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Dark matter mass origin

Dark Matter needs to be cold = massive

Was it always cold?

How it became cold, can we see these effects?

Any relation to other physics?



Dark matter mass origin
1 Neutrino mass origin

<latexit sha1_base64="om11YkquHt7QKmv3lNB0CHa2e/U=">AAACIXicbVBNS8NAEN34bf2qevSyWARPJRFRj4IevAgVbBWaEjbbSbu4u4m7E7WE/hUv/hUvHhTpTfwzpm0O2vpg4PHeDDPzwkQKi6775czMzs0vLC4tl1ZW19Y3yptbDRunhkOdxzI2tyGzIIWGOgqUcJsYYCqUcBPenQ39mwcwVsT6GnsJtBTraBEJzjCXgvKJCjIf4Qmz88t+n/r3KWtTX0KERnS6yIyJHwuVqsDXKfU13FO3FJQrbtUdgU4TryAVUqAWlAd+O+apAo1cMmubnptgK2MGBZfQL/mphYTxO9aBZk41U2Bb2ejDPt3LlTaNYpOXRjpSf09kTFnbU2HeqRh27aQ3FP/zmilGJ61M6CRF0Hy8KEolxZgO46JtYYCj7OWEcSPyWynvMsM45qEOQ/AmX54mjYOqd1Q9ujqsnJ4XcSyRHbJL9olHjskpuSA1UiecPJNX8k4+nBfnzfl0BuPWGaeY2SZ/4Hz/AC+uo3k=</latexit>

mDM → mω ↑= 0

Bezrukov, Hettmansperger, Lindner ’09 
MN, Senjanović, Zhang ’12 

MN, Zhang ’23, ‘24



Dark matter mass origin
1 Neutrino mass origin

2 First order phase transition

<latexit sha1_base64="om11YkquHt7QKmv3lNB0CHa2e/U=">AAACIXicbVBNS8NAEN34bf2qevSyWARPJRFRj4IevAgVbBWaEjbbSbu4u4m7E7WE/hUv/hUvHhTpTfwzpm0O2vpg4PHeDDPzwkQKi6775czMzs0vLC4tl1ZW19Y3yptbDRunhkOdxzI2tyGzIIWGOgqUcJsYYCqUcBPenQ39mwcwVsT6GnsJtBTraBEJzjCXgvKJCjIf4Qmz88t+n/r3KWtTX0KERnS6yIyJHwuVqsDXKfU13FO3FJQrbtUdgU4TryAVUqAWlAd+O+apAo1cMmubnptgK2MGBZfQL/mphYTxO9aBZk41U2Bb2ejDPt3LlTaNYpOXRjpSf09kTFnbU2HeqRh27aQ3FP/zmilGJ61M6CRF0Hy8KEolxZgO46JtYYCj7OWEcSPyWynvMsM45qEOQ/AmX54mjYOqd1Q9ujqsnJ4XcSyRHbJL9olHjskpuSA1UiecPJNX8k4+nBfnzfl0BuPWGaeY2SZ/4Hz/AC+uo3k=</latexit>

mDM → mω ↑= 0

j

VHjL

j-
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j+
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<latexit sha1_base64="NnJOmVdzcEhlUDEMjqob/APz7kw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVL0VvHisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0jCJ2Khac+vuAmideAWpQYH2qPo1HMckFVQawrHWA89NjJ9hZRjhdF4ZppommEzxhA4slVhQ7WeLW+fowipjFMbKljRoof6eyLDQeiYC2ymwifSql4v/eYPUhDd+xmSSGirJclGYcmRilD+OxkxRYvjMEkwUs7ciEmGFibHxVGwI3urL66R7Vfea9cZDo9a6LeIowxmcwyV4cA0tuIc2dIBABM/wCm+OcF6cd+dj2VpyiplT+APn8wcTwY4/</latexit>

