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The SM EWPT is a cross-over.  We’ll be interested in first-order PTs of BSM scalars
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First Order Phase Transitions
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Dark Matter
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Dark Matter

However, not discovered yet.  Maybe phase transitions explain why?

Favoured explanation is a new fundamental particle, 
produced via thermal freeze-out
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min
�

<latexit sha1_base64="7ISzWRLI4EIDbP+4f5qpjfp+WBE=">AAAB+HicbVBNS8NAEN3Ur1q/oh69BIvgqSQiqBcpePFYwdhCE8Nmu2mX7m7C7qRYQv+JFw8qXv0p3vw3btsctPXBwOO9GWbmxRlnGlz326qsrK6tb1Q3a1vbO7t79v7Bg05zRahPUp6qTow15UxSHxhw2skUxSLmtB0Pb6Z+e0SVZqm8h3FGQ4H7kiWMYDBSZNsiCsiAPQZAn6BgchLZdbfhzuAsE68kdVSiFdlfQS8luaASCMdadz03g7DAChjhdFILck0zTIa4T7uGSiyoDovZ5RPnxCg9J0mVKQnOTP09UWCh9VjEplNgGOhFbyr+53VzSC5D80+WA5VkvijJuQOpM43B6TFFCfCxIZgoZm51yAArTMCEVTMheIsvLxP/rHHVcO/O683rMo0qOkLH6BR56AI10S1qIR8RNELP6BW9WYX1Yr1bH/PWilXOHKI/sD5/AIM/k8Q=</latexit><latexit sha1_base64="7ISzWRLI4EIDbP+4f5qpjfp+WBE=">AAAB+HicbVBNS8NAEN3Ur1q/oh69BIvgqSQiqBcpePFYwdhCE8Nmu2mX7m7C7qRYQv+JFw8qXv0p3vw3btsctPXBwOO9GWbmxRlnGlz326qsrK6tb1Q3a1vbO7t79v7Bg05zRahPUp6qTow15UxSHxhw2skUxSLmtB0Pb6Z+e0SVZqm8h3FGQ4H7kiWMYDBSZNsiCsiAPQZAn6BgchLZdbfhzuAsE68kdVSiFdlfQS8luaASCMdadz03g7DAChjhdFILck0zTIa4T7uGSiyoDovZ5RPnxCg9J0mVKQnOTP09UWCh9VjEplNgGOhFbyr+53VzSC5D80+WA5VkvijJuQOpM43B6TFFCfCxIZgoZm51yAArTMCEVTMheIsvLxP/rHHVcO/O683rMo0qOkLH6BR56AI10S1qIR8RNELP6BW9WYX1Yr1bH/PWilXOHKI/sD5/AIM/k8Q=</latexit><latexit sha1_base64="7ISzWRLI4EIDbP+4f5qpjfp+WBE=">AAAB+HicbVBNS8NAEN3Ur1q/oh69BIvgqSQiqBcpePFYwdhCE8Nmu2mX7m7C7qRYQv+JFw8qXv0p3vw3btsctPXBwOO9GWbmxRlnGlz326qsrK6tb1Q3a1vbO7t79v7Bg05zRahPUp6qTow15UxSHxhw2skUxSLmtB0Pb6Z+e0SVZqm8h3FGQ4H7kiWMYDBSZNsiCsiAPQZAn6BgchLZdbfhzuAsE68kdVSiFdlfQS8luaASCMdadz03g7DAChjhdFILck0zTIa4T7uGSiyoDovZ5RPnxCg9J0mVKQnOTP09UWCh9VjEplNgGOhFbyr+53VzSC5D80+WA5VkvijJuQOpM43B6TFFCfCxIZgoZm51yAArTMCEVTMheIsvLxP/rHHVcO/O683rMo0qOkLH6BR56AI10S1qIR8RNELP6BW9WYX1Yr1bH/PWilXOHKI/sD5/AIM/k8Q=</latexit>

