVPzP66Q2vg4zJpPUUknmi+KUI6vQ9H/UZ5oSy8eOYKKZuxWRIdaYWJdSyYUQLL68TJrn1eCien5/Wand5HEU4QiO4RQCuIIa3EEdGkBAwTO8wptnvRfv3fuYtxa8fOYQ/sD7/AEENpET</latexit>

Total number density: n ⌘
NX

i

ni

<latexit sha1_base64="bF+gzCFWzqWRdwz9V7SZfh//spo="></latexit>

�

�

�i
<latexit sha1_base64="gx/WH317IUMYoCynTViVR/IYwPk=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJUYUJSUVnSsYGEsEn1ISRQ5rtNadR6yHaQq6hew8CssDCDEyszG3+CkGaDlSLaOzrn3+vr4CaNCmua3tra+sbm1Xdmp7u7tHxzqR8d9Eacckx6OWcyHPhKE0Yj0JJWMDBNOUOgzMvCnN7k/eCBc0Di6l7OEuCEaRzSgGEkleXo9c4ohNh/7bmYazQtoGq1GfrdbcwdPqEfn0NNrpmEWgKvEKkkNlOh6+pczinEakkhihoSwLTORboa4pJiRedVJBUkQnqIxsRWNUEiEmxWbzGFdKSMYxFydSMJC/d2RoVCIWeiryhDJiVj2cvE/z05l0HYzGiWpJBFePBSkDMoY5tnAEeUESzZTBGFO1a4QTxBHWKoEqyoEa/nLq6TfMKxLo3HXrHWuyzgq4BScgXNggSvQAbegC3oAg0fwDF7Bm/akvWjv2seidE0re07AH2ifP0SqmbE=</latexit>

�j
<latexit sha1_base64="ZXoQPIK1SNstmMkquCd1zYw4+AE=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxoCgprehYwcJYJPqQkihyXKc1dR6yHaQq6g+w8CssDCDEys7G3+CkHaDlSLaOzrn3+vr4CaNCmua3VlpZXVvfKG9WtrZ3dvf0/YOuiFOOSQfHLOZ9HwnCaEQ6kkpG+gknKPQZ6fnj69zvPRAuaBzdyUlC3BANIxpQjKSSPP0kc4ohNh/6bmYa9XNoGo1afjcbUwePqHc/9fSqaZgF4DKx5qQK5mh7+pcziHEakkhihoSwLTORboa4pJiRacVJBUkQHqMhsRWNUEiEmxWLTOGpUgYwiLk6kYSF+rsjQ6EQk9BXlSGSI7Ho5eJ/np3KoOlmNEpSSSI8eyhIGZQxzKOBA8oJlmyiCMKcql0hHiGOsFQBVlQI1uKXl0m3ZlgXRu22Xm1dzeMogyNwDM6ABS5BC9yANugADB7BM3gFb9qT9qK9ax+z0pI27zkEf6B9/gDk55mI</latexit>

dn

dt
+ 3Hn = �h�e↵vi

�
n
2 � n

2
eq

�
<latexit sha1_base64="jkyK467QHEy2H3mqe+qDVXL/ijo="></latexit>

h�e↵vi ⌘
X

i,j

ni
eqnj

eq

(neq)2
�ij

<latexit sha1_base64="yY3u1QdPfSRGwR6j0J7DdqIeV+E="></latexit>

Arkani-Hamed, Delgado, and Giudice, 2006
Griest and Seckel, 1991

Degenerate mass states



Sterile coannihilation

Freeze-out:                   

�1
<latexit sha1_base64="eYAu+efcv56zfHQp3IzWdC2w4y8=">AAACDHicbVDLSsNAFL3xWeur6tLNYBFcSEiqoO6KblxWsA9IQplMJ+3QyYOZiVBCPsCNv+LGhSJu/QB3/o3TNAttPTDD4Zx779w5fsKZVJb1bSwtr6yurVc2qptb2zu7tb39joxTQWibxDwWPR9LyllE24opTnuJoDj0Oe3645up332gQrI4uleThHohHkYsYAQrLfVr9cwthjhi6HuZZV6dIsu0iytHLhmxvp3rKsu0CqBFYpekDiVa/dqXO4hJGtJIEY6ldGwrUV6GhWKE07zqppImmIzxkDqaRjik0suKPXJ0rJUBCmKhT6RQof7uyHAo5ST0dWWI1UjOe1PxP89JVXDpZSxKUkUjMnsoSDlSMZomgwZMUKL4RBNMBNO7IjLCAhOl86vqEOz5Ly+STsO0z8zG3Xm9eV3GUYFDOIITsOECmnALLWgDgUd4hld4M56MF+Pd+JiVLhllzwH8gfH5A+pMmPg=</latexit>

�2
<latexit sha1_base64="6HjFWk8Bb3jtH9oD1V0yOp9urfU=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIxoCgpVGWsYGEsEn1ISRQ5rttadR6yHaQqyh+w8CssDCDEysrG3+CkGaDlSLaOzrn3+vr4MaNCmua3VllZXVvfqG7WtrZ3dvf0/YOeiBKOSRdHLOIDHwnCaEi6kkpGBjEnKPAZ6fvTm9zvPxAuaBTey1lM3ACNQzqiGEklefpp6hRDbD723dQ0rOY5NI1WflnNDDp4Qr1GBj29bhpmAbhMrJLUQYmOp385wwgnAQklZkgI2zJj6aaIS4oZyWpOIkiM8BSNia1oiAIi3LRYJYMnShnCUcTVCSUs1N8dKQqEmAW+qgyQnIhFLxf/8+xEjq7clIZxIkmI5w+NEgZlBPNw4JBygiWbKYIwp2pXiCeIIyxVhDUVgrX45WXSaxjWhdG4u6y3r8s4quAIHIMzYIEWaINb0AFdgMEjeAav4E170l60d+1jXlrRyp5D8Afa5w9InZmf</latexit>

�N
<latexit sha1_base64="dpRjIK5cVHjuPPFJ+XRV+Y5tKJ4=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCAGFCWFqowVLEyoSPQhJVHkuE5r1XnIdpCqqH/Awq+wMIAQKysbf4OTZoCWI9k6Oufe6+vjJ4wKaZrf2tLyyuraemWjurm1vbOr7+13RZxyTDo4ZjHv+0gQRiPSkVQy0k84QaHPSM8fX+d+74FwQePoXk4S4oZoGNGAYiSV5OknmVMMsfnQdzPTsBpn0DSa+WU1ptDBI+rdTqGn10zDLAAXiVWSGijR9vQvZxDjNCSRxAwJYVtmIt0McUkxI9OqkwqSIDxGQ2IrGqGQCDcrVpnCY6UMYBBzdSIJC/V3R4ZCISahrypDJEdi3svF/zw7lcGlm9EoSSWJ8OyhIGVQxjAPBw4oJ1iyiSIIc6p2hXiEOMJSRVhVIVjzX14k3bphnRv1u4ta66qMowIOwRE4BRZogha4AW3QARg8gmfwCt60J+1Fe9c+ZqVLWtlzAP5A+/wBc0WZuw==</latexit>

DM

X

i,j
<latexit sha1_base64="IYWwUhC4tZelaCnKpoGteKCIJV8=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCnoMevEYwTwgWcLsZDYZM49lZlYISz7DiwdFvPo13vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLR7dRvPVFtmJIPdpzQUOCBZDEj2Dqp0zWp6GXsDD1OeuWKX/VnQMskyEkFctR75a9uX5FUUGkJx8Z0Aj+xYYa1ZYTTSambGppgMsID2nFUYkFNmM1OnqATp/RRrLQradFM/T2RYWHMWESuU2A7NIveVPzP66Q2vg4zJpPUUknmi+KUI6vQ9H/UZ5oSy8eOYKKZuxWRIdaYWJdSyYUQLL68TJrn1eCien5/Wand5HEU4QiO4RQCuIIa3EEdGkBAwTO8wptnvRfv3fuYtxa8fOYQ/sD7/AEENpET</latexit>

�

�

�i
<latexit sha1_base64="wHA0kdKR773uEu3JZ/bWbXBkwiA=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIxoCgpVGWsYGEsEn1ISRQ5rttadR6yHaQqyh+w8CssDCDEysrG3+CkGaDlSLaOzrn3+vr4MaNCmua3VllZXVvfqG7WtrZ3dvf0/YOeiBKOSRdHLOIDHwnCaEi6kkpGBjEnKPAZ6fvTm9zvPxAuaBTey1lM3ACNQzqiGEklefpp6hRDbD723dQ0rOY5NI1WflnNDDp4Qj2aQU+vm4ZZAC4TqyR1UKLj6V/OMMJJQEKJGRLCtsxYuinikmJGspqTCBIjPEVjYisaooAINy1WyeCJUoZwFHF1QgkL9XdHigIhZoGvKgMkJ2LRy8X/PDuRoys3pWGcSBLi+UOjhEEZwTwcOKScYMlmiiDMqdoV4gniCEsVYU2FYC1+eZn0GoZ1YTTuLuvt6zKOKjgCx+AMWKAF2uAWdEAXYPAInsEreNOetBftXfuYl1a0sucQ/IH2+QOcZ5nW</latexit>

�j
<latexit sha1_base64="ca0Lsntof+KzjVRC16y1vPOlGnM=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIxoCgpVGWsYGEsEn1ISRQ5rtOaOg/ZDlIV5Q9Y+BUWBhBiZWXjb3DTDFA4kq2jc+69vj5+wqiQpvmlVZaWV1bXquu1jc2t7R19d68n4pRj0sUxi/nAR4IwGpGupJKRQcIJCn1G+v7kaub37wkXNI5u5TQhbohGEQ0oRlJJnn6cOcUQm498NzMNq3kKTaM1u6xmDh08pt5dDj29bhpmAfiXWCWpgxIdT/90hjFOQxJJzJAQtmUm0s0QlxQzktecVJAE4QkaEVvRCIVEuFmxSg6PlDKEQczViSQs1J8dGQqFmIa+qgyRHItFbyb+59mpDC7cjEZJKkmE5w8FKYMyhrNw4JBygiWbKoIwp2pXiMeIIyxVhDUVgrX45b+k1zCsM6Nxc15vX5ZxVMEBOAQnwAIt0AbXoAO6AIMH8ARewKv2qD1rb9r7vLSilT374Be0j2+d7ZnX</latexit>

n ⌘
NX

i

ni

<latexit sha1_base64="bF+gzCFWzqWRdwz9V7SZfh//spo="></latexit>

Total number density:

• Split masses


• �11 ⌧ �e↵
h�e↵vi '

X

i,j

ni
eqnj

eq

(neq)2
�ij

<latexit sha1_base64="n7vEQ/7gkiTGYtbti/oXVEc6aTY="></latexit>

) h�e↵vi ⇠
X

i,j

e�
mi+mj�2m1

T �ij

<latexit sha1_base64="wUfqKrpNBtzgAUJI9pFubuU6H18="></latexit>

D’Agnolo, CM, Ruderman, and Wang, 2018



“Secluded” dark sector (DS)

SM 

Small 
coupling

DS

DM,

mediator,


…

   ,

       ,


…

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

e+e�
<latexit sha1_base64="RrSXofPTbcZEgZs/neWuZEoplCc=">AAAB7XicbVBNSwMxEM3Wr1q/qh69BIsgiGW3CnosevFYwX5Auy3ZdLaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHDS0TRaFOJZeqFRANnAmoG2Y4tGIFJAo4NIPR7dRvPoHSTIoHM47Bj8hAsJBRYqzUgO4ZdM97xZJbdmfAy8TLSAllqPWKX52+pEkEwlBOtG57bmz8lCjDKIdJoZNoiAkdkQG0LRUkAu2ns2sn+MQqfRxKZUsYPFN/T6Qk0nocBbYzImaoF72p+J/XTkx47adMxIkBQeeLwoRjI/H0ddxnCqjhY0sIVczeiumQKEKNDahgQ/AWX14mjUrZuyhX7i9L1Zssjjw6QsfoFHnoClXRHaqhOqLoET2jV/TmSOfFeXc+5q05J5s5RH/gfP4Aw+6OmA==</latexit>

Finkbeiner and Weiner, 2007
Pospolov, Ritz, and Voloshin, 2007
Feng and Kumar, 2009

Boehm and Fayet, 2003

…



A simple model
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A simple model
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Sterile coannihilation:

Exponentially lighter 
than the weak scale
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<latexit sha1_base64="rYjlT+k6GNC7eYze5wOtj17QuR4="></latexit>
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<latexit sha1_base64="rYjlT+k6GNC7eYze5wOtj17QuR4="></latexit>
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 coannihilation



Planck collaboration, 2018

excluded
mDM . 10 GeV

<latexit sha1_base64="Ikmhk3R8mTWiXg3tNdA+CnfLtwM="></latexit>



Planck collaboration, 2018

excluded
mDM . 10 GeV

<latexit sha1_base64="Ikmhk3R8mTWiXg3tNdA+CnfLtwM="></latexit>
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Sterile coannihilation 
naturally avoids the CMB 
bound on sub-GeV DM
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� ⌧ 1
� ⌧ 1

excluded



Dark sector temperature

Tdark ⇠ a�1

SM DS

Coupling to the SM Coupling to radiation

Tdark = TSM
<latexit sha1_base64="GlF8eMq+bd5LLKwleTU9A3OVlmw=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsxUQTdC0Y0boWJf0JYhk0nb0ExmSO6IZejCjb/ixoUibv0Id/6N6UPQ1gMXTs65l9x7/FhwDY7zZWWWlldW17LruY3Nre0de3evrqNEUVajkYhU0yeaCS5ZDTgI1owVI6EvWMMfXI79xh1TmkeyCsOYdULSk7zLKQEjeXa+6rWB3UMaEDUY4XP88769Hnl2wSk6E+BF4s5IAc1Q8ezPdhDRJGQSqCBat1wnhk5KFHAq2CjXTjSLCR2QHmsZKknIdCedHDHCh0YJcDdSpiTgifp7IiWh1sPQN50hgb6e98bif14rge5ZJ+UyToBJOv2omwgMER4nggOuGAUxNIRQxc2umPaJIhRMbjkTgjt/8iKpl4rucbF0c1IoX8ziyKI8OkBHyEWnqIyuUAXVEEUP6Am9oFfr0Xq23qz3aWvGms3soz+wPr4BoEGYFA==</latexit>

Tdark 6= TSM
<latexit sha1_base64="uJh5yDTQ3a2acgJ9/RffyBKFUCo=">AAACB3icbVDJSgNBEO2JW4xb1KMgjUHwFGaioMegFy9CxGyQhNDTqSRNenrG7hoxDLl58Ve8eFDEq7/gzb+xswhuDwoe71VRVc+PpDDouh9Oam5+YXEpvZxZWV1b38hublVNGGsOFR7KUNd9ZkAKBRUUKKEeaWCBL6HmD87Gfu0GtBGhKuMwglbAekp0BWdopXZ2t9xuItxi0mF6MKJNBdf0S7q6GLWzOTfvTkD/Em9GcmSGUjv73uyEPA5AIZfMmIbnRthKmEbBJYwyzdhAxPiA9aBhqWIBmFYy+WNE963Sod1Q21JIJ+r3iYQFxgwD33YGDPvmtzcW//MaMXZPWolQUYyg+HRRN5YUQzoOhXaEBo5yaAnjWthbKe8zzTja6DI2BO/3y39JtZD3DvOFy6Nc8XQWR5rskD1yQDxyTIrknJRIhXByRx7IE3l27p1H58V5nbamnNnMNvkB5+0TTciZlQ==</latexit>