�

<latexit sha1_base64="bldQbKpD/Cj/S1+RRkESxGd93aw=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiftwKgnisYNNCG8pmu22XbjZxd1IsIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMC2LBNTrOt1VYWV1b3yhulra2d3b3yvsHno4SRVmDRiJSrYBoJrhkDeQoWCtWjISBYM1gdDP1m2OmNI/kA05i5odkIHmfU4JG8r1u2kH2hOmtl2XdcsWpOjPYy8TNSQVy1Lvlr04voknIJFJBtG67Tox+ShRyKlhW6iSaxYSOyIC1DZUkZNpPZ0dn9olRenY/UqYk2jP190RKQq0nYWA6Q4JDvehNxf+8doL9Kz/lMk6QSTpf1E+EjZE9TcDuccUoiokhhCpubrXpkChC0eRUMiG4iy8vE++s6l5Uz+/PK7XrPI4iHMExnIILl1CDO6hDAyg8wjO8wps1tl6sd+tj3lqw8plD+APr8wc0aZJe</latexit>

VFV

<latexit sha1_base64="2PKlSMfEvYklKjWVnA8XF6Iwk+w=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9kVqR48FLx4rGA/oF1KNs22odkkJFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXqQ4M9b3v7219Y3Nre3CTnF3b//gsHR03DIy1YQ2ieRSdyJsKGeCNi2znHaUpjiJOG1H47uZ336i2jApHu1E0TDBQ8FiRrB1UrtV6akRu+iXyn7VnwOtkiAnZcjR6Je+egNJ0oQKSzg2phv4yoYZ1pYRTqfFXmqowmSMh7TrqMAJNWE2P3eKzp0yQLHUroRFc/X3RIYTYyZJ5DoTbEdm2ZuJ/3nd1MY3YcaESi0VZLEoTjmyEs1+RwOmKbF84ggmmrlbERlhjYl1CRVdCMHyy6ukdVkNatXaw1W5fpvHUYBTOIMKBHANdbiHBjSBwBie4RXePOW9eO/ex6J1zctnTuAPvM8fhaSPCQ==</latexit>

V (�)

<latexit sha1_base64="MEupQPB/eNr6+BXdeYIVYZU4BBo=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIpPnYFNy4r9AVNCJPppB06mYSZm2IJ/RM3LhRx65+482+ctllo64ELh3Pu5d57wlRwDY7zbZU2Nre2d8q7lb39g8Mj+/iko5NMUdamiUhULySaCS5ZGzgI1ksVI3EoWDcc38/97oQpzRPZgmnK/JgMJY84JWCkwLa9dMSD3AP2BHmrM5sFdtWpOQvgdeIWpIoKNAP7yxskNIuZBCqI1n3XScHPiQJOBZtVvEyzlNAxGbK+oZLETPv54vIZvjDKAEeJMiUBL9TfEzmJtZ7GoemMCYz0qjcX//P6GUS3fs5lmgGTdLkoygSGBM9jwAOuGAUxNYRQxc2tmI6IIhRMWBUTgrv68jrpXNXc61r9sV5t3BVxlNEZOkeXyEU3qIEeUBO1EUUT9Ixe0ZuVWy/Wu/WxbC1Zxcwp+gPr8wcyEpQC</latexit>

�TV

<latexit sha1_base64="ri9cQ+0OlzFXv+8H5NVrOZa4dPI=">AAAB8HicdVDLSsNAFJ34rPVVdelmsAiuQtKmD3cFNy4r2Ic0oUymk2bozCTMTIQS+hVuXCji1s9x5984fQgqeuDC4Zx7ufeeMGVUacf5sNbWNza3tgs7xd29/YPD0tFxVyWZxKSDE5bIfogUYVSQjqaakX4qCeIhI71wcjX3e/dEKpqIWz1NScDRWNCIYqSNdOfHSEM/jemwVHbsSq3h1arQkIbnNpuGVJ2KV69B13YWKIMV2sPSuz9KcMaJ0JghpQauk+ogR1JTzMis6GeKpAhP0JgMDBWIExXki4Nn8NwoIxgl0pTQcKF+n8gRV2rKQ9PJkY7Vb28u/uUNMh01g5yKNNNE4OWiKGNQJ3D+PRxRSbBmU0MQltTcCnGMJMLaZFQ0IXx9Cv8n3Yrt1u36jVduXa7iKIBTcAYugAsaoAWuQRt0AAYcPIAn8GxJ69F6sV6XrWvWauYE/ID19gnic5B4</latexit>