fout,eq
�

<latexit sha1_base64="MwfaraFh5EJHLa2Zfsd7VRCCHtM=">AAACP3icpZA7SwNBFIVn4yuur6ilzWAQLCRsRFAbCdhYRnBNIInL7ORuMmT24cxdMSz5aTb+BDtrGwsVWzsnj0ITOw8MHM65l5n5/EQKjY7zbOXm5hcWl/LL9srq2vpGYXPrWsep4uDyWMaq7jMNUkTgokAJ9UQBC30JNb93Puxrd6C0iKMr7CfQClknEoHgDE3kFWo08Jq8K26aCPeYxSkewO3Apv+VVyg6JWckOmvKE1MkE1W9wlOzHfM0hAi5ZFo3yk6CrYwpFFzCwG6mGhLGe6wDDWMjFoJuZSMAA7pnkjYNYmVOhHSU/tzIWKh1P/TNZMiwq6e7YfhX10gxOGllIkpShIiPLwpSSTGmQ5q0LRRwlH1jGFfCvJXyLlOMo2FuGwjl6S/PGvewdFpyLo+KlbMJjTzZIbtkn5TJMamQC1IlLuHkgbyQN/JuPVqv1of1OR7NWZOdbfJL1tc38ZqgUA==</latexit><latexit sha1_base64="MwfaraFh5EJHLa2Zfsd7VRCCHtM=">AAACP3icpZA7SwNBFIVn4yuur6ilzWAQLCRsRFAbCdhYRnBNIInL7ORuMmT24cxdMSz5aTb+BDtrGwsVWzsnj0ITOw8MHM65l5n5/EQKjY7zbOXm5hcWl/LL9srq2vpGYXPrWsep4uDyWMaq7jMNUkTgokAJ9UQBC30JNb93Puxrd6C0iKMr7CfQClknEoHgDE3kFWo08Jq8K26aCPeYxSkewO3Apv+VVyg6JWckOmvKE1MkE1W9wlOzHfM0hAi5ZFo3yk6CrYwpFFzCwG6mGhLGe6wDDWMjFoJuZSMAA7pnkjYNYmVOhHSU/tzIWKh1P/TNZMiwq6e7YfhX10gxOGllIkpShIiPLwpSSTGmQ5q0LRRwlH1jGFfCvJXyLlOMo2FuGwjl6S/PGvewdFpyLo+KlbMJjTzZIbtkn5TJMamQC1IlLuHkgbyQN/JuPVqv1of1OR7NWZOdbfJL1tc38ZqgUA==</latexit><latexit sha1_base64="MwfaraFh5EJHLa2Zfsd7VRCCHtM=">AAACP3icpZA7SwNBFIVn4yuur6ilzWAQLCRsRFAbCdhYRnBNIInL7ORuMmT24cxdMSz5aTb+BDtrGwsVWzsnj0ITOw8MHM65l5n5/EQKjY7zbOXm5hcWl/LL9srq2vpGYXPrWsep4uDyWMaq7jMNUkTgokAJ9UQBC30JNb93Puxrd6C0iKMr7CfQClknEoHgDE3kFWo08Jq8K26aCPeYxSkewO3Apv+VVyg6JWckOmvKE1MkE1W9wlOzHfM0hAi5ZFo3yk6CrYwpFFzCwG6mGhLGe6wDDWMjFoJuZSMAA7pnkjYNYmVOhHSU/tzIWKh1P/TNZMiwq6e7YfhX10gxOGllIkpShIiPLwpSSTGmQ5q0LRRwlH1jGFfCvJXyLlOMo2FuGwjl6S/PGvewdFpyLo+KlbMJjTzZIbtkn5TJMamQC1IlLuHkgbyQN/JuPVqv1of1OR7NWZOdbfJL1tc38ZqgUA==</latexit>

https://arxiv.org/abs/1912.02830
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Numerically solve Boltzmann equation L[f�] =C[f�]
<latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit><latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit><latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit>