DS dark 

radiation+

mDM & 10 MeV
<latexit sha1_base64="oyB8FwxZR/bFB64QEPJGTbT1mnc=">AAACCnicbVC7SgNBFJ2NrxhfUUub0SBYhd0oaBnUwiYQwTwgCWF2cpMMmdldZu6KYUlt46/YWChi6xfY+TdOHoUmHhg4nHMud+7xIykMuu63k1paXlldS69nNja3tneyu3tVE8aaQ4WHMtR1nxmQIoAKCpRQjzQw5Uuo+YOrsV+7B21EGNzhMIKWYr1AdAVnaKV29lC1mwgPmFyXRrTZQ5tU1HOnGi1BddTO5ty8OwFdJN6M5MgM5Xb2q9kJeawgQC6ZMQ3PjbCVMI2CSxhlmrGBiPEB60HD0oApMK1kcsqIHlulQ7uhti9AOlF/TyRMGTNUvk0qhn0z743F/7xGjN2LViKCKEYI+HRRN5YUQzruhXaEBo5yaAnjWti/Ut5nmnG07WVsCd78yYukWsh7p/nC7VmueDmrI00OyBE5IR45J0VyQ8qkQjh5JM/klbw5T86L8+58TKMpZzazT/7A+fwBtkmaQw==</latexit>

mDM & keV
<latexit sha1_base64="2Tf6TMSCuZBruEu7vz6kYaCTJNU=">AAACCHicbVC7SgNBFJ31GeMramnhYBCswm4UtAxqYSNEMA9IQpid3CRDZnaXmbtiWFLa+Cs2ForY+gl2/o2TZAtNPDBwOOdc7tzjR1IYdN1vZ2FxaXllNbOWXd/Y3NrO7exWTRhrDhUeylDXfWZAigAqKFBCPdLAlC+h5g8ux37tHrQRYXCHwwhaivUC0RWcoZXauQPVbiI8YHJ1M6LNHtqkolOFDqA6aufybsGdgM4TLyV5kqLczn01OyGPFQTIJTOm4bkRthKmUXAJo2wzNhAxPmA9aFgaMAWmlUwOGdEjq3RoN9T2BUgn6u+JhCljhsq3ScWwb2a9sfif14ixe95KRBDFCAGfLurGkmJIx63QjtDAUQ4tYVwL+1fK+0wzjra7rC3Bmz15nlSLBe+kULw9zZcu0joyZJ8ckmPikTNSItekTCqEk0fyTF7Jm/PkvDjvzsc0uuCkM3vkD5zPH/Lcmew=</latexit>



Dark sector temperature

Tdark ⇠ a�1

SM DS

Coupling to the SM Coupling to radiation

Tdark = TSM
<latexit sha1_base64="GlF8eMq+bd5LLKwleTU9A3OVlmw=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsxUQTdC0Y0boWJf0JYhk0nb0ExmSO6IZejCjb/ixoUibv0Id/6N6UPQ1gMXTs65l9x7/FhwDY7zZWWWlldW17LruY3Nre0de3evrqNEUVajkYhU0yeaCS5ZDTgI1owVI6EvWMMfXI79xh1TmkeyCsOYdULSk7zLKQEjeXa+6rWB3UMaEDUY4XP88769Hnl2wSk6E+BF4s5IAc1Q8ezPdhDRJGQSqCBat1wnhk5KFHAq2CjXTjSLCR2QHmsZKknIdCedHDHCh0YJcDdSpiTgifp7IiWh1sPQN50hgb6e98bif14rge5ZJ+UyToBJOv2omwgMER4nggOuGAUxNIRQxc2umPaJIhRMbjkTgjt/8iKpl4rucbF0c1IoX8ziyKI8OkBHyEWnqIyuUAXVEEUP6Am9oFfr0Xq23qz3aWvGms3soz+wPr4BoEGYFA==</latexit>

Tdark 6= TSM
<latexit sha1_base64="uJh5yDTQ3a2acgJ9/RffyBKFUCo=">AAACB3icbVDJSgNBEO2JW4xb1KMgjUHwFGaioMegFy9CxGyQhNDTqSRNenrG7hoxDLl58Ve8eFDEq7/gzb+xswhuDwoe71VRVc+PpDDouh9Oam5+YXEpvZxZWV1b38hublVNGGsOFR7KUNd9ZkAKBRUUKKEeaWCBL6HmD87Gfu0GtBGhKuMwglbAekp0BWdopXZ2t9xuItxi0mF6MKJNBdf0S7q6GLWzOTfvTkD/Em9GcmSGUjv73uyEPA5AIZfMmIbnRthKmEbBJYwyzdhAxPiA9aBhqWIBmFYy+WNE963Sod1Q21JIJ+r3iYQFxgwD33YGDPvmtzcW//MaMXZPWolQUYyg+HRRN5YUQzoOhXaEBo5yaAnjWthbKe8zzTja6DI2BO/3y39JtZD3DvOFy6Nc8XQWR5rskD1yQDxyTIrknJRIhXByRx7IE3l27p1H58V5nbamnNnMNvkB5+0TTciZlQ==</latexit>

DS dark 

radiation+

mDM & 10 MeV
<latexit sha1_base64="oyB8FwxZR/bFB64QEPJGTbT1mnc=">AAACCnicbVC7SgNBFJ2NrxhfUUub0SBYhd0oaBnUwiYQwTwgCWF2cpMMmdldZu6KYUlt46/YWChi6xfY+TdOHoUmHhg4nHMud+7xIykMuu63k1paXlldS69nNja3tneyu3tVE8aaQ4WHMtR1nxmQIoAKCpRQjzQw5Uuo+YOrsV+7B21EGNzhMIKWYr1AdAVnaKV29lC1mwgPmFyXRrTZQ5tU1HOnGi1BddTO5ty8OwFdJN6M5MgM5Xb2q9kJeawgQC6ZMQ3PjbCVMI2CSxhlmrGBiPEB60HD0oApMK1kcsqIHlulQ7uhti9AOlF/TyRMGTNUvk0qhn0z743F/7xGjN2LViKCKEYI+HRRN5YUQzruhXaEBo5yaAnjWti/Ut5nmnG07WVsCd78yYukWsh7p/nC7VmueDmrI00OyBE5IR45J0VyQ8qkQjh5JM/klbw5T86L8+58TKMpZzazT/7A+fwBtkmaQw==</latexit>

mDM & keV
<latexit sha1_base64="2Tf6TMSCuZBruEu7vz6kYaCTJNU=">AAACCHicbVC7SgNBFJ31GeMramnhYBCswm4UtAxqYSNEMA9IQpid3CRDZnaXmbtiWFLa+Cs2ForY+gl2/o2TZAtNPDBwOOdc7tzjR1IYdN1vZ2FxaXllNbOWXd/Y3NrO7exWTRhrDhUeylDXfWZAigAqKFBCPdLAlC+h5g8ux37tHrQRYXCHwwhaivUC0RWcoZXauQPVbiI8YHJ1M6LNHtqkolOFDqA6aufybsGdgM4TLyV5kqLczn01OyGPFQTIJTOm4bkRthKmUXAJo2wzNhAxPmA9aFgaMAWmlUwOGdEjq3RoN9T2BUgn6u+JhCljhsq3ScWwb2a9sfif14ixe95KRBDFCAGfLurGkmJIx63QjtDAUQ4tYVwL+1fK+0wzjra7rC3Bmz15nlSLBe+kULw9zZcu0joyZJ8ckmPikTNSItekTCqEk0fyTF7Jm/PkvDjvzsc0uuCkM3vkD5zPH/Lcmew=</latexit>
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Coupling to the SM: Higgs portal

L � a�|H|2 + . . .
<latexit sha1_base64="yBsrPigtxCczKR5Z+8sJzOnQSmQ="></latexit>

Mass mixing 
with SM Higgs

SM DS

✓ ⌧ 1

Mixing angle

• Large enough that


• Small enough that


Tdark = TSM
<latexit sha1_base64="GlF8eMq+bd5LLKwleTU9A3OVlmw=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsxUQTdC0Y0boWJf0JYhk0nb0ExmSO6IZejCjb/ixoUibv0Id/6N6UPQ1gMXTs65l9x7/FhwDY7zZWWWlldW17LruY3Nre0de3evrqNEUVajkYhU0yeaCS5ZDTgI1owVI6EvWMMfXI79xh1TmkeyCsOYdULSk7zLKQEjeXa+6rWB3UMaEDUY4XP88769Hnl2wSk6E+BF4s5IAc1Q8ezPdhDRJGQSqCBat1wnhk5KFHAq2CjXTjSLCR2QHmsZKknIdCedHDHCh0YJcDdSpiTgifp7IiWh1sPQN50hgb6e98bif14rge5ZJ+UyToBJOv2omwgMER4nggOuGAUxNIRQxc2umPaJIhRMbjkTgjt/8iKpl4rucbF0c1IoX8ziyKI8OkBHyEWnqIyuUAXVEEUP6Am9oFfr0Xq23qz3aWvGms3soz+wPr4BoEGYFA==</latexit>

  ! SM SM
<latexit sha1_base64="HPN4OboKAfosBun/yXUqcb/J1uw=">AAACGnicbVDLTgIxFO34RHyhLt00EhNXZAZNdEl044YEgzwShpBOuUBD55H2jkomfIcbf8WNC41xZ9z4N5aBhYInaXNyzr23t8eLpNBo29/W0vLK6tp6ZiO7ubW9s5vb26/rMFYcajyUoWp6TIMUAdRQoIRmpID5noSGN7ya+I07UFqEwS2OImj7rB+InuAMjdTJOYmbDkk8GcOYupEW6WWoEv0BMqXCe+oiPGBSLdNqedzJ5e2CnYIuEmdG8mSGSif36XZDHvsQIJdM65ZjR9hOmELBJYyzbqwhYnzI+tAyNGA+6HaSbjWmx0bp0l6ozAmQpurvjoT5Wo98z1T6DAd63puI/3mtGHsX7UQEUYwQ8OlDvVhSDOkkJ9oVCjjKkSGMK2F2pXzAFONo0syaEJz5Ly+SerHgnBaKN2f50uUsjgw5JEfkhDjknJTINamQGuHkkTyTV/JmPVkv1rv1MS1dsmY9B+QPrK8fQ/Ghmg==</latexit>

  !��
<latexit sha1_base64="5DHIJ6XlUuUwndiXp/7KjK6B4gE="></latexit>

⌧
<latexit sha1_base64="omUsEUdNHWBvivbfeqQ3EZJpeJg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00BOiX664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSatW9S6qtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP0+DjdA=</latexit>



Higgs portal phenomenology

Tdark = TSM
<latexit sha1_base64="GlF8eMq+bd5LLKwleTU9A3OVlmw=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsxUQTdC0Y0boWJf0JYhk0nb0ExmSO6IZejCjb/ixoUibv0Id/6N6UPQ1gMXTs65l9x7/FhwDY7zZWWWlldW17LruY3Nre0de3evrqNEUVajkYhU0yeaCS5ZDTgI1owVI6EvWMMfXI79xh1TmkeyCsOYdULSk7zLKQEjeXa+6rWB3UMaEDUY4XP88769Hnl2wSk6E+BF4s5IAc1Q8ezPdhDRJGQSqCBat1wnhk5KFHAq2CjXTjSLCR2QHmsZKknIdCedHDHCh0YJcDdSpiTgifp7IiWh1sPQN50hgb6e98bif14rge5ZJ+UyToBJOv2omwgMER4nggOuGAUxNIRQxc2umPaJIhRMbjkTgjt/8iKpl4rucbF0c1IoX8ziyKI8OkBHyEWnqIyuUAXVEEUP6Am9oFfr0Xq23qz3aWvGms3soz+wPr4BoEGYFA==</latexit>

•   
   @ DM freeze-out
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Higgs portal phenomenology

�
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10-1Tdark = TSM
<latexit sha1_base64="GlF8eMq+bd5LLKwleTU9A3OVlmw=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsxUQTdC0Y0boWJf0JYhk0nb0ExmSO6IZejCjb/ixoUibv0Id/6N6UPQ1gMXTs65l9x7/FhwDY7zZWWWlldW17LruY3Nre0de3evrqNEUVajkYhU0yeaCS5ZDTgI1owVI6EvWMMfXI79xh1TmkeyCsOYdULSk7zLKQEjeXa+6rWB3UMaEDUY4XP88769Hnl2wSk6E+BF4s5IAc1Q8ezPdhDRJGQSqCBat1wnhk5KFHAq2CjXTjSLCR2QHmsZKknIdCedHDHCh0YJcDdSpiTgifp7IiWh1sPQN50hgb6e98bif14rge5ZJ+UyToBJOv2omwgMER4nggOuGAUxNIRQxc2umPaJIhRMbjkTgjt/8iKpl4rucbF0c1IoX8ziyKI8OkBHyEWnqIyuUAXVEEUP6Am9oFfr0Xq23qz3aWvGms3soz+wPr4BoEGYFA==</latexit>

•   
   @ DM freeze-out

•    contributes to 

meson decays 



Higgs portal phenomenology

�

Tdark = TSM
<latexit sha1_base64="GlF8eMq+bd5LLKwleTU9A3OVlmw=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsxUQTdC0Y0boWJf0JYhk0nb0ExmSO6IZejCjb/ixoUibv0Id/6N6UPQ1gMXTs65l9x7/FhwDY7zZWWWlldW17LruY3Nre0de3evrqNEUVajkYhU0yeaCS5ZDTgI1owVI6EvWMMfXI79xh1TmkeyCsOYdULSk7zLKQEjeXa+6rWB3UMaEDUY4XP88769Hnl2wSk6E+BF4s5IAc1Q8ezPdhDRJGQSqCBat1wnhk5KFHAq2CjXTjSLCR2QHmsZKknIdCedHDHCh0YJcDdSpiTgifp7IiWh1sPQN50hgb6e98bif14rge5ZJ+UyToBJOv2omwgMER4nggOuGAUxNIRQxc2umPaJIhRMbjkTgjt/8iKpl4rucbF0c1IoX8ziyKI8OkBHyEWnqIyuUAXVEEUP6Am9oFfr0Xq23qz3aWvGms3soz+wPr4BoEGYFA==</latexit>

•   
   @ DM freeze-out

•    contributes to 

meson decays 

• Number of light 
degrees of 
freedom (CMB)

• Late       decay 
(BBN)
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Higgs portal phenomenology

�
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• LLP experiments 
can detect  



Outline

• Thermal relics


• Exceptions: coannihilation


• Dark Higgs



Dark Photon

SM DS

✏ ⌧ 1
<latexit sha1_base64="Y6PzJfQ27JxDS9L/45pOM4PMPIU=">AAACF3icbVC7TsMwFHV4lvIKMLJYVEgMKEoKVRkrWBiLRB9SElWO67RWHSeyHaQq6l+w8CssDCDECht/g5NmgJYj2To6597r6xMkjEpl29/Gyura+sZmZau6vbO7t28eHHZlnApMOjhmsegHSBJGOekoqhjpJ4KgKGCkF0xucr/3QISkMb9X04T4ERpxGlKMlJYGppV5xRBXjAI/sy2ncQ5tq5lfTmMGPZJIymIONWUMOgOzZlt2AbhMnJLUQIn2wPzyhjFOI8IVZkhK17ET5WdIKIoZmVW9VJIE4QkaEVdTjiIi/axYaQZPtTKEYSz04QoW6u+ODEVSTqNAV0ZIjeWil4v/eW6qwis/ozxJFeF4/lCYMqhimIcEh1QQrNhUE4QF1btCPEYCYaWjrOoQnMUvL5Nu3XIurPrdZa11XcZRAcfgBJwBBzRBC9yCNugADB7BM3gFb8aT8WK8Gx/z0hWj7DkCf2B8/gAvWZzJ</latexit>

�
<latexit sha1_base64="kYRPqQQKwRgszDlfjPlQdHGpgmg=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJiQFFSWtGxgoWxSPQhNVHluE5r1XEi20GqonwAC7/CwgBCrHwAG3+Dk2aAliPZOjrn3uvr40WMSmVZ30ZpbX1jc6u8XdnZ3ds/qB4e9WQYC0y6OGShGHhIEkY56SqqGBlEgqDAY6TvzW4yv/9AhKQhv1fziLgBmnDqU4yUlkbVWuLkQ4Zi4rmJZTYuoGU269ndaqbQwVOa6irLtHLAVWIXpAYKdEbVL2cc4jggXGGGpBzaVqTcBAlFMSNpxYkliRCeoQkZaspRQKSb5Huk8EwrY+iHQh+uYK7+7khQIOU88HRlgNRULnuZ+J83jJXfchPKo1gRjhcP+TGDKoRZMnBMBcGKzTVBWFC9K8RTJBBWOr+KDsFe/vIq6dVN+9Ks3zVq7esijjI4AafgHNjgCrTBLeiALsDgETyDV/BmPBkvxrvxsSgtGUXPMfgD4/MHsyqY1Q==</latexit>