ω̂

<latexit sha1_base64="1amVu6V1qWAcMsjAlg56cbavWNE=">AAAB9HicdVDJSgNBEO2JW4xb1KOXxiB4GmaSyeIt4MVjhGQSSIbQ0+kkTXoWu2uCYch3ePGgiFc/xpt/Y2cRVPRBweO9Kqrq+bHgCizrw8hsbG5t72R3c3v7B4dH+eMTV0WJpKxFIxHJjk8UEzxkLeAgWCeWjAS+YG1/cr3w21MmFY/CJsxi5gVkFPIhpwS05Ln9tAfsHtKmO5/38wXLLJarTrmENak6dq2mSckqOpUytk1riQJao9HPv/cGEU0CFgIVRKmubcXgpUQCp4LNc71EsZjQCRmxrqYhCZjy0uXRc3yhlQEeRlJXCHipfp9ISaDULPB1Z0BgrH57C/Evr5vAsOalPIwTYCFdLRomAkOEFwngAZeMgphpQqjk+lZMx0QSCjqnnA7h61P8P3GLpl0xK7dOoX61jiOLztA5ukQ2qqI6ukEN1EIU3aEH9ISejanxaLwYr6vWjLGeOUU/YLx9AriEkro=</latexit>

VTV

<latexit sha1_base64="yaLq7UhR2OUWutiPfE2dI8HaV/I=">AAACEnicbVDJSgNBEO1xjXGLevTSGAS9hBmR6DFgDl6ECGaBTAg9nZqkSc9id40ahnyDF3/FiwdFvHry5t/YWQ6a+KDg8V4VVfW8WAqNtv1tLSwuLa+sZtay6xubW9u5nd2ajhLFocojGamGxzRIEUIVBUpoxApY4Emoe/2LkV+/A6VFFN7gIIZWwLqh8AVnaKR27jhopy7CA6blq+GQurcJ61BXgo9KdHvIlIruJ2o7l7cL9hh0njhTkidTVNq5L7cT8SSAELlkWjcdO8ZWyhQKLmGYdRMNMeN91oWmoSELQLfS8UtDemiUDvUjZSpEOlZ/T6Qs0HoQeKYzYNjTs95I/M9rJuift1IRxglCyCeL/ERSjOgoH9oRCjjKgSGMK2FupbzHFONoUsyaEJzZl+dJ7aTgFAvF69N8qTyNI0P2yQE5Ig45IyVySSqkSjh5JM/klbxZT9aL9W59TFoXrOnMHvkD6/MHQo2efg==</latexit>mDM →

MN, Zhang ’25

Bezrukov, Hettmansperger, Lindner ’09 
MN, Senjanović, Zhang ’12 

MN, Zhang ’23, ‘24



Dark matter mass origin
1 Neutrino mass origin

2 First order phase transition

<latexit sha1_base64="om11YkquHt7QKmv3lNB0CHa2e/U=">AAACIXicbVBNS8NAEN34bf2qevSyWARPJRFRj4IevAgVbBWaEjbbSbu4u4m7E7WE/hUv/hUvHhTpTfwzpm0O2vpg4PHeDDPzwkQKi6775czMzs0vLC4tl1ZW19Y3yptbDRunhkOdxzI2tyGzIIWGOgqUcJsYYCqUcBPenQ39mwcwVsT6GnsJtBTraBEJzjCXgvKJCjIf4Qmz88t+n/r3KWtTX0KERnS6yIyJHwuVqsDXKfU13FO3FJQrbtUdgU4TryAVUqAWlAd+O+apAo1cMmubnptgK2MGBZfQL/mphYTxO9aBZk41U2Bb2ejDPt3LlTaNYpOXRjpSf09kTFnbU2HeqRh27aQ3FP/zmilGJ61M6CRF0Hy8KEolxZgO46JtYYCj7OWEcSPyWynvMsM45qEOQ/AmX54mjYOqd1Q9ujqsnJ4XcSyRHbJL9olHjskpuSA1UiecPJNX8k4+nBfnzfl0BuPWGaeY2SZ/4Hz/AC+uo3k=</latexit>

mDM → mω ↑= 0

j

VHjL

j-

V-

j+

V+

<latexit sha1_base64="NnJOmVdzcEhlUDEMjqob/APz7kw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVL0VvHisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0jCJ2Khac+vuAmideAWpQYH2qPo1HMckFVQawrHWA89NjJ9hZRjhdF4ZppommEzxhA4slVhQ7WeLW+fowipjFMbKljRoof6eyLDQeiYC2ymwifSql4v/eYPUhDd+xmSSGirJclGYcmRilD+OxkxRYvjMEkwUs7ciEmGFibHxVGwI3urL66R7Vfea9cZDo9a6LeIowxmcwyV4cA0tuIc2dIBABM/wCm+OcF6cd+dj2VpyiplT+APn8wcTwY4/</latexit>