Dark Matter: Filtered Dark Matter
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Numerically solve Boltzmann equation L[f�] =C[f�]
<latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit><latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit><latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit>

Introduce ansatz
<latexit sha1_base64="CVjh9wdRz2lpkqarc5u4rYXgkXA="></latexit>

f� =A(z, pz)⇥ f eq
� (~x, ~p)

Dark Matter: Filtered Dark Matter
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Numerically solve Boltzmann equation L[f�] =C[f�]
<latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit><latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit><latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit>

Integrate over unimportant variables and

assume steady state

g�

Z
dpxdpy
(2⇡)2

L[f�] = g�

Z
dpxdpy
(2⇡)2

C[f�]
<latexit sha1_base64="nNVUgW/2VgEMuPylShQy88UOnP8="></latexit><latexit sha1_base64="nNVUgW/2VgEMuPylShQy88UOnP8="></latexit><latexit sha1_base64="nNVUgW/2VgEMuPylShQy88UOnP8="></latexit>

Introduce ansatz
<latexit sha1_base64="CVjh9wdRz2lpkqarc5u4rYXgkXA="></latexit>

f� =A(z, pz)⇥ f eq
� (~x, ~p)

Dark Matter: Filtered Dark Matter
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Numerically solve Boltzmann equation L[f�] =C[f�]
<latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit><latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit><latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit>

Integrate over unimportant variables and

assume steady state

g�

Z
dpxdpy
(2⇡)2

L[f�] = g�

Z
dpxdpy
(2⇡)2

C[f�]
<latexit sha1_base64="nNVUgW/2VgEMuPylShQy88UOnP8="></latexit><latexit sha1_base64="nNVUgW/2VgEMuPylShQy88UOnP8="></latexit><latexit sha1_base64="nNVUgW/2VgEMuPylShQy88UOnP8="></latexit>

Introduce ansatz
<latexit sha1_base64="CVjh9wdRz2lpkqarc5u4rYXgkXA="></latexit>

f� =A(z, pz)⇥ f eq
� (~x, ~p)

Can finally solve using the Method of Characteristics

Dark Matter: Filtered Dark Matter
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Dark Matter: Filtered Dark Matter
1912.02830 - MJB, J. Kopp, A. Long

https://arxiv.org/abs/1912.02830
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Dark Matter: Filtered Dark Matter
2112.08987 - MJB, M. Breitbach, J. Kopp, L. Mittnacht, Y. Soreq

https://arxiv.org/abs/2112.08987


15

Dark Matter: Filtered Dark Matter

1093 1092 1091 1 101 102 103 104 105 106

DM mass m¬ [TeV]

10950

10948

10946

10944

10942

10940

10938

D
M

–n
u
cl

eo
n

cr
os

s
se

ct
io

n
æ

S
I

¬
N

[c
m

2
]

Filtered DM

Filtered
Baryogenesis

90% C.L.G
K

b
ou

n
d

D
arkSide-50

P
an

d
aX

LUX

XENON1T

XENONnT
, LZ

∫-fl
oor

2112.08987 - MJB, M. Breitbach, J. Kopp, L. Mittnacht, Y. Soreq

https://arxiv.org/abs/2112.08987


15

Dark Matter: Filtered Dark Matter

1093 1092 1091 1 101 102 103 104 105 106

DM mass m¬ [TeV]

10950

10948

10946

10944

10942

10940

10938

D
M

–n
u
cl

eo
n

cr
os

s
se

ct
io

n
æ

S
I

¬
N

[c
m

2
]

Filtered DM

Filtered
Baryogenesis

90% C.L.G
K

b
ou

n
d

D
arkSide-50

P
an

d
aX

LUX

XENON1T

XENONnT
, LZ

∫-fl
oor

2112.08987 - MJB, M. Breitbach, J. Kopp, L. Mittnacht, Y. Soreq

https://arxiv.org/abs/2112.08987


16

Outline

• Phase Transitions & Dark Matter Production


- Filtered Dark Matter


- Filtered Baryogenesis


• Phase Transitions & Primordial Black Hole Production
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Primordial Black Holes