A0
µ

<latexit sha1_base64="Mex+nQPKIq0IWQEut8mHJ82j4x8=">AAACDHicbVC7TsMwFHV4lvIqMLJYVAgGFCUFCdgKLIxFog8piSrHdVurthPZDlIV5QNY+BUWBhBi5QPY+BvcNAO0HMnW0Tn3Xl+fMGZUacf5thYWl5ZXVktr5fWNza3tys5uS0WJxKSJIxbJTogUYVSQpqaakU4sCeIhI+1wdDPx2w9EKhqJez2OScDRQNA+xUgbqVuppn4+xJODMEgd+/IEOrabXxm8Our6PMlMlWM7OeA8cQtSBQUa3cqX34twwonQmCGlPNeJdZAiqSlmJCv7iSIxwiM0IJ6hAnGigjTfI4OHRunBfiTNERrm6u+OFHGlxjw0lRzpoZr1JuJ/npfo/kWQUhEnmgg8faifMKgjOEkG9qgkWLOxIQhLanaFeIgkwtrkVzYhuLNfnietmu2e2rW7s2r9uoijBPbBATgGLjgHdXALGqAJMHgEz+AVvFlP1ov1bn1MSxesomcP/IH1+QO/p5jd</latexit>

U(1)d
<latexit sha1_base64="1Ukj+jAd8myv38iAMmvp3FJ30Mk=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmKCF7KLJnokevGIiQsksCHdbhcq3XbTdk0I4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMC1POtHHdb6ewtr6xuVXcLu3s7u0flA+PWlpmilCfSC5VJ8Saciaob5jhtJMqipOQ03Y4up357SeqNJPiwYxTGiR4IFjMCDZWavlV77wf9csVt+bOgVaJl5MK5Gj2y1+9SJIsocIQjrXuem5qgglWhhFOp6VepmmKyQgPaNdSgROqg8n82ik6s0qEYqlsCYPm6u+JCU60Hieh7UywGeplbyb+53UzE18HEybSzFBBFovijCMj0ex1FDFFieFjSzBRzN6KyBArTIwNqGRD8JZfXiWtes27qNXvLyuNmzyOIpzAKVTBgytowB00wQcCj/AMr/DmSOfFeXc+Fq0FJ585hj9wPn8AW1GOVA==</latexit>

) L � ✏eA0
µJ

µ
EM

<latexit sha1_base64="sABmk2dCRIRdtVEJxJaeio5I2BU="></latexit>

�
<latexit sha1_base64="kYRPqQQKwRgszDlfjPlQdHGpgmg=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJiQFFSWtGxgoWxSPQhNVHluE5r1XEi20GqonwAC7/CwgBCrHwAG3+Dk2aAliPZOjrn3uvr40WMSmVZ30ZpbX1jc6u8XdnZ3ds/qB4e9WQYC0y6OGShGHhIEkY56SqqGBlEgqDAY6TvzW4yv/9AhKQhv1fziLgBmnDqU4yUlkbVWuLkQ4Zi4rmJZTYuoGU269ndaqbQwVOa6irLtHLAVWIXpAYKdEbVL2cc4jggXGGGpBzaVqTcBAlFMSNpxYkliRCeoQkZaspRQKSb5Huk8EwrY+iHQh+uYK7+7khQIOU88HRlgNRULnuZ+J83jJXfchPKo1gRjhcP+TGDKoRZMnBMBcGKzTVBWFC9K8RTJBBWOr+KDsFe/vIq6dVN+9Ks3zVq7esijjI4AafgHNjgCrTBLeiALsDgETyDV/BmPBkvxrvxsSgtGUXPMfgD4/MHsyqY1Q==</latexit>

�
<latexit sha1_base64="kYRPqQQKwRgszDlfjPlQdHGpgmg=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJiQFFSWtGxgoWxSPQhNVHluE5r1XEi20GqonwAC7/CwgBCrHwAG3+Dk2aAliPZOjrn3uvr40WMSmVZ30ZpbX1jc6u8XdnZ3ds/qB4e9WQYC0y6OGShGHhIEkY56SqqGBlEgqDAY6TvzW4yv/9AhKQhv1fziLgBmnDqU4yUlkbVWuLkQ4Zi4rmJZTYuoGU269ndaqbQwVOa6irLtHLAVWIXpAYKdEbVL2cc4jggXGGGpBzaVqTcBAlFMSNpxYkliRCeoQkZaspRQKSb5Huk8EwrY+iHQh+uYK7+7khQIOU88HRlgNRULnuZ+J83jJXfchPKo1gRjhcP+TGDKoRZMnBMBcGKzTVBWFC9K8RTJBBWOr+KDsFe/vIq6dVN+9Ks3zVq7esijjI4AafgHNjgCrTBLeiALsDgETyDV/BmPBkvxrvxsSgtGUXPMfgD4/MHsyqY1Q==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

f̄
<latexit sha1_base64="JVZEcHfSdLhGJYt+oOFXr9WEzCo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip0w+oysLZoFxxq+4CZJ14OalAjuag/NUfxiyNUBomqNY9z02Mn1FlOBM4K/VTjQllEzrCnqWSRqj9bHHujFxYZUjCWNmShizU3xMZjbSeRoHtjKgZ61VvLv7n9VIT3vgZl0lqULLlojAVxMRk/jsZcoXMiKkllClubyVsTBVlxiZUsiF4qy+vk3at6l1Vaw/1SuM2j6MIZ3AOl+DBNTTgHprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwCJ7I+z</latexit>

✏e
<latexit sha1_base64="0NsXVsjI8FprH2DHUZNTY8wWzH0=">AAACEnicbVDLSgMxFM3UV62vqks3wSIoyDBTLXVZdOOygn1AO5RMetuGZjJDkhHK0G9w46+4caGIW1fu/Bsz7Sy09UDC4Zx7b26OH3GmtON8W7mV1bX1jfxmYWt7Z3evuH/QVGEsKTRoyEPZ9okCzgQ0NNMc2pEEEvgcWv74JvVbDyAVC8W9nkTgBWQo2IBRoo3UK54l3dmQjhz6XuLYbuUcO3Y1vdzKFHchUoyHYoqhVyw5tjMDXiZuRkooQ71X/Or2QxoHIDTlRKmO60TaS4jUjHKYFrqxgojQMRlCx1BBAlBeMttmik+M0seDUJojNJ6pvzsSEig1CXxTGRA9UoteKv7ndWI9uPISJqJYg6DzhwYxxzrEaT64zyRQzSeGECqZ2RXTEZGEapNiwYTgLn55mTTLtnthl+8uS7XrLI48OkLH6BS5qIpq6BbVUQNR9Iie0St6s56sF+vd+piX5qys5xD9gfX5A0w9m1c=</latexit>

A0
µ

<latexit sha1_base64="44wRyuUucRGOG5226/5V/vtz/Xc=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAYUJQUJGArsDAWiT6kJIoc12mtOg/ZDlIV5QdY+BUWBhBiZWfjb3DTDNByJFtH59x7fX38hFEhTfNbqywsLi2vVFdra+sbm1v69k5HxCnHpI1jFvOejwRhNCJtSSUjvYQTFPqMdP3RzcTvPhAuaBzdy3FC3BANIhpQjKSSPP0gc4ohNh/4bmYalyfQNKziyiG8OvKcMM09vW4aZgE4T6yS1EGJlqd/Of0YpyGJJGZICNsyE+lmiEuKGclrTipIgvAIDYitaIRCItysWCSHh0rpwyDm6kQSFurvjgyFQoxDX1WGSA7FrDcR//PsVAYXbkajJJUkwtOHgpRBGcNJNLBPOcGSjRVBmFO1K8RDxBGWKsCaCsGa/fI86TQM69Ro3J3Vm9dlHFWwB/bBMbDAOWiCW9ACbYDBI3gGr+BNe9JetHftY1pa0cqeXfAH2ucPHquZBw==</latexit>

L � ✏

2
Fµ⌫F 0

µ⌫ +
1

2
m2

A0A0
µA

0µ
<latexit sha1_base64="hH9RxHqV1CvoLBm8I4m6WBWo9gY="></latexit>



Dark Photon

SM DS

✏ ⌧ 1
<latexit sha1_base64="Y6PzJfQ27JxDS9L/45pOM4PMPIU=">AAACF3icbVC7TsMwFHV4lvIKMLJYVEgMKEoKVRkrWBiLRB9SElWO67RWHSeyHaQq6l+w8CssDCDECht/g5NmgJYj2To6597r6xMkjEpl29/Gyura+sZmZau6vbO7t28eHHZlnApMOjhmsegHSBJGOekoqhjpJ4KgKGCkF0xucr/3QISkMb9X04T4ERpxGlKMlJYGppV5xRBXjAI/sy2ncQ5tq5lfTmMGPZJIymIONWUMOgOzZlt2AbhMnJLUQIn2wPzyhjFOI8IVZkhK17ET5WdIKIoZmVW9VJIE4QkaEVdTjiIi/axYaQZPtTKEYSz04QoW6u+ODEVSTqNAV0ZIjeWil4v/eW6qwis/ozxJFeF4/lCYMqhimIcEh1QQrNhUE4QF1btCPEYCYaWjrOoQnMUvL5Nu3XIurPrdZa11XcZRAcfgBJwBBzRBC9yCNugADB7BM3gFb8aT8WK8Gx/z0hWj7DkCf2B8/gAvWZzJ</latexit>

�
<latexit sha1_base64="kYRPqQQKwRgszDlfjPlQdHGpgmg=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJiQFFSWtGxgoWxSPQhNVHluE5r1XEi20GqonwAC7/CwgBCrHwAG3+Dk2aAliPZOjrn3uvr40WMSmVZ30ZpbX1jc6u8XdnZ3ds/qB4e9WQYC0y6OGShGHhIEkY56SqqGBlEgqDAY6TvzW4yv/9AhKQhv1fziLgBmnDqU4yUlkbVWuLkQ4Zi4rmJZTYuoGU269ndaqbQwVOa6irLtHLAVWIXpAYKdEbVL2cc4jggXGGGpBzaVqTcBAlFMSNpxYkliRCeoQkZaspRQKSb5Huk8EwrY+iHQh+uYK7+7khQIOU88HRlgNRULnuZ+J83jJXfchPKo1gRjhcP+TGDKoRZMnBMBcGKzTVBWFC9K8RTJBBWOr+KDsFe/vIq6dVN+9Ks3zVq7esijjI4AafgHNjgCrTBLeiALsDgETyDV/BmPBkvxrvxsSgtGUXPMfgD4/MHsyqY1Q==</latexit>

A0
µ

<latexit sha1_base64="Mex+nQPKIq0IWQEut8mHJ82j4x8=">AAACDHicbVC7TsMwFHV4lvIqMLJYVAgGFCUFCdgKLIxFog8piSrHdVurthPZDlIV5QNY+BUWBhBi5QPY+BvcNAO0HMnW0Tn3Xl+fMGZUacf5thYWl5ZXVktr5fWNza3tys5uS0WJxKSJIxbJTogUYVSQpqaakU4sCeIhI+1wdDPx2w9EKhqJez2OScDRQNA+xUgbqVuppn4+xJODMEgd+/IEOrabXxm8Our6PMlMlWM7OeA8cQtSBQUa3cqX34twwonQmCGlPNeJdZAiqSlmJCv7iSIxwiM0IJ6hAnGigjTfI4OHRunBfiTNERrm6u+OFHGlxjw0lRzpoZr1JuJ/npfo/kWQUhEnmgg8faifMKgjOEkG9qgkWLOxIQhLanaFeIgkwtrkVzYhuLNfnietmu2e2rW7s2r9uoijBPbBATgGLjgHdXALGqAJMHgEz+AVvFlP1ov1bn1MSxesomcP/IH1+QO/p5jd</latexit>

U(1)d
<latexit sha1_base64="1Ukj+jAd8myv38iAMmvp3FJ30Mk=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmKCF7KLJnokevGIiQsksCHdbhcq3XbTdk0I4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMC1POtHHdb6ewtr6xuVXcLu3s7u0flA+PWlpmilCfSC5VJ8Saciaob5jhtJMqipOQ03Y4up357SeqNJPiwYxTGiR4IFjMCDZWavlV77wf9csVt+bOgVaJl5MK5Gj2y1+9SJIsocIQjrXuem5qgglWhhFOp6VepmmKyQgPaNdSgROqg8n82ik6s0qEYqlsCYPm6u+JCU60Hieh7UywGeplbyb+53UzE18HEybSzFBBFovijCMj0ex1FDFFieFjSzBRzN6KyBArTIwNqGRD8JZfXiWtes27qNXvLyuNmzyOIpzAKVTBgytowB00wQcCj/AMr/DmSOfFeXc+Fq0FJ585hj9wPn8AW1GOVA==</latexit>

) L � ✏eA0
µJ

µ
EM

<latexit sha1_base64="sABmk2dCRIRdtVEJxJaeio5I2BU="></latexit>

�
<latexit sha1_base64="kYRPqQQKwRgszDlfjPlQdHGpgmg=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJiQFFSWtGxgoWxSPQhNVHluE5r1XEi20GqonwAC7/CwgBCrHwAG3+Dk2aAliPZOjrn3uvr40WMSmVZ30ZpbX1jc6u8XdnZ3ds/qB4e9WQYC0y6OGShGHhIEkY56SqqGBlEgqDAY6TvzW4yv/9AhKQhv1fziLgBmnDqU4yUlkbVWuLkQ4Zi4rmJZTYuoGU269ndaqbQwVOa6irLtHLAVWIXpAYKdEbVL2cc4jggXGGGpBzaVqTcBAlFMSNpxYkliRCeoQkZaspRQKSb5Huk8EwrY+iHQh+uYK7+7khQIOU88HRlgNRULnuZ+J83jJXfchPKo1gRjhcP+TGDKoRZMnBMBcGKzTVBWFC9K8RTJBBWOr+KDsFe/vIq6dVN+9Ks3zVq7esijjI4AafgHNjgCrTBLeiALsDgETyDV/BmPBkvxrvxsSgtGUXPMfgD4/MHsyqY1Q==</latexit>

�
<latexit sha1_base64="kYRPqQQKwRgszDlfjPlQdHGpgmg=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJiQFFSWtGxgoWxSPQhNVHluE5r1XEi20GqonwAC7/CwgBCrHwAG3+Dk2aAliPZOjrn3uvr40WMSmVZ30ZpbX1jc6u8XdnZ3ds/qB4e9WQYC0y6OGShGHhIEkY56SqqGBlEgqDAY6TvzW4yv/9AhKQhv1fziLgBmnDqU4yUlkbVWuLkQ4Zi4rmJZTYuoGU269ndaqbQwVOa6irLtHLAVWIXpAYKdEbVL2cc4jggXGGGpBzaVqTcBAlFMSNpxYkliRCeoQkZaspRQKSb5Huk8EwrY+iHQh+uYK7+7khQIOU88HRlgNRULnuZ+J83jJXfchPKo1gRjhcP+TGDKoRZMnBMBcGKzTVBWFC9K8RTJBBWOr+KDsFe/vIq6dVN+9Ks3zVq7esijjI4AafgHNjgCrTBLeiALsDgETyDV/BmPBkvxrvxsSgtGUXPMfgD4/MHsyqY1Q==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

f̄
<latexit sha1_base64="JVZEcHfSdLhGJYt+oOFXr9WEzCo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip0w+oysLZoFxxq+4CZJ14OalAjuag/NUfxiyNUBomqNY9z02Mn1FlOBM4K/VTjQllEzrCnqWSRqj9bHHujFxYZUjCWNmShizU3xMZjbSeRoHtjKgZ61VvLv7n9VIT3vgZl0lqULLlojAVxMRk/jsZcoXMiKkllClubyVsTBVlxiZUsiF4qy+vk3at6l1Vaw/1SuM2j6MIZ3AOl+DBNTTgHprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwCJ7I+z</latexit>

✏e
<latexit sha1_base64="0NsXVsjI8FprH2DHUZNTY8wWzH0=">AAACEnicbVDLSgMxFM3UV62vqks3wSIoyDBTLXVZdOOygn1AO5RMetuGZjJDkhHK0G9w46+4caGIW1fu/Bsz7Sy09UDC4Zx7b26OH3GmtON8W7mV1bX1jfxmYWt7Z3evuH/QVGEsKTRoyEPZ9okCzgQ0NNMc2pEEEvgcWv74JvVbDyAVC8W9nkTgBWQo2IBRoo3UK54l3dmQjhz6XuLYbuUcO3Y1vdzKFHchUoyHYoqhVyw5tjMDXiZuRkooQ71X/Or2QxoHIDTlRKmO60TaS4jUjHKYFrqxgojQMRlCx1BBAlBeMttmik+M0seDUJojNJ6pvzsSEig1CXxTGRA9UoteKv7ndWI9uPISJqJYg6DzhwYxxzrEaT64zyRQzSeGECqZ2RXTEZGEapNiwYTgLn55mTTLtnthl+8uS7XrLI48OkLH6BS5qIpq6BbVUQNR9Iie0St6s56sF+vd+piX5qys5xD9gfX5A0w9m1c=</latexit>