�

<latexit sha1_base64="bldQbKpD/Cj/S1+RRkESxGd93aw=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiftwKgnisYNNCG8pmu22XbjZxd1IsIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMC2LBNTrOt1VYWV1b3yhulra2d3b3yvsHno4SRVmDRiJSrYBoJrhkDeQoWCtWjISBYM1gdDP1m2OmNI/kA05i5odkIHmfU4JG8r1u2kH2hOmtl2XdcsWpOjPYy8TNSQVy1Lvlr04voknIJFJBtG67Tox+ShRyKlhW6iSaxYSOyIC1DZUkZNpPZ0dn9olRenY/UqYk2jP190RKQq0nYWA6Q4JDvehNxf+8doL9Kz/lMk6QSTpf1E+EjZE9TcDuccUoiokhhCpubrXpkChC0eRUMiG4iy8vE++s6l5Uz+/PK7XrPI4iHMExnIILl1CDO6hDAyg8wjO8wps1tl6sd+tj3lqw8plD+APr8wc0aZJe</latexit>

VFV

<latexit sha1_base64="2PKlSMfEvYklKjWVnA8XF6Iwk+w=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9kVqR48FLx4rGA/oF1KNs22odkkJFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXqQ4M9b3v7219Y3Nre3CTnF3b//gsHR03DIy1YQ2ieRSdyJsKGeCNi2znHaUpjiJOG1H47uZ336i2jApHu1E0TDBQ8FiRrB1UrtV6akRu+iXyn7VnwOtkiAnZcjR6Je+egNJ0oQKSzg2phv4yoYZ1pYRTqfFXmqowmSMh7TrqMAJNWE2P3eKzp0yQLHUroRFc/X3RIYTYyZJ5DoTbEdm2ZuJ/3nd1MY3YcaESi0VZLEoTjmyEs1+RwOmKbF84ggmmrlbERlhjYl1CRVdCMHyy6ukdVkNatXaw1W5fpvHUYBTOIMKBHANdbiHBjSBwBie4RXePOW9eO/ex6J1zctnTuAPvM8fhaSPCQ==</latexit>

V (�)

<latexit sha1_base64="MEupQPB/eNr6+BXdeYIVYZU4BBo=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIpPnYFNy4r9AVNCJPppB06mYSZm2IJ/RM3LhRx65+482+ctllo64ELh3Pu5d57wlRwDY7zbZU2Nre2d8q7lb39g8Mj+/iko5NMUdamiUhULySaCS5ZGzgI1ksVI3EoWDcc38/97oQpzRPZgmnK/JgMJY84JWCkwLa9dMSD3AP2BHmrM5sFdtWpOQvgdeIWpIoKNAP7yxskNIuZBCqI1n3XScHPiQJOBZtVvEyzlNAxGbK+oZLETPv54vIZvjDKAEeJMiUBL9TfEzmJtZ7GoemMCYz0qjcX//P6GUS3fs5lmgGTdLkoygSGBM9jwAOuGAUxNYRQxc2tmI6IIhRMWBUTgrv68jrpXNXc61r9sV5t3BVxlNEZOkeXyEU3qIEeUBO1EUUT9Ixe0ZuVWy/Wu/WxbC1Zxcwp+gPr8wcyEpQC</latexit>