• Motivations

- Remove unwanted monopoles or domain walls

- Seeds for SMBHs or LSS

- Dark matter?
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Primordial Black Holes

• Production mechanisms

- Density perturbations generated during inflation

- Topological defects

- Scalar condensates

- Collision of bubble walls

• Motivations

- Remove unwanted monopoles or domain walls

- Seeds for SMBHs or LSS

- Dark matter?

• We proposed a new production mechanism based on Filtered DM
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Primordial Black Holes Production

2105.07481 - MJB, M. Breitbach, J. Kopp, L. Mittnacht

2110.00005 - MJB, M. Breitbach, J. Kopp, L. Mittnacht

https://arxiv.org/abs/2105.07481
https://arxiv.org/abs/2110.00005
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Primordial Black Holes Production
2105.07481, 2110.00005 - MJB, M. Breitbach, J. Kopp, L. Mittnacht

https://arxiv.org/abs/2105.07481
https://arxiv.org/abs/2110.00005
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Again numerically solve Boltzmann equation L[f�] =C[f�]
<latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit><latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit><latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit>

Primordial Black Holes Production
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Again numerically solve Boltzmann equation L[f�] =C[f�]
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Now considerably more complicated:

Primordial Black Holes Production
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Now considerably more complicated:

• Retain two space and two momentum directions

Primordial Black Holes Production
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• Retain two space and two momentum directions

• Time dependence

Primordial Black Holes Production
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Now considerably more complicated:

• Retain two space and two momentum directions

• Time dependence

• Need to solve in whole volume, not just near wall

Primordial Black Holes Production



21

°1.5 0 1.5

x / r0
H

°1.5

0

1.5

y
/

r0 H

p0
r =p0

æ =Tn

y¬ =1095
q

Tn
PeV

vw =0.2

lw ª 1
Tn

m1
¬ =10 Tn

vw

Trapped trajectory

°m1
¬

0

m1
¬

p r

O(rH) ¿ O(lw)

0 0.5 1.0 1.5

r / r0
H

0

m1
¬

m
¬

vw

°lw 0 lw
r ° rw(t)

0

1

2

log10(A)

Primordial Black Holes Production
2110.00005 - MJB, M. Breitbach, J. Kopp, L. Mittnacht

https://arxiv.org/abs/2110.00005


21

°1.5 0 1.5

x / r0
H

°1.5

0

1.5

y
/

r0 H

p0
r =p0

æ =Tn

y¬ =1095
q

Tn
PeV

vw =0.2

lw ª 1
Tn

m1
¬ =10 Tn

vw

Trapped trajectory

°m1
¬

0

m1
¬

p r

O(rH) ¿ O(lw)

0 0.5 1.0 1.5

r / r0
H

0

m1
¬

m
¬

vw

°lw 0 lw
r ° rw(t)

0

1

2

log10(A)

0.11

rw(t) / r0
H

1

10

100

103

hΩ
¬
i

/
Ωe

q ¬
2

BH formation

Sc
hw

ar
zsc

hil
d

Je
an

s ins
ta

bil
ity

vw =0.5

lw ª 1
Tn

Tn < 1010 TeV

r0
w m1

¬
y¬p

Tn/PeV

Tn .1010 TeV

1.5 r0
H 10 Tn 1095

2.0 r0
H 10 Tn 1095

1.5 r0
H 5 Tn 1095

1.5 r0
H 10 Tn 1094

Primordial Black Holes Production
2110.00005 - MJB, M. Breitbach, J. Kopp, L. Mittnacht