A0
µ

<latexit sha1_base64="44wRyuUucRGOG5226/5V/vtz/Xc=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAYUJQUJGArsDAWiT6kJIoc12mtOg/ZDlIV5QdY+BUWBhBiZWfjb3DTDNByJFtH59x7fX38hFEhTfNbqywsLi2vVFdra+sbm1v69k5HxCnHpI1jFvOejwRhNCJtSSUjvYQTFPqMdP3RzcTvPhAuaBzdy3FC3BANIhpQjKSSPP0gc4ohNh/4bmYalyfQNKziyiG8OvKcMM09vW4aZgE4T6yS1EGJlqd/Of0YpyGJJGZICNsyE+lmiEuKGclrTipIgvAIDYitaIRCItysWCSHh0rpwyDm6kQSFurvjgyFQoxDX1WGSA7FrDcR//PsVAYXbkajJJUkwtOHgpRBGcNJNLBPOcGSjRVBmFO1K8RDxBGWKsCaCsGa/fI86TQM69Ro3J3Vm9dlHFWwB/bBMbDAOWiCW9ACbYDBI3gGr+BNe9JetHftY1pa0cqeXfAH2ucPHquZBw==</latexit>

Berlin, Blinov, Krnjaic, Schuster, and Toro, 2018

h�vi / ✏2↵dm2
DM

m4
A0

<latexit sha1_base64="EzvMkUw6DSz/Md6R87s8Ew6PMJM="></latexit>

✏relic ⇠ 10�5 mDM

1 MeV
<latexit sha1_base64="VFVlNdqnmCOCxhQ8XQbKQ3yGV4o="></latexit>

L � ✏

2
Fµ⌫F 0

µ⌫ +
1

2
m2

A0A0
µA

0µ
<latexit sha1_base64="hH9RxHqV1CvoLBm8I4m6WBWo9gY="></latexit>



Dark Photon mass

• Stueckelberg mechanism


• Higgs mechanism Associated scalar

L � 1

2
(@µhd)

2 � 1

2
m2

hd
hd

2 � �d

4
hd

4

<latexit sha1_base64="AlfRWQVbJNftZ69EmMqpuKUnbuU="></latexit>

mhd = �dvd
<latexit sha1_base64="jIJEt+zZdjgjF43Nku9YcZUw/II=">AAACAHicbVDLSsNAFL3xWesr6sKFm8EiuCpJFXQjFN24rGAf0IYwmUzaoZNJmJkUSujGX3HjQhG3foY7/8Zpm4W2Hhg4nHMPd+4JUs6Udpxva2V1bX1js7RV3t7Z3du3Dw5bKskkoU2S8ER2AqwoZ4I2NdOcdlJJcRxw2g6Gd1O/PaJSsUQ86nFKvRj3BYsYwdpIvn0c+/nADyfoBvW4iYXYD9HID3274lSdGdAycQtSgQIN3/7qhQnJYio04Vipruuk2sux1IxwOin3MkVTTIa4T7uGChxT5eWzAybozCghihJpntBopv5O5DhWahwHZjLGeqAWvan4n9fNdHTt5UykmaaCzBdFGUc6QdM2UMgkJZqPDcFEMvNXRAZYYqJNZ2VTgrt48jJp1aruRbX2cFmp3xZ1lOAETuEcXLiCOtxDA5pAYALP8Apv1pP1Yr1bH/PRFavIHMEfWJ8/vW6V2g==</latexit>

mA0 = gdvd
<latexit sha1_base64="LMocpkTNCB+7xPIwxaPk6NB64Qs=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ6KkkV9CJUvXisYD+gDWGz2bRLd5OwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmBSlnSjvOt7Wyura+sVnaKm/v7O7t2weHLZVkktAmSXgiOwFWlLOYNjXTnHZSSbEIOG0Hw/up3x5RqVgSP+lxSj2B+zGLGMHaSL5tCz+/PZugG9T3QzTyQ9+uOFVnBrRM3IJUoEDDt796YUIyQWNNOFaq6zqp9nIsNSOcTsq9TNEUkyHu066hMRZUefns8gk6NUqIokSaijWaqb8nciyUGovAdAqsB2rRm4r/ed1MR9dezuI00zQm80VRxpFO0DQGFDJJieZjQzCRzNyKyABLTLQJq2xCcBdfXiatWtW9qNYeLyv1uyKOEhzDCZyDC1dQhwdoQBMIjOAZXuHNyq0X6936mLeuWMXMEfyB9fkD0caSew==</latexit>

Dark Higgs

SM DS

✏ ⌧ 1
<latexit sha1_base64="Y6PzJfQ27JxDS9L/45pOM4PMPIU=">AAACF3icbVC7TsMwFHV4lvIKMLJYVEgMKEoKVRkrWBiLRB9SElWO67RWHSeyHaQq6l+w8CssDCDECht/g5NmgJYj2To6597r6xMkjEpl29/Gyura+sZmZau6vbO7t28eHHZlnApMOjhmsegHSBJGOekoqhjpJ4KgKGCkF0xucr/3QISkMb9X04T4ERpxGlKMlJYGppV5xRBXjAI/sy2ncQ5tq5lfTmMGPZJIymIONWUMOgOzZlt2AbhMnJLUQIn2wPzyhjFOI8IVZkhK17ET5WdIKIoZmVW9VJIE4QkaEVdTjiIi/axYaQZPtTKEYSz04QoW6u+ODEVSTqNAV0ZIjeWil4v/eW6qwis/ozxJFeF4/lCYMqhimIcEh1QQrNhUE4QF1btCPEYCYaWjrOoQnMUvL5Nu3XIurPrdZa11XcZRAcfgBJwBBzRBC9yCNugADB7BM3gFb8aT8WK8Gx/z0hWj7DkCf2B8/gAvWZzJ</latexit>

U(1)d
<latexit sha1_base64="1Ukj+jAd8myv38iAMmvp3FJ30Mk=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmKCF7KLJnokevGIiQsksCHdbhcq3XbTdk0I4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMC1POtHHdb6ewtr6xuVXcLu3s7u0flA+PWlpmilCfSC5VJ8Saciaob5jhtJMqipOQ03Y4up357SeqNJPiwYxTGiR4IFjMCDZWavlV77wf9csVt+bOgVaJl5MK5Gj2y1+9SJIsocIQjrXuem5qgglWhhFOp6VepmmKyQgPaNdSgROqg8n82ik6s0qEYqlsCYPm6u+JCU60Hieh7UywGeplbyb+53UzE18HEybSzFBBFovijCMj0ex1FDFFieFjSzBRzN6KyBArTIwNqGRD8JZfXiWtes27qNXvLyuNmzyOIpzAKVTBgytowB00wQcCj/AMr/DmSOfFeXc+Fq0FJ585hj9wPn8AW1GOVA==</latexit>

A0
µ

<latexit sha1_base64="Mex+nQPKIq0IWQEut8mHJ82j4x8=">AAACDHicbVC7TsMwFHV4lvIqMLJYVAgGFCUFCdgKLIxFog8piSrHdVurthPZDlIV5QNY+BUWBhBi5QPY+BvcNAO0HMnW0Tn3Xl+fMGZUacf5thYWl5ZXVktr5fWNza3tys5uS0WJxKSJIxbJTogUYVSQpqaakU4sCeIhI+1wdDPx2w9EKhqJez2OScDRQNA+xUgbqVuppn4+xJODMEgd+/IEOrabXxm8Our6PMlMlWM7OeA8cQtSBQUa3cqX34twwonQmCGlPNeJdZAiqSlmJCv7iSIxwiM0IJ6hAnGigjTfI4OHRunBfiTNERrm6u+OFHGlxjw0lRzpoZr1JuJ/npfo/kWQUhEnmgg8faifMKgjOEkG9qgkWLOxIQhLanaFeIgkwtrkVzYhuLNfnietmu2e2rW7s2r9uoijBPbBATgGLjgHdXALGqAJMHgEz+AVvFlP1ov1bn1MSxesomcP/IH1+QO/p5jd</latexit>

hd
<latexit sha1_base64="C7ahhhONcTwYF1+ppI4z5y90UmM=">AAACC3icbVC7TsMwFHXKq5RXgJHFokJiQFFSWtGxgoWxSPQhpVHkOE5r1XnIdpCqKDsLv8LCAEKs/AAbf4ObZoCWI9k6Oufe6+vjJYwKaZrfWmVtfWNzq7pd29nd2z/QD4/6Ik45Jj0cs5gPPSQIoxHpSSoZGSacoNBjZOBNb+b+4IFwQePoXs4S4oRoHNGAYiSV5Oqn2agYYvOx52Sm0byAptFqzO92K4cT189dvW4aZgG4SqyS1EGJrqt/jfwYpyGJJGZICNsyE+lkiEuKGclro1SQBOEpGhNb0QiFRDhZsUYOz5TiwyDm6kQSFurvjgyFQsxCT1WGSE7EsjcX//PsVAZtJ6NRkkoS4cVDQcqgjOE8GOhTTrBkM0UQ5lTtCvEEcYSliq+mQrCWv7xK+g3DujQad81657qMowpOwCk4Bxa4Ah1wC7qgBzB4BM/gFbxpT9qL9q59LEorWtlzDP5A+/wB6o+YZg==</latexit>

) mhd ⇠ mA0
<latexit sha1_base64="QSxq8bLo4p7EqrgLbOjCKMT6img=">AAACCXicbVC7TsMwFHV4lvIKMLJYVAimKilIMBZYGAuiD6mJIsdxWqt2EtkOqIqysvArLAwgxMofsPE3OG0GaDnSlY7PuVe+9/gJo1JZ1rexsLi0vLJaWauub2xubZs7ux0ZpwKTNo5ZLHo+koTRiLQVVYz0EkEQ9xnp+qOrwu/eEyFpHN2pcUJcjgYRDSlGSkueCZ1bOhgqJET8ACH3sqEX5NCRlBePi6PcM2tW3ZoAzhO7JDVQouWZX04Q45STSGGGpOzbVqLcDAlFMSN51UklSRAeoQHpaxohTqSbTS7J4aFWAhjGQlek4ET9PZEhLuWY+7qTIzWUs14h/uf1UxWeuxmNklSRCE8/ClMGVQyLWGBABcGKjTVBWFC9K8RDJBBWOryqDsGePXmedBp1+6TeuDmtNS/LOCpgHxyAY2CDM9AE16AF2gCDR/AMXsGb8WS8GO/Gx7R1wShn9sAfGJ8/uXOZtA==</latexit>

L � ✏

2
Fµ⌫F 0

µ⌫ +
1

2
m2

A0A0
µA

0µ
<latexit sha1_base64="hH9RxHqV1CvoLBm8I4m6WBWo9gY="></latexit>



Dark Higgs decay

mhd < mA0
<latexit sha1_base64="xt6girLnBhM5k8hpfKHeScWVQu8=">AAAB+XicbZDLSsNAFIZPvNZ6i7p0M1hEVyWpgi5cVN24rGAv0IYwmU7aoZNJmJkUSsibuHGhiFvfxJ1v47TNQlt/GPj4zzmcM3+QcKa043xbK6tr6xubpa3y9s7u3r59cNhScSoJbZKYx7ITYEU5E7Spmea0k0iKo4DTdjC6n9bbYyoVi8WTniTUi/BAsJARrI3l23bkZ0O/n6MbZOj2LPftilN1ZkLL4BZQgUIN3/7q9WOSRlRowrFSXddJtJdhqRnhNC/3UkUTTEZ4QLsGBY6o8rLZ5Tk6NU4fhbE0T2g0c39PZDhSahIFpjPCeqgWa1Pzv1o31eG1lzGRpJoKMl8UphzpGE1jQH0mKdF8YgATycytiAyxxESbsMomBHfxy8vQqlXdi2rt8bJSvyviKMExnMA5uHAFdXiABjSBwBie4RXerMx6sd6tj3nrilXMHMEfWZ8/eVuS5g==</latexit>

A0
µ

<latexit sha1_base64="Mex+nQPKIq0IWQEut8mHJ82j4x8=">AAACDHicbVC7TsMwFHV4lvIqMLJYVAgGFCUFCdgKLIxFog8piSrHdVurthPZDlIV5QNY+BUWBhBi5QPY+BvcNAO0HMnW0Tn3Xl+fMGZUacf5thYWl5ZXVktr5fWNza3tys5uS0WJxKSJIxbJTogUYVSQpqaakU4sCeIhI+1wdDPx2w9EKhqJez2OScDRQNA+xUgbqVuppn4+xJODMEgd+/IEOrabXxm8Our6PMlMlWM7OeA8cQtSBQUa3cqX34twwonQmCGlPNeJdZAiqSlmJCv7iSIxwiM0IJ6hAnGigjTfI4OHRunBfiTNERrm6u+OFHGlxjw0lRzpoZr1JuJ/npfo/kWQUhEnmgg8faifMKgjOEkG9qgkWLOxIQhLanaFeIgkwtrkVzYhuLNfnietmu2e2rW7s2r9uoijBPbBATgGLjgHdXALGqAJMHgEz+AVvFlP1ov1bn1MSxesomcP/IH1+QO/p5jd</latexit>

hd
<latexit sha1_base64="C7ahhhONcTwYF1+ppI4z5y90UmM=">AAACC3icbVC7TsMwFHXKq5RXgJHFokJiQFFSWtGxgoWxSPQhpVHkOE5r1XnIdpCqKDsLv8LCAEKs/AAbf4ObZoCWI9k6Oufe6+vjJYwKaZrfWmVtfWNzq7pd29nd2z/QD4/6Ik45Jj0cs5gPPSQIoxHpSSoZGSacoNBjZOBNb+b+4IFwQePoXs4S4oRoHNGAYiSV5Oqn2agYYvOx52Sm0byAptFqzO92K4cT189dvW4aZgG4SqyS1EGJrqt/jfwYpyGJJGZICNsyE+lkiEuKGclro1SQBOEpGhNb0QiFRDhZsUYOz5TiwyDm6kQSFurvjgyFQsxCT1WGSE7EsjcX//PsVAZtJ6NRkkoS4cVDQcqgjOE8GOhTTrBkM0UQ5lTtCvEEcYSliq+mQrCWv7xK+g3DujQad81657qMowpOwCk4Bxa4Ah1wC7qgBzB4BM/gFbxpT9qL9q59LEorWtlzDP5A+/wB6o+YZg==</latexit>

A0
µ

<latexit sha1_base64="Mex+nQPKIq0IWQEut8mHJ82j4x8=">AAACDHicbVC7TsMwFHV4lvIqMLJYVAgGFCUFCdgKLIxFog8piSrHdVurthPZDlIV5QNY+BUWBhBi5QPY+BvcNAO0HMnW0Tn3Xl+fMGZUacf5thYWl5ZXVktr5fWNza3tys5uS0WJxKSJIxbJTogUYVSQpqaakU4sCeIhI+1wdDPx2w9EKhqJez2OScDRQNA+xUgbqVuppn4+xJODMEgd+/IEOrabXxm8Our6PMlMlWM7OeA8cQtSBQUa3cqX34twwonQmCGlPNeJdZAiqSlmJCv7iSIxwiM0IJ6hAnGigjTfI4OHRunBfiTNERrm6u+OFHGlxjw0lRzpoZr1JuJ/npfo/kWQUhEnmgg8faifMKgjOEkG9qgkWLOxIQhLanaFeIgkwtrkVzYhuLNfnietmu2e2rW7s2r9uoijBPbBATgGLjgHdXALGqAJMHgEz+AVvFlP1ov1bn1MSxesomcP/IH1+QO/p5jd</latexit>

e+
<latexit sha1_base64="rbJLzWjiEvaKskPI1udhMhe7e8k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CnoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaNStk7L1fuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A5WCNig==</latexit>

e�
<latexit sha1_base64="+Prgj4dJ2cQd1CMxh1eXpNYsTWM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5NGpeydlyt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6GiNjA==</latexit>

e+
<latexit sha1_base64="rbJLzWjiEvaKskPI1udhMhe7e8k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CnoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaNStk7L1fuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A5WCNig==</latexit>

e�
<latexit sha1_base64="+Prgj4dJ2cQd1CMxh1eXpNYsTWM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5NGpeydlyt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6GiNjA==</latexit>