�TV

<latexit sha1_base64="ri9cQ+0OlzFXv+8H5NVrOZa4dPI=">AAAB8HicdVDLSsNAFJ34rPVVdelmsAiuQtKmD3cFNy4r2Ic0oUymk2bozCTMTIQS+hVuXCji1s9x5984fQgqeuDC4Zx7ufeeMGVUacf5sNbWNza3tgs7xd29/YPD0tFxVyWZxKSDE5bIfogUYVSQjqaakX4qCeIhI71wcjX3e/dEKpqIWz1NScDRWNCIYqSNdOfHSEM/jemwVHbsSq3h1arQkIbnNpuGVJ2KV69B13YWKIMV2sPSuz9KcMaJ0JghpQauk+ogR1JTzMis6GeKpAhP0JgMDBWIExXki4Nn8NwoIxgl0pTQcKF+n8gRV2rKQ9PJkY7Vb28u/uUNMh01g5yKNNNE4OWiKGNQJ3D+PRxRSbBmU0MQltTcCnGMJMLaZFQ0IXx9Cv8n3Yrt1u36jVduXa7iKIBTcAYugAsaoAWuQRt0AAYcPIAn8GxJ69F6sV6XrWvWauYE/ID19gnic5B4</latexit>

ω̂

<latexit sha1_base64="1amVu6V1qWAcMsjAlg56cbavWNE=">AAAB9HicdVDJSgNBEO2JW4xb1KOXxiB4GmaSyeIt4MVjhGQSSIbQ0+kkTXoWu2uCYch3ePGgiFc/xpt/Y2cRVPRBweO9Kqrq+bHgCizrw8hsbG5t72R3c3v7B4dH+eMTV0WJpKxFIxHJjk8UEzxkLeAgWCeWjAS+YG1/cr3w21MmFY/CJsxi5gVkFPIhpwS05Ln9tAfsHtKmO5/38wXLLJarTrmENak6dq2mSckqOpUytk1riQJao9HPv/cGEU0CFgIVRKmubcXgpUQCp4LNc71EsZjQCRmxrqYhCZjy0uXRc3yhlQEeRlJXCHipfp9ISaDULPB1Z0BgrH57C/Evr5vAsOalPIwTYCFdLRomAkOEFwngAZeMgphpQqjk+lZMx0QSCjqnnA7h61P8P3GLpl0xK7dOoX61jiOLztA5ukQ2qqI6ukEN1EIU3aEH9ISejanxaLwYr6vWjLGeOUU/YLx9AriEkro=</latexit>

VTV

<latexit sha1_base64="yaLq7UhR2OUWutiPfE2dI8HaV/I=">AAACEnicbVDJSgNBEO1xjXGLevTSGAS9hBmR6DFgDl6ECGaBTAg9nZqkSc9id40ahnyDF3/FiwdFvHry5t/YWQ6a+KDg8V4VVfW8WAqNtv1tLSwuLa+sZtay6xubW9u5nd2ajhLFocojGamGxzRIEUIVBUpoxApY4Emoe/2LkV+/A6VFFN7gIIZWwLqh8AVnaKR27jhopy7CA6blq+GQurcJ61BXgo9KdHvIlIruJ2o7l7cL9hh0njhTkidTVNq5L7cT8SSAELlkWjcdO8ZWyhQKLmGYdRMNMeN91oWmoSELQLfS8UtDemiUDvUjZSpEOlZ/T6Qs0HoQeKYzYNjTs95I/M9rJuift1IRxglCyCeL/ERSjOgoH9oRCjjKgSGMK2FupbzHFONoUsyaEJzZl+dJ7aTgFAvF69N8qTyNI0P2yQE5Ig45IyVySSqkSjh5JM/klbxZT9aL9W59TFoXrOnMHvkD6/MHQo2efg==</latexit>mDM →