2110.00005 - MJB, M. Breitbach, J. Kopp, L. Mittnacht

https://arxiv.org/abs/2110.00005
https://arxiv.org/abs/2110.00005


21

°1.5 0 1.5

x / r0
H

°1.5

0

1.5

y
/

r0 H

p0
r =p0

æ =Tn

y¬ =1095
q

Tn
PeV

vw =0.2

lw ª 1
Tn

m1
¬ =10 Tn

vw

Trapped trajectory

°m1
¬

0

m1
¬

p r

O(rH) ¿ O(lw)

0 0.5 1.0 1.5

r / r0
H

0

m1
¬

m
¬

vw

°lw 0 lw
r ° rw(t)

0

1

2

log10(A)

0.11

rw(t) / r0
H

1

10

100

103

hΩ
¬
i

/
Ωe

q ¬
2

BH formation

Sc
hw

ar
zsc

hil
d

Je
an

s ins
ta

bil
ity

vw =0.5

lw ª 1
Tn

Tn < 1010 TeV

r0
w m1

¬
y¬p

Tn/PeV

Tn .1010 TeV

1.5 r0
H 10 Tn 1095

2.0 r0
H 10 Tn 1095

1.5 r0
H 5 Tn 1095

1.5 r0
H 10 Tn 1094

Primordial Black Holes Production
2110.00005 - MJB, M. Breitbach, J. Kopp, L. Mittnacht

2110.00005 - MJB, M. Breitbach, J. Kopp, L. Mittnacht

https://arxiv.org/abs/2110.00005
https://arxiv.org/abs/2110.00005


22

Primordial Black Holes Production

2105.07481 - MJB, M. Breitbach, J. Kopp, L. Mittnacht

https://arxiv.org/abs/2105.07481


[DOE]

Conclusions

https://science.osti.gov/hep/About/Vision-for-HEP


[DOE]

• Phase transitions can give new production mechanisms of

Conclusions

https://science.osti.gov/hep/About/Vision-for-HEP


[DOE]

• Phase transitions can give new production mechanisms of

- Dark Matter 

Conclusions

https://science.osti.gov/hep/About/Vision-for-HEP


[DOE]

• Phase transitions can give new production mechanisms of

- Dark Matter 

- Primordial Black Holes

Conclusions

https://science.osti.gov/hep/About/Vision-for-HEP


[DOE]

• Phase transitions can give new production mechanisms of

- Dark Matter 

- Primordial Black Holes

• New PBH production mechanism

Conclusions

https://science.osti.gov/hep/About/Vision-for-HEP


[DOE]

• Phase transitions can give new production mechanisms of

- Dark Matter 

- Primordial Black Holes

• New PBH production mechanism

- Explicit Potentials?

Conclusions

https://science.osti.gov/hep/About/Vision-for-HEP


[DOE]

• Phase transitions can give new production mechanisms of

- Dark Matter 

- Primordial Black Holes

• New PBH production mechanism

- Explicit Potentials?

- Properties of the PBH population?

Conclusions

https://science.osti.gov/hep/About/Vision-for-HEP


[DOE]

• Phase transitions can give new production mechanisms of

- Dark Matter 

- Primordial Black Holes

• New PBH production mechanism

- Explicit Potentials?

- Properties of the PBH population?

- Gravitational Wave Signatures?

Conclusions

https://science.osti.gov/hep/About/Vision-for-HEP


[DOE]

• Phase transitions can give new production mechanisms of

- Dark Matter 

- Primordial Black Holes

• New PBH production mechanism

- Explicit Potentials?

- Properties of the PBH population?

- Gravitational Wave Signatures?

- …

Conclusions

https://science.osti.gov/hep/About/Vision-for-HEP


[DOE]

• Phase transitions can give new production mechanisms of

- Dark Matter 

- Primordial Black Holes

• New PBH production mechanism

- Explicit Potentials?

- Properties of the PBH population?

- Gravitational Wave Signatures?

- …

Conclusions

Thank you!

https://science.osti.gov/hep/About/Vision-for-HEP