�hd / ✏4↵2↵d
<latexit sha1_base64="Ojs9GnTNo9S9cW8l17iK4wmTMJo="></latexit>

A0
µ

<latexit sha1_base64="Mex+nQPKIq0IWQEut8mHJ82j4x8=">AAACDHicbVC7TsMwFHV4lvIqMLJYVAgGFCUFCdgKLIxFog8piSrHdVurthPZDlIV5QNY+BUWBhBi5QPY+BvcNAO0HMnW0Tn3Xl+fMGZUacf5thYWl5ZXVktr5fWNza3tys5uS0WJxKSJIxbJTogUYVSQpqaakU4sCeIhI+1wdDPx2w9EKhqJez2OScDRQNA+xUgbqVuppn4+xJODMEgd+/IEOrabXxm8Our6PMlMlWM7OeA8cQtSBQUa3cqX34twwonQmCGlPNeJdZAiqSlmJCv7iSIxwiM0IJ6hAnGigjTfI4OHRunBfiTNERrm6u+OFHGlxjw0lRzpoZr1JuJ/npfo/kWQUhEnmgg8faifMKgjOEkG9qgkWLOxIQhLanaFeIgkwtrkVzYhuLNfnietmu2e2rW7s2r9uoijBPbBATgGLjgHdXALGqAJMHgEz+AVvFlP1ov1bn1MSxesomcP/IH1+QO/p5jd</latexit>

hd
<latexit sha1_base64="C7ahhhONcTwYF1+ppI4z5y90UmM=">AAACC3icbVC7TsMwFHXKq5RXgJHFokJiQFFSWtGxgoWxSPQhpVHkOE5r1XnIdpCqKDsLv8LCAEKs/AAbf4ObZoCWI9k6Oufe6+vjJYwKaZrfWmVtfWNzq7pd29nd2z/QD4/6Ik45Jj0cs5gPPSQIoxHpSSoZGSacoNBjZOBNb+b+4IFwQePoXs4S4oRoHNGAYiSV5Oqn2agYYvOx52Sm0byAptFqzO92K4cT189dvW4aZgG4SqyS1EGJrqt/jfwYpyGJJGZICNsyE+lkiEuKGclro1SQBOEpGhNb0QiFRDhZsUYOz5TiwyDm6kQSFurvjgyFQsxCT1WGSE7EsjcX//PsVAZtJ6NRkkoS4cVDQcqgjOE8GOhTTrBkM0UQ5lTtCvEEcYSliq+mQrCWv7xK+g3DujQad81657qMowpOwCk4Bxa4Ah1wC7qgBzB4BM/gFbxpT9qL9q59LEorWtlzDP5A+/wB6o+YZg==</latexit>

A0
µ

<latexit sha1_base64="Mex+nQPKIq0IWQEut8mHJ82j4x8=">AAACDHicbVC7TsMwFHV4lvIqMLJYVAgGFCUFCdgKLIxFog8piSrHdVurthPZDlIV5QNY+BUWBhBi5QPY+BvcNAO0HMnW0Tn3Xl+fMGZUacf5thYWl5ZXVktr5fWNza3tys5uS0WJxKSJIxbJTogUYVSQpqaakU4sCeIhI+1wdDPx2w9EKhqJez2OScDRQNA+xUgbqVuppn4+xJODMEgd+/IEOrabXxm8Our6PMlMlWM7OeA8cQtSBQUa3cqX34twwonQmCGlPNeJdZAiqSlmJCv7iSIxwiM0IJ6hAnGigjTfI4OHRunBfiTNERrm6u+OFHGlxjw0lRzpoZr1JuJ/npfo/kWQUhEnmgg8faifMKgjOEkG9qgkWLOxIQhLanaFeIgkwtrkVzYhuLNfnietmu2e2rW7s2r9uoijBPbBATgGLjgHdXALGqAJMHgEz+AVvFlP1ov1bn1MSxesomcP/IH1+QO/p5jd</latexit>

e�
<latexit sha1_base64="+Prgj4dJ2cQd1CMxh1eXpNYsTWM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5NGpeydlyt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6GiNjA==</latexit>

e+
<latexit sha1_base64="rbJLzWjiEvaKskPI1udhMhe7e8k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CnoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaNStk7L1fuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A5WCNig==</latexit>

Cosmologically stable



Dark Higgs decay

mhd < mA0
<latexit sha1_base64="xt6girLnBhM5k8hpfKHeScWVQu8=">AAAB+XicbZDLSsNAFIZPvNZ6i7p0M1hEVyWpgi5cVN24rGAv0IYwmU7aoZNJmJkUSsibuHGhiFvfxJ1v47TNQlt/GPj4zzmcM3+QcKa043xbK6tr6xubpa3y9s7u3r59cNhScSoJbZKYx7ITYEU5E7Spmea0k0iKo4DTdjC6n9bbYyoVi8WTniTUi/BAsJARrI3l23bkZ0O/n6MbZOj2LPftilN1ZkLL4BZQgUIN3/7q9WOSRlRowrFSXddJtJdhqRnhNC/3UkUTTEZ4QLsGBY6o8rLZ5Tk6NU4fhbE0T2g0c39PZDhSahIFpjPCeqgWa1Pzv1o31eG1lzGRpJoKMl8UphzpGE1jQH0mKdF8YgATycytiAyxxESbsMomBHfxy8vQqlXdi2rt8bJSvyviKMExnMA5uHAFdXiABjSBwBie4RXerMx6sd6tj3nrilXMHMEfWZ8/eVuS5g==</latexit>

A0
µ

<latexit sha1_base64="Mex+nQPKIq0IWQEut8mHJ82j4x8=">AAACDHicbVC7TsMwFHV4lvIqMLJYVAgGFCUFCdgKLIxFog8piSrHdVurthPZDlIV5QNY+BUWBhBi5QPY+BvcNAO0HMnW0Tn3Xl+fMGZUacf5thYWl5ZXVktr5fWNza3tys5uS0WJxKSJIxbJTogUYVSQpqaakU4sCeIhI+1wdDPx2w9EKhqJez2OScDRQNA+xUgbqVuppn4+xJODMEgd+/IEOrabXxm8Our6PMlMlWM7OeA8cQtSBQUa3cqX34twwonQmCGlPNeJdZAiqSlmJCv7iSIxwiM0IJ6hAnGigjTfI4OHRunBfiTNERrm6u+OFHGlxjw0lRzpoZr1JuJ/npfo/kWQUhEnmgg8faifMKgjOEkG9qgkWLOxIQhLanaFeIgkwtrkVzYhuLNfnietmu2e2rW7s2r9uoijBPbBATgGLjgHdXALGqAJMHgEz+AVvFlP1ov1bn1MSxesomcP/IH1+QO/p5jd</latexit>

hd
<latexit sha1_base64="C7ahhhONcTwYF1+ppI4z5y90UmM=">AAACC3icbVC7TsMwFHXKq5RXgJHFokJiQFFSWtGxgoWxSPQhpVHkOE5r1XnIdpCqKDsLv8LCAEKs/AAbf4ObZoCWI9k6Oufe6+vjJYwKaZrfWmVtfWNzq7pd29nd2z/QD4/6Ik45Jj0cs5gPPSQIoxHpSSoZGSacoNBjZOBNb+b+4IFwQePoXs4S4oRoHNGAYiSV5Oqn2agYYvOx52Sm0byAptFqzO92K4cT189dvW4aZgG4SqyS1EGJrqt/jfwYpyGJJGZICNsyE+lkiEuKGclro1SQBOEpGhNb0QiFRDhZsUYOz5TiwyDm6kQSFurvjgyFQsxCT1WGSE7EsjcX//PsVAZtJ6NRkkoS4cVDQcqgjOE8GOhTTrBkM0UQ5lTtCvEEcYSliq+mQrCWv7xK+g3DujQad81657qMowpOwCk4Bxa4Ah1wC7qgBzB4BM/gFbxpT9qL9q59LEorWtlzDP5A+/wB6o+YZg==</latexit>

A0
µ

<latexit sha1_base64="Mex+nQPKIq0IWQEut8mHJ82j4x8=">AAACDHicbVC7TsMwFHV4lvIqMLJYVAgGFCUFCdgKLIxFog8piSrHdVurthPZDlIV5QNY+BUWBhBi5QPY+BvcNAO0HMnW0Tn3Xl+fMGZUacf5thYWl5ZXVktr5fWNza3tys5uS0WJxKSJIxbJTogUYVSQpqaakU4sCeIhI+1wdDPx2w9EKhqJez2OScDRQNA+xUgbqVuppn4+xJODMEgd+/IEOrabXxm8Our6PMlMlWM7OeA8cQtSBQUa3cqX34twwonQmCGlPNeJdZAiqSlmJCv7iSIxwiM0IJ6hAnGigjTfI4OHRunBfiTNERrm6u+OFHGlxjw0lRzpoZr1JuJ/npfo/kWQUhEnmgg8faifMKgjOEkG9qgkWLOxIQhLanaFeIgkwtrkVzYhuLNfnietmu2e2rW7s2r9uoijBPbBATgGLjgHdXALGqAJMHgEz+AVvFlP1ov1bn1MSxesomcP/IH1+QO/p5jd</latexit>

e+
<latexit sha1_base64="rbJLzWjiEvaKskPI1udhMhe7e8k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CnoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaNStk7L1fuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A5WCNig==</latexit>

e�
<latexit sha1_base64="+Prgj4dJ2cQd1CMxh1eXpNYsTWM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5NGpeydlyt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6GiNjA==</latexit>

e+
<latexit sha1_base64="rbJLzWjiEvaKskPI1udhMhe7e8k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CnoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaNStk7L1fuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A5WCNig==</latexit>

e�
<latexit sha1_base64="+Prgj4dJ2cQd1CMxh1eXpNYsTWM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5NGpeydlyt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6GiNjA==</latexit>

�hd / ✏4↵2↵d
<latexit sha1_base64="Ojs9GnTNo9S9cW8l17iK4wmTMJo="></latexit>

A0
µ

<latexit sha1_base64="Mex+nQPKIq0IWQEut8mHJ82j4x8=">AAACDHicbVC7TsMwFHV4lvIqMLJYVAgGFCUFCdgKLIxFog8piSrHdVurthPZDlIV5QNY+BUWBhBi5QPY+BvcNAO0HMnW0Tn3Xl+fMGZUacf5thYWl5ZXVktr5fWNza3tys5uS0WJxKSJIxbJTogUYVSQpqaakU4sCeIhI+1wdDPx2w9EKhqJez2OScDRQNA+xUgbqVuppn4+xJODMEgd+/IEOrabXxm8Our6PMlMlWM7OeA8cQtSBQUa3cqX34twwonQmCGlPNeJdZAiqSlmJCv7iSIxwiM0IJ6hAnGigjTfI4OHRunBfiTNERrm6u+OFHGlxjw0lRzpoZr1JuJ/npfo/kWQUhEnmgg8faifMKgjOEkG9qgkWLOxIQhLanaFeIgkwtrkVzYhuLNfnietmu2e2rW7s2r9uoijBPbBATgGLjgHdXALGqAJMHgEz+AVvFlP1ov1bn1MSxesomcP/IH1+QO/p5jd</latexit>

hd
<latexit sha1_base64="C7ahhhONcTwYF1+ppI4z5y90UmM=">AAACC3icbVC7TsMwFHXKq5RXgJHFokJiQFFSWtGxgoWxSPQhpVHkOE5r1XnIdpCqKDsLv8LCAEKs/AAbf4ObZoCWI9k6Oufe6+vjJYwKaZrfWmVtfWNzq7pd29nd2z/QD4/6Ik45Jj0cs5gPPSQIoxHpSSoZGSacoNBjZOBNb+b+4IFwQePoXs4S4oRoHNGAYiSV5Oqn2agYYvOx52Sm0byAptFqzO92K4cT189dvW4aZgG4SqyS1EGJrqt/jfwYpyGJJGZICNsyE+lkiEuKGclro1SQBOEpGhNb0QiFRDhZsUYOz5TiwyDm6kQSFurvjgyFQsxCT1WGSE7EsjcX//PsVAZtJ6NRkkoS4cVDQcqgjOE8GOhTTrBkM0UQ5lTtCvEEcYSliq+mQrCWv7xK+g3DujQad81657qMowpOwCk4Bxa4Ah1wC7qgBzB4BM/gFbxpT9qL9q59LEorWtlzDP5A+/wB6o+YZg==</latexit>

A0
µ

<latexit sha1_base64="Mex+nQPKIq0IWQEut8mHJ82j4x8=">AAACDHicbVC7TsMwFHV4lvIqMLJYVAgGFCUFCdgKLIxFog8piSrHdVurthPZDlIV5QNY+BUWBhBi5QPY+BvcNAO0HMnW0Tn3Xl+fMGZUacf5thYWl5ZXVktr5fWNza3tys5uS0WJxKSJIxbJTogUYVSQpqaakU4sCeIhI+1wdDPx2w9EKhqJez2OScDRQNA+xUgbqVuppn4+xJODMEgd+/IEOrabXxm8Our6PMlMlWM7OeA8cQtSBQUa3cqX34twwonQmCGlPNeJdZAiqSlmJCv7iSIxwiM0IJ6hAnGigjTfI4OHRunBfiTNERrm6u+OFHGlxjw0lRzpoZr1JuJ/npfo/kWQUhEnmgg8faifMKgjOEkG9qgkWLOxIQhLanaFeIgkwtrkVzYhuLNfnietmu2e2rW7s2r9uoijBPbBATgGLjgHdXALGqAJMHgEz+AVvFlP1ov1bn1MSxesomcP/IH1+QO/p5jd</latexit>

e�
<latexit sha1_base64="+Prgj4dJ2cQd1CMxh1eXpNYsTWM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5NGpeydlyt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6GiNjA==</latexit>

e+
<latexit sha1_base64="rbJLzWjiEvaKskPI1udhMhe7e8k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CnoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaNStk7L1fuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A5WCNig==</latexit>

Cosmologically stable

Can the dark Higgs account for total DM abundance?

⌧hd ⇠ 1019s
⇣

50 MeV
mhd

⌘⇣
0.01
↵d

⌘⇣
10�8

✏

⌘4

<latexit sha1_base64="PbAs1yWU8b+DLrn/HQwOdkpn65g="></latexit>

CM, Pospelov, Ruderman, and Slone, in preparation



Dark Higgs freeze-out

A0
µ

<latexit sha1_base64="Mex+nQPKIq0IWQEut8mHJ82j4x8=">AAACDHicbVC7TsMwFHV4lvIqMLJYVAgGFCUFCdgKLIxFog8piSrHdVurthPZDlIV5QNY+BUWBhBi5QPY+BvcNAO0HMnW0Tn3Xl+fMGZUacf5thYWl5ZXVktr5fWNza3tys5uS0WJxKSJIxbJTogUYVSQpqaakU4sCeIhI+1wdDPx2w9EKhqJez2OScDRQNA+xUgbqVuppn4+xJODMEgd+/IEOrabXxm8Our6PMlMlWM7OeA8cQtSBQUa3cqX34twwonQmCGlPNeJdZAiqSlmJCv7iSIxwiM0IJ6hAnGigjTfI4OHRunBfiTNERrm6u+OFHGlxjw0lRzpoZr1JuJ/npfo/kWQUhEnmgg8faifMKgjOEkG9qgkWLOxIQhLanaFeIgkwtrkVzYhuLNfnietmu2e2rW7s2r9uoijBPbBATgGLjgHdXALGqAJMHgEz+AVvFlP1ov1bn1MSxesomcP/IH1+QO/p5jd</latexit>

hd
<latexit sha1_base64="C7ahhhONcTwYF1+ppI4z5y90UmM=">AAACC3icbVC7TsMwFHXKq5RXgJHFokJiQFFSWtGxgoWxSPQhpVHkOE5r1XnIdpCqKDsLv8LCAEKs/AAbf4ObZoCWI9k6Oufe6+vjJYwKaZrfWmVtfWNzq7pd29nd2z/QD4/6Ik45Jj0cs5gPPSQIoxHpSSoZGSacoNBjZOBNb+b+4IFwQePoXs4S4oRoHNGAYiSV5Oqn2agYYvOx52Sm0byAptFqzO92K4cT189dvW4aZgG4SqyS1EGJrqt/jfwYpyGJJGZICNsyE+lkiEuKGclro1SQBOEpGhNb0QiFRDhZsUYOz5TiwyDm6kQSFurvjgyFQsxCT1WGSE7EsjcX//PsVAZtJ6NRkkoS4cVDQcqgjOE8GOhTTrBkM0UQ5lTtCvEEcYSliq+mQrCWv7xK+g3DujQad81657qMowpOwCk4Bxa4Ah1wC7qgBzB4BM/gFbxpT9qL9q59LEorWtlzDP5A+/wB6o+YZg==</latexit> A0