MN, Zhang ’25

https://github.com/marius311/mpk_compilation

Bezrukov, Hettmansperger, Lindner ’09 
MN, Senjanović, Zhang ’12 

MN, Zhang ’23, ‘24



Neutrino mass origin: Left-Right symmetry

Pati-Salam Trinification

minimal Left-Right

Symmetric fermions

Mohapatra, Pati ’75 
Senjanović, Mohapatra ‘75

<latexit sha1_base64="ebW+Uqwi/6zkf9roCtmAleHHmS8=">AAACEHicbVC7TsMwFHXKq5RXgJHFokK0S5VUVWFClVgYGMojbaU2ihzXaa06cWQ7SFXUT2DhV1gYQIiVkY2/wW0zQMuRLJ17zr26vsePGZXKsr6N3Mrq2vpGfrOwtb2zu2fuH7QkTwQmDuaMi46PJGE0Io6iipFOLAgKfUba/uhy6rcfiJCUR/dqHBM3RIOIBhQjpSXPPL1zSrWyh2GPKxoSCXVdLXvXC/WtZxatijUDXCZ2RoogQ9Mzv3p9jpOQRAozJGXXtmLlpkgoihmZFHqJJDHCIzQgXU0jpJe56eygCTzRSh8GXOgXKThTf0+kKJRyHPq6M0RqKBe9qfif101UcO6mNIoTRSI8XxQkDCoOp+nAPhUEKzbWBGFB9V8hHiKBsNIZFnQI9uLJy6RVrdj1Sv2mVmxcZHHkwRE4BiVggzPQAFegCRyAwSN4Bq/gzXgyXox342PemjOymUPwB8bnDzqzmjM=</latexit>

SU(4)c → SU(2)L → SU(2)R

<latexit sha1_base64="+oZaRnGYnPzw9GnY9CXLTXtGKMI=">AAACI3icbVDLTgIxFO3gC/E16tJNIzGBhWQGDRoXhujGBQt8DJDAZNIpHWjoPNJ2TMiEf3Hjr7hxoSFuXPgvFpgYBU/S5Jxz783tPW7EqJCG8alllpZXVtey67mNza3tHX13ryHCmGNi4ZCFvOUiQRgNiCWpZKQVcYJ8l5GmO7ie1JuPhAsaBg9yGBHbR72AehQjqSxHv7i3CidFB8NOKKlPBFS6XHRqc/ruR1sFs+gkV8e1kaPnjZIxBVwkZkryIEXd0cedbohjnwQSMyRE2zQiaSeIS4oZGeU6sSARwgPUI21FA6T22cn0xhE8Uk4XeiFXL5Bw6v6eSJAvxNB3VaePZF/M1ybmf7V2LL1zO6FBFEsS4NkiL2ZQhnASGOxSTrBkQ0UQ5lT9FeI+4ghLFWtOhWDOn7xIGuWSWSlVbk/z1cs0jiw4AIegAExwBqrgBtSBBTB4Ai/gDbxrz9qrNtY+Zq0ZLZ3ZB3+gfX0DVPGhBg==</latexit>

SU(3)c → SU(2)L → SU(2)R → U(1)B→L

<latexit sha1_base64="oMsv7CBMNxex96MCSP+CXJ4VoIk=">AAAB7nicbVBNT8JAEJ3iF+IX6tHLRmKCF9IKQU+GxItHjBZIoJLtsoUN222zuzUhDT/CiweN8erv8ea/cYEeFHzJJC/vzWRmnh9zprRtf1u5tfWNza38dmFnd2//oHh41FJRIgl1ScQj2fGxopwJ6mqmOe3EkuLQ57Ttj29mfvuJSsUi8aAnMfVCPBQsYARrI7Xv3XL1/LHaL5bsij0HWiVORkqQodkvfvUGEUlCKjThWKmuY8faS7HUjHA6LfQSRWNMxnhIu4YKHFLlpfNzp+jMKAMURNKU0Giu/p5IcajUJPRNZ4j1SC17M/E/r5vo4MpLmYgTTQVZLAoSjnSEZr+jAZOUaD4xBBPJzK2IjLDERJuECiYEZ/nlVdK6qDj1Sv2uVmpcZ3Hk4QROoQwOXEIDbqEJLhAYwzO8wpsVWy/Wu/WxaM1Z2cwx/IH1+QO4Uo6E</latexit>