µ
<latexit sha1_base64="Mex+nQPKIq0IWQEut8mHJ82j4x8=">AAACDHicbVC7TsMwFHV4lvIqMLJYVAgGFCUFCdgKLIxFog8piSrHdVurthPZDlIV5QNY+BUWBhBi5QPY+BvcNAO0HMnW0Tn3Xl+fMGZUacf5thYWl5ZXVktr5fWNza3tys5uS0WJxKSJIxbJTogUYVSQpqaakU4sCeIhI+1wdDPx2w9EKhqJez2OScDRQNA+xUgbqVuppn4+xJODMEgd+/IEOrabXxm8Our6PMlMlWM7OeA8cQtSBQUa3cqX34twwonQmCGlPNeJdZAiqSlmJCv7iSIxwiM0IJ6hAnGigjTfI4OHRunBfiTNERrm6u+OFHGlxjw0lRzpoZr1JuJ/npfo/kWQUhEnmgg8faifMKgjOEkG9qgkWLOxIQhLanaFeIgkwtrkVzYhuLNfnietmu2e2rW7s2r9uoijBPbBATgGLjgHdXALGqAJMHgEz+AVvFlP1ov1bn1MSxesomcP/IH1+QO/p5jd</latexit>

hd
<latexit sha1_base64="C7ahhhONcTwYF1+ppI4z5y90UmM=">AAACC3icbVC7TsMwFHXKq5RXgJHFokJiQFFSWtGxgoWxSPQhpVHkOE5r1XnIdpCqKDsLv8LCAEKs/AAbf4ObZoCWI9k6Oufe6+vjJYwKaZrfWmVtfWNzq7pd29nd2z/QD4/6Ik45Jj0cs5gPPSQIoxHpSSoZGSacoNBjZOBNb+b+4IFwQePoXs4S4oRoHNGAYiSV5Oqn2agYYvOx52Sm0byAptFqzO92K4cT189dvW4aZgG4SqyS1EGJrqt/jfwYpyGJJGZICNsyE+lkiEuKGclro1SQBOEpGhNb0QiFRDhZsUYOz5TiwyDm6kQSFurvjgyFQsxCT1WGSE7EsjcX//PsVAZtJ6NRkkoS4cVDQcqgjOE8GOhTTrBkM0UQ5lTtCvEEcYSliq+mQrCWv7xK+g3DujQad81657qMowpOwCk4Bxa4Ah1wC7qgBzB4BM/gFbxpT9qL9q59LEorWtlzDP5A+/wB6o+YZg==</latexit>

mhd < mA0
<latexit sha1_base64="xt6girLnBhM5k8hpfKHeScWVQu8=">AAAB+XicbZDLSsNAFIZPvNZ6i7p0M1hEVyWpgi5cVN24rGAv0IYwmU7aoZNJmJkUSsibuHGhiFvfxJ1v47TNQlt/GPj4zzmcM3+QcKa043xbK6tr6xubpa3y9s7u3r59cNhScSoJbZKYx7ITYEU5E7Spmea0k0iKo4DTdjC6n9bbYyoVi8WTniTUi/BAsJARrI3l23bkZ0O/n6MbZOj2LPftilN1ZkLL4BZQgUIN3/7q9WOSRlRowrFSXddJtJdhqRnhNC/3UkUTTEZ4QLsGBY6o8rLZ5Tk6NU4fhbE0T2g0c39PZDhSahIFpjPCeqgWa1Pzv1o31eG1lzGRpJoKMl8UphzpGE1jQH0mKdF8YgATycytiAyxxESbsMomBHfxy8vQqlXdi2rt8bJSvyviKMExnMA5uHAFdXiABjSBwBie4RXerMx6sd6tj3nrilXMHMEfWZ8/eVuS5g==</latexit>

Kinematically forbidden annihilation

h�vihdhd '
 
neq
A0

neq
hd

!2
↵2
d

m2
A0

<latexit sha1_base64="CLgfjVy0RIWETdl++kMtOawvj6M="></latexit>

(neq
hd
)2h�vihdhd = (neq

A0)2h�viA0
µA

0
µ

<latexit sha1_base64="Vv8HfXPawqIgxylCSGJvbu0FVpQ="></latexit>



Dark Higgs freeze-out

A0
µ

<latexit sha1_base64="Mex+nQPKIq0IWQEut8mHJ82j4x8=">AAACDHicbVC7TsMwFHV4lvIqMLJYVAgGFCUFCdgKLIxFog8piSrHdVurthPZDlIV5QNY+BUWBhBi5QPY+BvcNAO0HMnW0Tn3Xl+fMGZUacf5thYWl5ZXVktr5fWNza3tys5uS0WJxKSJIxbJTogUYVSQpqaakU4sCeIhI+1wdDPx2w9EKhqJez2OScDRQNA+xUgbqVuppn4+xJODMEgd+/IEOrabXxm8Our6PMlMlWM7OeA8cQtSBQUa3cqX34twwonQmCGlPNeJdZAiqSlmJCv7iSIxwiM0IJ6hAnGigjTfI4OHRunBfiTNERrm6u+OFHGlxjw0lRzpoZr1JuJ/npfo/kWQUhEnmgg8faifMKgjOEkG9qgkWLOxIQhLanaFeIgkwtrkVzYhuLNfnietmu2e2rW7s2r9uoijBPbBATgGLjgHdXALGqAJMHgEz+AVvFlP1ov1bn1MSxesomcP/IH1+QO/p5jd</latexit>

hd
<latexit sha1_base64="C7ahhhONcTwYF1+ppI4z5y90UmM=">AAACC3icbVC7TsMwFHXKq5RXgJHFokJiQFFSWtGxgoWxSPQhpVHkOE5r1XnIdpCqKDsLv8LCAEKs/AAbf4ObZoCWI9k6Oufe6+vjJYwKaZrfWmVtfWNzq7pd29nd2z/QD4/6Ik45Jj0cs5gPPSQIoxHpSSoZGSacoNBjZOBNb+b+4IFwQePoXs4S4oRoHNGAYiSV5Oqn2agYYvOx52Sm0byAptFqzO92K4cT189dvW4aZgG4SqyS1EGJrqt/jfwYpyGJJGZICNsyE+lkiEuKGclro1SQBOEpGhNb0QiFRDhZsUYOz5TiwyDm6kQSFurvjgyFQsxCT1WGSE7EsjcX//PsVAZtJ6NRkkoS4cVDQcqgjOE8GOhTTrBkM0UQ5lTtCvEEcYSliq+mQrCWv7xK+g3DujQad81657qMowpOwCk4Bxa4Ah1wC7qgBzB4BM/gFbxpT9qL9q59LEorWtlzDP5A+/wB6o+YZg==</latexit> A0

µ
<latexit sha1_base64="Mex+nQPKIq0IWQEut8mHJ82j4x8=">AAACDHicbVC7TsMwFHV4lvIqMLJYVAgGFCUFCdgKLIxFog8piSrHdVurthPZDlIV5QNY+BUWBhBi5QPY+BvcNAO0HMnW0Tn3Xl+fMGZUacf5thYWl5ZXVktr5fWNza3tys5uS0WJxKSJIxbJTogUYVSQpqaakU4sCeIhI+1wdDPx2w9EKhqJez2OScDRQNA+xUgbqVuppn4+xJODMEgd+/IEOrabXxm8Our6PMlMlWM7OeA8cQtSBQUa3cqX34twwonQmCGlPNeJdZAiqSlmJCv7iSIxwiM0IJ6hAnGigjTfI4OHRunBfiTNERrm6u+OFHGlxjw0lRzpoZr1JuJ/npfo/kWQUhEnmgg8faifMKgjOEkG9qgkWLOxIQhLanaFeIgkwtrkVzYhuLNfnietmu2e2rW7s2r9uoijBPbBATgGLjgHdXALGqAJMHgEz+AVvFlP1ov1bn1MSxesomcP/IH1+QO/p5jd</latexit>

hd
<latexit sha1_base64="C7ahhhONcTwYF1+ppI4z5y90UmM=">AAACC3icbVC7TsMwFHXKq5RXgJHFokJiQFFSWtGxgoWxSPQhpVHkOE5r1XnIdpCqKDsLv8LCAEKs/AAbf4ObZoCWI9k6Oufe6+vjJYwKaZrfWmVtfWNzq7pd29nd2z/QD4/6Ik45Jj0cs5gPPSQIoxHpSSoZGSacoNBjZOBNb+b+4IFwQePoXs4S4oRoHNGAYiSV5Oqn2agYYvOx52Sm0byAptFqzO92K4cT189dvW4aZgG4SqyS1EGJrqt/jfwYpyGJJGZICNsyE+lkiEuKGclro1SQBOEpGhNb0QiFRDhZsUYOz5TiwyDm6kQSFurvjgyFQsxCT1WGSE7EsjcX//PsVAZtJ6NRkkoS4cVDQcqgjOE8GOhTTrBkM0UQ5lTtCvEEcYSliq+mQrCWv7xK+g3DujQad81657qMowpOwCk4Bxa4Ah1wC7qgBzB4BM/gFbxpT9qL9q59LEorWtlzDP5A+/wB6o+YZg==</latexit>

mhd < mA0
<latexit sha1_base64="xt6girLnBhM5k8hpfKHeScWVQu8=">AAAB+XicbZDLSsNAFIZPvNZ6i7p0M1hEVyWpgi5cVN24rGAv0IYwmU7aoZNJmJkUSsibuHGhiFvfxJ1v47TNQlt/GPj4zzmcM3+QcKa043xbK6tr6xubpa3y9s7u3r59cNhScSoJbZKYx7ITYEU5E7Spmea0k0iKo4DTdjC6n9bbYyoVi8WTniTUi/BAsJARrI3l23bkZ0O/n6MbZOj2LPftilN1ZkLL4BZQgUIN3/7q9WOSRlRowrFSXddJtJdhqRnhNC/3UkUTTEZ4QLsGBY6o8rLZ5Tk6NU4fhbE0T2g0c39PZDhSahIFpjPCeqgWa1Pzv1o31eG1lzGRpJoKMl8UphzpGE1jQH0mKdF8YgATycytiAyxxESbsMomBHfxy8vQqlXdi2rt8bJSvyviKMExnMA5uHAFdXiABjSBwBie4RXerMx6sd6tj3nrilXMHMEfWZ8/eVuS5g==</latexit>

Kinematically forbidden annihilation

h�vihdhd ' e�2
mA0�mhd

T
↵2
d

m2
A0

<latexit sha1_base64="5E4HAFPWBuHZBIkoftx1zZHBrqc="></latexit>

h�vihdhd '
 
neq
A0

neq
hd

!2
↵2
d

m2
A0

<latexit sha1_base64="CLgfjVy0RIWETdl++kMtOawvj6M="></latexit>

(neq
hd
)2h�vihdhd = (neq

A0)2h�viA0
µA

0
µ

<latexit sha1_base64="Vv8HfXPawqIgxylCSGJvbu0FVpQ="></latexit>

Exponentially lighter 
than the weak scale
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Bounds on dark Higgs decay

too short⌧hd
<latexit sha1_base64="xsQmBtD4wLoWDyr/xs2G1m4h6Pk=">AAAB8nicbZC7TsMwFIYdrqXcCowsViskFqqkDDBWsDAWiV5QGkWO47RWHSeyT5CqqI/BwgBCrAy8BQsTEgNvg3sZoOWXLH36/3Pkc06QCq7Btr+tpeWV1bX1wkZxc2t7Z7e0t9/SSaYoa9JEJKoTEM0El6wJHATrpIqROBCsHQwux3n7jinNE3kDw5R5MelJHnFKwFhuF0jm530/HGG/VLGr9kR4EZwZVOrlj/e3k9uvhl/67IYJzWImgQqitevYKXg5UcCpYKNiN9MsJXRAesw1KEnMtJdPRh7hI+OEOEqUeRLwxP3dkZNY62EcmMqYQF/PZ2Pzv8zNIDr3ci7TDJik04+iTGBI8Hh/HHLFKIihAUIVN7Ni2ieKUDBXKpojOPMrL0KrVnVOq7Vrp1K/QFMV0CEqo2PkoDNUR1eogZqIogTdo0f0ZIH1YD1bL9PSJWvWc4D+yHr9AZbNlTE=</latexit>

• Electromagnetic energy injections in the CMB


• Diffuse photon spectra (FSR)

Poulin, Lesgourgues, and Serpico, 2016
Slatyer and Wu, 2016

Essig, Kuflik, McDermott, Volansky, and Zurek, 2013

) ⌧hd & 1025 s
<latexit sha1_base64="2vIxsqz3/6i3MZPRkAIt1pk273c="></latexit>

Dark Higgs 
DM



Thermal equilibrium

✏ . 10�8
<latexit sha1_base64="D/C6zqzi37udLp9i0C5gcZvIkoY=">AAACAnicbVA9SwNBEN3zM55fUSuxWQyCjeEuFqYRgzaWEcwH5M6wt5kkS/b2jt09IRzBxn8iNhaK2Nrb24j/xs1HoYkPBh7vzTAzL4g5U9pxvq25+YXFpeXMir26tr6xmd3arqookRQqNOKRrAdEAWcCKpppDvVYAgkDDrWgdzH0a7cgFYvEte7H4IekI1ibUaKN1MzuehArxiOBPQ5KKRZi17lJj4qDZjbn5J0R8CxxJyR39mGfxg9fdrmZ/fRaEU1CEJpyolTDdWLtp0RqRjkMbC9REBPaIx1oGCpICMpPRy8M8IFRWrgdSVNC45H6eyIloVL9MDCdIdFdNe0Nxf+8RqLbRT9lIk40CDpe1E441hEe5oFbTALVvG8IoZKZWzHtEkmoNqnZJgR3+uVZUi3k3eN84crNlc7RGBm0h/bRIXLRCSqhS1RGFUTRHXpEz+jFureerFfrbdw6Z01mdtAfWO8/rxeZ9Q==</latexit>

?A0 $ e+e� > Hubble
<latexit sha1_base64="ljWimur5IVVi29ZG+gtQzl3BOT8=">AAACE3icbVC7TgMxEPTxJrwClDQWEQKBiO5CARUEaFKCREKk5Ih8zl5ixfeQvQdEJ/6Bhl+hoQAhWho6PoUO50LBa6SVRjO7a+94sRQabfvdGhkdG5+YnJrOzczOzS/kF5dqOkoUhyqPZKTqHtMgRQhVFCihHitggSfh3OsdD/zzS1BaROEZ9mNwA9YJhS84QyO18puH67QpwUclOl1kSkVXFC62TG3TfdpEuMa0knhm3U0rX7CLdgb6lzhfpHDw4Wc4aeXfmu2IJwGEyCXTuuHYMbopUyi42ZdrJhpixnusAw1DQxaAdtPsphu6ZpQ29SNlKkSaqd8nUhZo3Q880xkw7Orf3kD8z2sk6O+5qQjjBCHkw4f8RFKM6CAg2hYKOMq+IYwrYf5KeZcpxtHEmDMhOL9P/ktqpaKzUyydOoXyERliiqyQVbJBHLJLyqRCTkiVcHJL7skjebLurAfr2XoZto5YXzPL5Aes108rZaDL</latexit>

Td = TSM
<latexit sha1_base64="TGqxjfg72QvskxhXql1O1kx2kUU=">AAAB+nicbVC7SgNBFJ2NrxhfiYKNzWAQrMJuLLQRQmxshATzgiQss7OzyZDZBzN31bDmU2wsFBE7P8EvsLPxW5w8Ck08cOFwzr3ce48TCa7ANL+M1NLyyupaej2zsbm1vZPN7TZUGEvK6jQUoWw5RDHBA1YHDoK1IsmI7wjWdAYXY795w6TiYVCDYcS6PukF3OOUgJbsbK5mu/gc1+wOsDtIrq9GdjZvFswJ8CKxZiRf2q9+87fyR8XOfnbckMY+C4AKolTbMiPoJkQCp4KNMp1YsYjQAemxtqYB8ZnqJpPTR/hIKy72QqkrADxRf08kxFdq6Du60yfQV/PeWPzPa8fgnXUTHkQxsIBOF3mxwBDicQ7Y5ZJREENNCJVc34ppn0hCQaeV0SFY8y8vkkaxYJ0UilUrXyqjKdLoAB2iY2ShU1RCl6iC6oiiW/SAntCzcW88Gi/G67Q1Zcxm9tAfGO8/HDCW9w==</latexit>

µd = 0
<latexit sha1_base64="PPJNQcdTDgWGaM77Pbr1FZFj7SI=">AAAB8HicbZDLSgMxFIbPeK31VnWpSLAIrspMXehGKLpx2YK9SDuUTJppQ5PMkGSEMnTpE7hxoYhbn6DP4c5n8CVMLwtt/SHw8f/nkHNOEHOmjet+OUvLK6tr65mN7ObW9s5ubm+/pqNEEVolEY9UI8CaciZp1TDDaSNWFIuA03rQvxnn9QeqNIvknRnE1Be4K1nICDbWum+JpN1BV8ht5/JuwZ0ILYI3g3zpaFT5fjweldu5z1YnIomg0hCOtW56bmz8FCvDCKfDbCvRNMakj7u0aVFiQbWfTgYeolPrdFAYKfukQRP3d0eKhdYDEdhKgU1Pz2dj87+smZjw0k+ZjBNDJZl+FCYcmQiNt0cdpigxfGABE8XsrIj0sMLE2Btl7RG8+ZUXoVYseOeFYsXLl65hqgwcwgmcgQcXUIJbKEMVCAh4ghd4dZTz7Lw579PSJWfWcwB/5Hz8AGNPky4=</latexit>

?

?

During DM freeze-out: DS $ SM
<latexit sha1_base64="EylrSeQNq/xZMnP3TzzML4TDaLA=">AAACDHicbVC7SgNBFJ317fqKWtoMBsEq7GqhjRjUwkZQNBrIhjA7uZsMzj6YuauGZT/Axp/wA2wsFLHV3kb8GyeJhSYeGDiccy537vETKTQ6zpc1Mjo2PjE5NW3PzM7NLxQWl851nCoOFR7LWFV9pkGKCCooUEI1UcBCX8KFf7nf9S+uQGkRR2fYSaAeslYkAsEZGqlRKHoIN5gdnObUkxCgEq02MqXia9p3To9yk3JKTg90mLg/pLj7bu8k95/2caPw4TVjnoYQIZdM65rrJFjPmELBJeS2l2pIGL9kLagZGrEQdD3rHZPTNaM0aRAr8yKkPfX3RMZCrTuhb5Ihw7Ye9Lrif14txWC7nokoSREi3l8UpJJiTLvN0KZQwFF2DGFcCfNXyttMMY6mP9uU4A6ePEzON0ruZmnjxC2W90gfU2SFrJJ14pItUiaH5JhUCCe35IE8kWfrznq0XqzXfnTE+plZJn9gvX0DEYufRA==</latexit>



Thermal equilibrium

✏ . 10�8
<latexit sha1_base64="D/C6zqzi37udLp9i0C5gcZvIkoY=">AAACAnicbVA9SwNBEN3zM55fUSuxWQyCjeEuFqYRgzaWEcwH5M6wt5kkS/b2jt09IRzBxn8iNhaK2Nrb24j/xs1HoYkPBh7vzTAzL4g5U9pxvq25+YXFpeXMir26tr6xmd3arqookRQqNOKRrAdEAWcCKpppDvVYAgkDDrWgdzH0a7cgFYvEte7H4IekI1ibUaKN1MzuehArxiOBPQ5KKRZi17lJj4qDZjbn5J0R8CxxJyR39mGfxg9fdrmZ/fRaEU1CEJpyolTDdWLtp0RqRjkMbC9REBPaIx1oGCpICMpPRy8M8IFRWrgdSVNC45H6eyIloVL9MDCdIdFdNe0Nxf+8RqLbRT9lIk40CDpe1E441hEe5oFbTALVvG8IoZKZWzHtEkmoNqnZJgR3+uVZUi3k3eN84crNlc7RGBm0h/bRIXLRCSqhS1RGFUTRHXpEz+jFureerFfrbdw6Z01mdtAfWO8/rxeZ9Q==</latexit>

?A0 $ e+e� > Hubble
<latexit sha1_base64="ljWimur5IVVi29ZG+gtQzl3BOT8=">AAACE3icbVC7TgMxEPTxJrwClDQWEQKBiO5CARUEaFKCREKk5Ih8zl5ixfeQvQdEJ/6Bhl+hoQAhWho6PoUO50LBa6SVRjO7a+94sRQabfvdGhkdG5+YnJrOzczOzS/kF5dqOkoUhyqPZKTqHtMgRQhVFCihHitggSfh3OsdD/zzS1BaROEZ9mNwA9YJhS84QyO18puH67QpwUclOl1kSkVXFC62TG3TfdpEuMa0knhm3U0rX7CLdgb6lzhfpHDw4Wc4aeXfmu2IJwGEyCXTuuHYMbopUyi42ZdrJhpixnusAw1DQxaAdtPsphu6ZpQ29SNlKkSaqd8nUhZo3Q880xkw7Orf3kD8z2sk6O+5qQjjBCHkw4f8RFKM6CAg2hYKOMq+IYwrYf5KeZcpxtHEmDMhOL9P/ktqpaKzUyydOoXyERliiqyQVbJBHLJLyqRCTkiVcHJL7skjebLurAfr2XoZto5YXzPL5Aes108rZaDL</latexit>

Td = TSM
<latexit sha1_base64="TGqxjfg72QvskxhXql1O1kx2kUU=">AAAB+nicbVC7SgNBFJ2NrxhfiYKNzWAQrMJuLLQRQmxshATzgiQss7OzyZDZBzN31bDmU2wsFBE7P8EvsLPxW5w8Ck08cOFwzr3ce48TCa7ANL+M1NLyyupaej2zsbm1vZPN7TZUGEvK6jQUoWw5RDHBA1YHDoK1IsmI7wjWdAYXY795w6TiYVCDYcS6PukF3OOUgJbsbK5mu/gc1+wOsDtIrq9GdjZvFswJ8CKxZiRf2q9+87fyR8XOfnbckMY+C4AKolTbMiPoJkQCp4KNMp1YsYjQAemxtqYB8ZnqJpPTR/hIKy72QqkrADxRf08kxFdq6Du60yfQV/PeWPzPa8fgnXUTHkQxsIBOF3mxwBDicQ7Y5ZJREENNCJVc34ppn0hCQaeV0SFY8y8vkkaxYJ0UilUrXyqjKdLoAB2iY2ShU1RCl6iC6oiiW/SAntCzcW88Gi/G67Q1Zcxm9tAfGO8/HDCW9w==</latexit>

µd = 0
<latexit sha1_base64="PPJNQcdTDgWGaM77Pbr1FZFj7SI=">AAAB8HicbZDLSgMxFIbPeK31VnWpSLAIrspMXehGKLpx2YK9SDuUTJppQ5PMkGSEMnTpE7hxoYhbn6DP4c5n8CVMLwtt/SHw8f/nkHNOEHOmjet+OUvLK6tr65mN7ObW9s5ubm+/pqNEEVolEY9UI8CaciZp1TDDaSNWFIuA03rQvxnn9QeqNIvknRnE1Be4K1nICDbWum+JpN1BV8ht5/JuwZ0ILYI3g3zpaFT5fjweldu5z1YnIomg0hCOtW56bmz8FCvDCKfDbCvRNMakj7u0aVFiQbWfTgYeolPrdFAYKfukQRP3d0eKhdYDEdhKgU1Pz2dj87+smZjw0k+ZjBNDJZl+FCYcmQiNt0cdpigxfGABE8XsrIj0sMLE2Btl7RG8+ZUXoVYseOeFYsXLl65hqgwcwgmcgQcXUIJbKEMVCAh4ghd4dZTz7Lw579PSJWfWcwB/5Hz8AGNPky4=</latexit>

?

?

During DM freeze-out:

Dark sector processes:


• 2-to-2


• 2-to-3


• 1-to-2

DS $ SM
<latexit sha1_base64="EylrSeQNq/xZMnP3TzzML4TDaLA=">AAACDHicbVC7SgNBFJ317fqKWtoMBsEq7GqhjRjUwkZQNBrIhjA7uZsMzj6YuauGZT/Axp/wA2wsFLHV3kb8GyeJhSYeGDiccy537vETKTQ6zpc1Mjo2PjE5NW3PzM7NLxQWl851nCoOFR7LWFV9pkGKCCooUEI1UcBCX8KFf7nf9S+uQGkRR2fYSaAeslYkAsEZGqlRKHoIN5gdnObUkxCgEq02MqXia9p3To9yk3JKTg90mLg/pLj7bu8k95/2caPw4TVjnoYQIZdM65rrJFjPmELBJeS2l2pIGL9kLagZGrEQdD3rHZPTNaM0aRAr8yKkPfX3RMZCrTuhb5Ihw7Ye9Lrif14txWC7nokoSREi3l8UpJJiTLvN0KZQwFF2DGFcCfNXyttMMY6mP9uU4A6ePEzON0ruZmnjxC2W90gfU2SFrJJ14pItUiaH5JhUCCe35IE8kWfrznq0XqzXfnTE+plZJn9gvX0DEYufRA==</latexit>

A0 $ e+e�
<latexit sha1_base64="sVwfmAVQ7iT2yWbKlXP8T0QGjd8=">AAACA3icbVA7SwNBEN7zGc9X1E6bxSAKYriLhTZi1MYygnlAEsPeZi5Zsvdgd04JIWDjLxFsLBSxtba3Ef+Nm8TC1wcDH983w8x8XiyFRsf5sMbGJyanplMz9uzc/MJiemm5pKNEcSjySEaq4jENUoRQRIESKrECFngSyl7nZOCXL0FpEYXn2I2hHrBWKHzBGRqpkV492qQ1CT4q0WojUyq6onCxbWqnkc44WWcI+pe4XyRz+GofxLfvdqGRfqs1I54EECKXTOuq68RY7zGFgkvo27VEQ8x4h7WgamjIAtD13vCHPt0wSpP6kTIVIh2q3yd6LNC6G3imM2DY1r+9gfifV03Q36/3RBgnCCEfLfITSTGig0BoUyjgKLuGMK6EuZXyNlOMo4nNNiG4v1/+S0q5rLubzZ25mfwxGSFF1sg62SIu2SN5ckoKpEg4uSZ35IE8WjfWvfVkPY9ax6yvmRXyA9bLJ67Zmec=</latexit>

hdhdhd $ A0A0
<latexit sha1_base64="2WC+iMNIkNSkoGNogC2QVXeBBxg=">AAACCnicbVC7TgJBFJ31ifhCTWxsRonRiuxioSViYwmJPBIgZHZ2lp0wO7uZuashhNrGX6Gx0BhbvsDOxm9xeJgoeDI3OTnn3ty5x40F12Dbn9bS8srq2npqI725tb2zm9nbr+ooUZRVaCQiVXeJZoJLVgEOgtVjxUjoClZzuzdjv3bPlOaRvINezFoh6Ujuc0rASO3McdD28E81BfNB8U4ARKnoAV+fmdfOZO2cPQFeJM6MZAuH5S8+LI5K7cxH04toEjIJVBCtG44dQ6tPFHAq2CDdTDSLCe2SDmsYKknIdKs/OWWAT43iYT9SpiTgifp7ok9CrXuhazpDAoGe98bif14jAf+q1ecyToBJOl3kJwJDhMe5YI8rRkH0DCFUcfNXTAOiCAWTXtqE4MyfvEiq+ZxzkcuXnWyhiKZIoSN0gs6Rgy5RAd2iEqogih7REL2gV+vJerberPdp65I1mzlAf2CNvgH2V5zY</latexit>

hdhd $ A0A0
<latexit sha1_base64="f8Hts0kSoz3dlhAsDxFq5VGE7Js=">AAACB3icbVC7SgNBFJ2Nrxhfq4KNIINBtAq7sdAyxsYyAfOAJITZyWwyZHZ2mbmrhJDOxl8RxEIRW8EvsLPxW5xNUmjiYS4czrmXO/d4keAaHOfLSi0sLi2vpFcza+sbm1v29k5Vh7GirEJDEaq6RzQTXLIKcBCsHilGAk+wmte/TPzaDVOah/IaBhFrBaQruc8pASO17YNeu4OTwk3BfFC82wOiVHiLL47Na9tZJ+eMgeeJOyXZwl75mz8WP0pt+7PZCWkcMAlUEK0brhNBa0gUcCrYKNOMNYsI7ZMuaxgqScB0azi+Y4SPjNLBfqhMScBj9ffEkARaDwLPdAYEenrWS8T/vEYM/nlryGUUA5N0ssiPBYYQJ6HgDleMghgYQqji5q+Y9ogiFEx0GROCO3vyPKnmc+5pLl92s4UimiCN9tEhOkEuOkMFdIVKqIIoukMP6Bm9WPfWk/VqvU1aU9Z0Zhf9gfX+A56tm48=</latexit>



Thermal equilibrium

✏ . 10�8
<latexit sha1_base64="D/C6zqzi37udLp9i0C5gcZvIkoY=">AAACAnicbVA9SwNBEN3zM55fUSuxWQyCjeEuFqYRgzaWEcwH5M6wt5kkS/b2jt09IRzBxn8iNhaK2Nrb24j/xs1HoYkPBh7vzTAzL4g5U9pxvq25+YXFpeXMir26tr6xmd3arqookRQqNOKRrAdEAWcCKpppDvVYAgkDDrWgdzH0a7cgFYvEte7H4IekI1ibUaKN1MzuehArxiOBPQ5KKRZi17lJj4qDZjbn5J0R8CxxJyR39mGfxg9fdrmZ/fRaEU1CEJpyolTDdWLtp0RqRjkMbC9REBPaIx1oGCpICMpPRy8M8IFRWrgdSVNC45H6eyIloVL9MDCdIdFdNe0Nxf+8RqLbRT9lIk40CDpe1E441hEe5oFbTALVvG8IoZKZWzHtEkmoNqnZJgR3+uVZUi3k3eN84crNlc7RGBm0h/bRIXLRCSqhS1RGFUTRHXpEz+jFureerFfrbdw6Z01mdtAfWO8/rxeZ9Q==</latexit>

?A0 $ e+e� > Hubble
<latexit sha1_base64="ljWimur5IVVi29ZG+gtQzl3BOT8=">AAACE3icbVC7TgMxEPTxJrwClDQWEQKBiO5CARUEaFKCREKk5Ih8zl5ixfeQvQdEJ/6Bhl+hoQAhWho6PoUO50LBa6SVRjO7a+94sRQabfvdGhkdG5+YnJrOzczOzS/kF5dqOkoUhyqPZKTqHtMgRQhVFCihHitggSfh3OsdD/zzS1BaROEZ9mNwA9YJhS84QyO18puH67QpwUclOl1kSkVXFC62TG3TfdpEuMa0knhm3U0rX7CLdgb6lzhfpHDw4Wc4aeXfmu2IJwGEyCXTuuHYMbopUyi42ZdrJhpixnusAw1DQxaAdtPsphu6ZpQ29SNlKkSaqd8nUhZo3Q880xkw7Orf3kD8z2sk6O+5qQjjBCHkw4f8RFKM6CAg2hYKOMq+IYwrYf5KeZcpxtHEmDMhOL9P/ktqpaKzUyydOoXyERliiqyQVbJBHLJLyqRCTkiVcHJL7skjebLurAfr2XoZto5YXzPL5Aes108rZaDL</latexit>

Td = TSM
<latexit sha1_base64="TGqxjfg72QvskxhXql1O1kx2kUU=">AAAB+nicbVC7SgNBFJ2NrxhfiYKNzWAQrMJuLLQRQmxshATzgiQss7OzyZDZBzN31bDmU2wsFBE7P8EvsLPxW5w8Ck08cOFwzr3ce48TCa7ANL+M1NLyyupaej2zsbm1vZPN7TZUGEvK6jQUoWw5RDHBA1YHDoK1IsmI7wjWdAYXY795w6TiYVCDYcS6PukF3OOUgJbsbK5mu/gc1+wOsDtIrq9GdjZvFswJ8CKxZiRf2q9+87fyR8XOfnbckMY+C4AKolTbMiPoJkQCp4KNMp1YsYjQAemxtqYB8ZnqJpPTR/hIKy72QqkrADxRf08kxFdq6Du60yfQV/PeWPzPa8fgnXUTHkQxsIBOF3mxwBDicQ7Y5ZJREENNCJVc34ppn0hCQaeV0SFY8y8vkkaxYJ0UilUrXyqjKdLoAB2iY2ShU1RCl6iC6oiiW/SAntCzcW88Gi/G67Q1Zcxm9tAfGO8/HDCW9w==</latexit>

µd = 0
<latexit sha1_base64="PPJNQcdTDgWGaM77Pbr1FZFj7SI=">AAAB8HicbZDLSgMxFIbPeK31VnWpSLAIrspMXehGKLpx2YK9SDuUTJppQ5PMkGSEMnTpE7hxoYhbn6DP4c5n8CVMLwtt/SHw8f/nkHNOEHOmjet+OUvLK6tr65mN7ObW9s5ubm+/pqNEEVolEY9UI8CaciZp1TDDaSNWFIuA03rQvxnn9QeqNIvknRnE1Be4K1nICDbWum+JpN1BV8ht5/JuwZ0ILYI3g3zpaFT5fjweldu5z1YnIomg0hCOtW56bmz8FCvDCKfDbCvRNMakj7u0aVFiQbWfTgYeolPrdFAYKfukQRP3d0eKhdYDEdhKgU1Pz2dj87+smZjw0k+ZjBNDJZl+FCYcmQiNt0cdpigxfGABE8XsrIj0sMLE2Btl7RG8+ZUXoVYseOeFYsXLl65hqgwcwgmcgQcXUIJbKEMVCAh4ghd4dZTz7Lw579PSJWfWcwB/5Hz8AGNPky4=</latexit>

?

?

During DM freeze-out:

Dark sector processes:


• 2-to-2


• 2-to-3


• 1-to-2

DS $ SM
<latexit sha1_base64="EylrSeQNq/xZMnP3TzzML4TDaLA=">AAACDHicbVC7SgNBFJ317fqKWtoMBsEq7GqhjRjUwkZQNBrIhjA7uZsMzj6YuauGZT/Axp/wA2wsFLHV3kb8GyeJhSYeGDiccy537vETKTQ6zpc1Mjo2PjE5NW3PzM7NLxQWl851nCoOFR7LWFV9pkGKCCooUEI1UcBCX8KFf7nf9S+uQGkRR2fYSaAeslYkAsEZGqlRKHoIN5gdnObUkxCgEq02MqXia9p3To9yk3JKTg90mLg/pLj7bu8k95/2caPw4TVjnoYQIZdM65rrJFjPmELBJeS2l2pIGL9kLagZGrEQdD3rHZPTNaM0aRAr8yKkPfX3RMZCrTuhb5Ihw7Ye9Lrif14txWC7nokoSREi3l8UpJJiTLvN0KZQwFF2DGFcCfNXyttMMY6mP9uU4A6ePEzON0ruZmnjxC2W90gfU2SFrJJ14pItUiaH5JhUCCe35IE8kWfrznq0XqzXfnTE+plZJn9gvX0DEYufRA==</latexit>

A0 $ e+e�
<latexit sha1_base64="sVwfmAVQ7iT2yWbKlXP8T0QGjd8=">AAACA3icbVA7SwNBEN7zGc9X1E6bxSAKYriLhTZi1MYygnlAEsPeZi5Zsvdgd04JIWDjLxFsLBSxtba3Ef+Nm8TC1wcDH983w8x8XiyFRsf5sMbGJyanplMz9uzc/MJiemm5pKNEcSjySEaq4jENUoRQRIESKrECFngSyl7nZOCXL0FpEYXn2I2hHrBWKHzBGRqpkV492qQ1CT4q0WojUyq6onCxbWqnkc44WWcI+pe4XyRz+GofxLfvdqGRfqs1I54EECKXTOuq68RY7zGFgkvo27VEQ8x4h7WgamjIAtD13vCHPt0wSpP6kTIVIh2q3yd6LNC6G3imM2DY1r+9gfifV03Q36/3RBgnCCEfLfITSTGig0BoUyjgKLuGMK6EuZXyNlOMo4nNNiG4v1/+S0q5rLubzZ25mfwxGSFF1sg62SIu2SN5ckoKpEg4uSZ35IE8WjfWvfVkPY9ax6yvmRXyA9bLJ67Zmec=</latexit>

Need 1st and 2nd moment 
of the Boltzmann equation

hdhdhd $ A0A0
<latexit sha1_base64="2WC+iMNIkNSkoGNogC2QVXeBBxg=">AAACCnicbVC7TgJBFJ31ifhCTWxsRonRiuxioSViYwmJPBIgZHZ2lp0wO7uZuashhNrGX6Gx0BhbvsDOxm9xeJgoeDI3OTnn3ty5x40F12Dbn9bS8srq2npqI725tb2zm9nbr+ooUZRVaCQiVXeJZoJLVgEOgtVjxUjoClZzuzdjv3bPlOaRvINezFoh6Ujuc0rASO3McdD28E81BfNB8U4ARKnoAV+fmdfOZO2cPQFeJM6MZAuH5S8+LI5K7cxH04toEjIJVBCtG44dQ6tPFHAq2CDdTDSLCe2SDmsYKknIdKs/OWWAT43iYT9SpiTgifp7ok9CrXuhazpDAoGe98bif14jAf+q1ecyToBJOl3kJwJDhMe5YI8rRkH0DCFUcfNXTAOiCAWTXtqE4MyfvEiq+ZxzkcuXnWyhiKZIoSN0gs6Rgy5RAd2iEqogih7REL2gV+vJerberPdp65I1mzlAf2CNvgH2V5zY</latexit>

hdhd $ A0A0
<latexit sha1_base64="f8Hts0kSoz3dlhAsDxFq5VGE7Js=">AAACB3icbVC7SgNBFJ2Nrxhfq4KNIINBtAq7sdAyxsYyAfOAJITZyWwyZHZ2mbmrhJDOxl8RxEIRW8EvsLPxW5xNUmjiYS4czrmXO/d4keAaHOfLSi0sLi2vpFcza+sbm1v29k5Vh7GirEJDEaq6RzQTXLIKcBCsHilGAk+wmte/TPzaDVOah/IaBhFrBaQruc8pASO17YNeu4OTwk3BfFC82wOiVHiLL47Na9tZJ+eMgeeJOyXZwl75mz8WP0pt+7PZCWkcMAlUEK0brhNBa0gUcCrYKNOMNYsI7ZMuaxgqScB0azi+Y4SPjNLBfqhMScBj9ffEkARaDwLPdAYEenrWS8T/vEYM/nlryGUUA5N0ssiPBYYQJ6HgDleMghgYQqji5q+Y9ogiFEx0GROCO3vyPKnmc+5pLl92s4UimiCN9tEhOkEuOkMFdIVKqIIoukMP6Bm9WPfWk/VqvU1aU9Z0Zhf9gfX+A56tm48=</latexit>
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Dark sector evolution



Dark sector evolution
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3-to-2 
decoupling

µd 6= 0
<latexit sha1_base64="w5O830579JmtQNH9FHJKq2LW7AM=">AAAB83icdVDLSgMxFM3UV62vqktFgkVwNWRay+iu6MZlC/YBnVIyaaYNzWTGJCOUoUt/wY0LRdy673e48xv8CdNWQUUPXDiccy/33uPHnCmN0JuVWVhcWl7JrubW1jc2t/LbOw0VJZLQOol4JFs+VpQzQeuaaU5bsaQ49Dlt+sOLqd+8oVKxSFzpUUw7Ie4LFjCCtZE8L0y6PegJeg1RN19AtlMuOS6CyC6jE9dxDXFK6KzoQsdGMxQq+5Pa++3BpNrNv3q9iCQhFZpwrFTbQbHupFhqRjgd57xE0RiTIe7TtqECh1R10tnNY3hklB4MImlKaDhTv0+kOFRqFPqmM8R6oH57U/Evr53o4LSTMhEnmgoyXxQkHOoITgOAPSYp0XxkCCaSmVshGWCJiTYx5UwIX5/C/0mjaGKxizWnUDkHc2TBHjgEx8ABLqiAS1AFdUBADO7AA3i0EuveerKe560Z63NmF/yA9fIBUs+U7g==</latexit>



Dark sector evolution
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3-to-2 
decoupling

µd 6= 0
<latexit sha1_base64="w5O830579JmtQNH9FHJKq2LW7AM=">AAAB83icdVDLSgMxFM3UV62vqktFgkVwNWRay+iu6MZlC/YBnVIyaaYNzWTGJCOUoUt/wY0LRdy673e48xv8CdNWQUUPXDiccy/33uPHnCmN0JuVWVhcWl7JrubW1jc2t/LbOw0VJZLQOol4JFs+VpQzQeuaaU5bsaQ49Dlt+sOLqd+8oVKxSFzpUUw7Ie4LFjCCtZE8L0y6PegJeg1RN19AtlMuOS6CyC6jE9dxDXFK6KzoQsdGMxQq+5Pa++3BpNrNv3q9iCQhFZpwrFTbQbHupFhqRjgd57xE0RiTIe7TtqECh1R10tnNY3hklB4MImlKaDhTv0+kOFRqFPqmM8R6oH57U/Evr53o4LSTMhEnmgoyXxQkHOoITgOAPSYp0XxkCCaSmVshGWCJiTYx5UwIX5/C/0mjaGKxizWnUDkHc2TBHjgEx8ABLqiAS1AFdUBADO7AA3i0EuveerKe560Z63NmF/yA9fIBUs+U7g==</latexit>

2-to-2 
decoupling

µhd 6= µA0
<latexit sha1_base64="TCoE2GIw2bh/4Ek0K6HZGvuy4/I="></latexit>
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completely 
decoupled sectors
Td

<latexit sha1_base64="IhGl+iDCDhCkdIhwkpbj9cAqdzE=">AAAB6nicbZC7SgNBFIbPxluMt1XBxmYwCFZhNxZahthYJpgbJEuYnZ1NhszOLjOzQljyCDYWitja+hY+gZ2Nz+LkUmjiDwMf/38Oc87xE86UdpwvK7e2vrG5ld8u7Ozu7R/Yh0ctFaeS0CaJeSw7PlaUM0GbmmlOO4mkOPI5bfujm2nevqdSsVg09DihXoQHgoWMYG2su0Y/6NtFp+TMhFbBXUCxclL/Zu/Vj1rf/uwFMUkjKjThWKmu6yTay7DUjHA6KfRSRRNMRnhAuwYFjqjystmoE3RunACFsTRPaDRzf3dkOFJqHPmmMsJ6qJazqflf1k11eO1lTCSppoLMPwpTjnSMpnujgElKNB8bwEQyMysiQywx0eY6BXMEd3nlVWiVS+5lqVx3i5UqzJWHUziDC3DhCipwCzVoAoEBPMATPFvcerRerNd5ac5a9BzDH1lvPwJqkVE=</latexit>

completely 

coupled sectors
Td

<latexit sha1_base64="IhGl+iDCDhCkdIhwkpbj9cAqdzE=">AAAB6nicbZC7SgNBFIbPxluMt1XBxmYwCFZhNxZahthYJpgbJEuYnZ1NhszOLjOzQljyCDYWitja+hY+gZ2Nz+LkUmjiDwMf/38Oc87xE86UdpwvK7e2vrG5ld8u7Ozu7R/Yh0ctFaeS0CaJeSw7PlaUM0GbmmlOO4mkOPI5bfujm2nevqdSsVg09DihXoQHgoWMYG2su0Y/6NtFp+TMhFbBXUCxclL/Zu/Vj1rf/uwFMUkjKjThWKmu6yTay7DUjHA6KfRSRRNMRnhAuwYFjqjystmoE3RunACFsTRPaDRzf3dkOFJqHPmmMsJ6qJazqflf1k11eO1lTCSppoLMPwpTjnSMpnujgElKNB8bwEQyMysiQywx0eY6BXMEd3nlVWiVS+5lqVx3i5UqzJWHUziDC3DhCipwCzVoAoEBPMATPFvcerRerNd5ac5a9BzDH1lvPwJqkVE=</latexit>

Dark sector evolution
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Experimental signatures

•        in supernovae

DeRocco, Graham, Kasen, Marques-Tavares, and Rajendran, 2019

Chang, Essig, and McDermott, 2016

Bar, Blum, and D’Amico, 2019
Is there a supernova bound on axions?


A0
<latexit sha1_base64="QGtOfFw8ZlzJHSQZ2zmkR3I32VY=">AAAB6XicbZC7TsMwFIZPyq2EW4GRxaJCMFVJGWBBFFgYCyJtpTaqHNdprTpOZDtIVdQ3YGEAIdY+DDsL4m1wLwO0/JKlT/9/jnzOCRLOlHacbyu3tLyyupZftzc2t7Z3Crt7NRWnklCPxDyWjQArypmgnmaa00YiKY4CTutB/2ac1x+pVCwWD3qQUD/CXcFCRrA21v3VcbtQdErORGgR3BkULz/si2T0ZVfbhc9WJyZpRIUmHCvVdJ1E+xmWmhFOh3YrVTTBpI+7tGlQ4IgqP5tMOkRHxumgMJbmCY0m7u+ODEdKDaLAVEZY99R8Njb/y5qpDs/9jIkk1VSQ6UdhypGO0Xht1GGSEs0HBjCRzMyKSA9LTLQ5jm2O4M6vvAi1csk9LZXv3GLlGqbKwwEcwgm4cAYVuIUqeEAghCd4gVerbz1bb9b7tDRnzXr24Y+s0Q9UUpA4</latexit>



Summary

O(1)• Coannihilating DM with           mass splittings

The dark Higgs can be DM:


• Simple model, complicated thermal history!


• Very small   , large                    freeze-in DM with self-interaction?✏
<latexit sha1_base64="bBGZygCPnVCODBYd+TGt7R8j2+A=">AAAB73icbZDLSgMxFIYz9VbHW9Wlm8EiuCozdaEbsejGZQV7gXYomfRMG5pJYpIRytCXcONCEcGVT+Lejfg2ppeFtv4Q+Pj/c8g5J5KMauP7305uaXlldS2/7m5sbm3vFHb36lqkikCNCCZUM8IaGOVQM9QwaEoFOIkYNKLB1Thv3IPSVPBbM5QQJrjHaUwJNtZqtkFqygTvFIp+yZ/IW4RgBsWLD/dcvn251U7hs90VJE2AG8Kw1q3AlybMsDKUMBi57VSDxGSAe9CyyHECOswm8468I+t0vVgo+7jxJu7vjgwnWg+TyFYm2PT1fDY2/8taqYnPwoxymRrgZPpRnDLPCG+8vNelCohhQwuYKGpn9UgfK0yMPZFrjxDMr7wI9XIpOCmVb4Ji5RJNlUcH6BAdowCdogq6RlVUQwQx9ICe0LNz5zw6L87rtDTnzHr20R857z+t9pNi</latexit>

↵d
<latexit sha1_base64="4gh/hL1c2Ov7SFMPsV6PFVeRd1U=">AAAB73icbZC7SgNBFIbPeo3xFhVsbAaDYBV2Y6FliI1lAuYCyRLOzs4mQ2YvzswKYclL2FgoYmvhW/gEdjY+i5NLoYk/DHz8/znMOcdLBFfatr+sldW19Y3N3FZ+e2d3b79wcNhUcSopa9BYxLLtoWKCR6yhuRasnUiGoSdYyxteT/LWPZOKx9GtHiXMDbEf8YBT1MZqd1EkA+z5vULRLtlTkWVw5lCsHNe/+Xv1o9YrfHb9mKYhizQVqFTHsRPtZig1p4KN891UsQTpEPusYzDCkCk3m847JmfG8UkQS/MiTabu744MQ6VGoWcqQ9QDtZhNzP+yTqqDKzfjUZJqFtHZR0EqiI7JZHnic8moFiMDSCU3sxI6QIlUmxPlzRGcxZWXoVkuORelct0pVqowUw5O4BTOwYFLqMAN1KABFAQ8wBM8W3fWo/Vivc5KV6x5zxH8kfX2A+Jjk5E=</latexit>

• Thermal relic DM could be      WIMP6=
<latexit sha1_base64="pJ7MDGt8bqPjiGUGE4WJ84gE2Pw=">AAAB63icbZC7TsMwFIZPyq2UW4ERBosKialKygBjVRbGItGL1EaV4zqtVdsJtoNURX0FFgYQYuUdeA423oSBAaftAC2/ZOnT/58jn3OCmDNtXPfTya2srq1v5DcLW9s7u3vF/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoKstb91RpFslbM46pL/BAspARbDKrK+ldr1hyy+5UaBm8OZSqx+819/trt94rfnT7EUkElYZwrHXHc2Pjp1gZRjidFLqJpjEmIzygHYsSC6r9dDrrBJ1ap4/CSNknDZq6vztSLLQei8BWCmyGejHLzP+yTmLCSz9lMk4MlWT2UZhwZCKULY76TFFi+NgCJorZWREZYoWJsecp2CN4iysvQ7NS9s7LlRuvVK3BTHk4ghM4Aw8uoArXUIcGEBjCAzzBsyOcR+fFeZ2V5px5zyH8kfP2A9dXkcs=</latexit>

Need for multiple 
experimental searches

sub-GeV DM that 
evades CMB bounds

DM abundance 
insensitive to DM 

coupling