SU(3)3

<latexit sha1_base64="qYJHrRDo92hCr5PD/luKI21FhCM=">AAACDHicbZDLSsNAFIYn9VbrrerSzWARBLEkVaouhKIbF1200hu0pUymk3boZBJmJkIJeQA3voobF4q49QHc+TZO0iy09YeBj/+cw5nz2z6jUpnmt5FZWl5ZXcuu5zY2t7Z38rt7LekFApMm9pgnOjaShFFOmooqRjq+IMi1GWnbk9u43n4gQlKPN9TUJ30XjTh1KEZKW4N8oQ6vYWMQnlUjeJLAfQw9RyAc3pxWo7AU6S6zaCaCi2ClUACpaoP8V2/o4cAlXGGGpOxapq/6IRKKYkaiXC+QxEd4gkakq5Ejl8h+mBwTwSPtDKHjCf24gon7eyJErpRT19adLlJjOV+Lzf9q3UA5l/2Qcj9QhOPZIidgUHkwTgYOqSBYsakGhAXVf4V4jHQOSueX0yFY8ycvQqtUtMrFcv28ULlK48iCA3AIjoEFLkAF3IEaaAIMHsEzeAVvxpPxYrwbH7PWjJHO7IM/Mj5/AKnWmN4=</latexit>

Q = T3L + T3R +
B → L

2

<latexit sha1_base64="7oUAynsaL2at5b/Y+maAhOixBeQ="></latexit>

QL =

(
3, 2, 1,

1

3

)
, QR =

(
3, 1, 2,

1

3

)

LL =

(
1, 2, 1,

1

3

)
, LR =

(
1, 1, 2,

1

3

)



LRSM scalars
<latexit sha1_base64="Tbz/fgTPiE7ec+MFVpWKDcqk0Jo=">AAACCHicdVDJSgNBEO1xjXGLevRgYxAiyDCT/aIEvHiMYBbIDKGn05M06VnorhFCyNGLv+LFgyJe/QRv/o2dRVDRRxU83quiu54XC67Asj6MpeWV1bX11EZ6c2t7Zzezt99UUSIpa9BIRLLtEcUED1kDOAjWjiUjgSdYyxteTv3WLZOKR+ENjGLmBqQfcp9TAlrqZo6ceMDxOXYE8yFnn+H8rCzsSN4fwGk3k7XMfKlSLBWwJpWiXa1qUrDyxXIJ26Y1QxYtUO9m3p1eRJOAhUAFUapjWzG4YyKBU8EmaSdRLCZ0SPqso2lIAqbc8eyQCT7RSg/7kdQdAp6p3zfGJFBqFHh6MiAwUL+9qfiX10nAr7pjHsYJsJDOH/ITgSHC01Rwj0tGQYw0IVRy/VdMB0QSCjq7tA7h61L8P2nmTbtslq+L2drFIo4UOkTHKIdsVEE1dIXqqIEoukMP6Ak9G/fGo/FivM5Hl4zFzgH6AePtEymPluk=</latexit>

� = (1, 2, 2, 0)
<latexit sha1_base64="t7hpD89sf6wdEo5FzmsJtdLvpK4="></latexit>

ω =

(
ω0→
1 ω+

2

ω↑
1 ω0

2

)
, →ω↑ =

(
v1 0
0 ↓eiωv2

)

<latexit sha1_base64="jXR+eySd82HhpMqiQdwii+wGUg8="></latexit>

v2 = v21 + v22 , 0 → tanω =
v2
v1

< 1

Dirac
<latexit sha1_base64="xwznbDNl/ECeL7xWE1tsHPEGRuI="></latexit>

�L = (1, 2, 1, 1) , �R = (1, 1, 2, 1)

<latexit sha1_base64="iLqJBML0rCQ38mF6rtPp4pcf0Kw="></latexit>

→!L,R↑ =
(

0 0
vL,R 0

)
, vL ↭ GeV , v = 174 GeV , vR ↫ TeV

bi-doublet

EWSB

Doublets

Majorana
<latexit sha1_base64="JeoCqlQctuIgPQASNSHHwPCBYKA="></latexit>

�L = (1, 3, 1, 2) , �R = (1, 1, 3, 2)this talk Triplets

Dark matter and dilutor

<latexit sha1_base64="UK9v1hthBxemoObLduHb6RHZYeA=">AAAB6HicbVA9SwNBEJ3zM8avqKXNYhCswp1ItIzYWEkC5gOSI+xt5pI1e3vH7p4QjoC9jYUitv4kO/+Nm49CEx8MPN6bYWZekAiujet+Oyura+sbm7mt/PbO7t5+4eCwoeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzcRvPqLSPJb3ZpSgH9G+5CFn1FipdtctFN2SOwVZJt6cFGGOarfw1enFLI1QGiao1m3PTYyfUWU4EzjOd1KNCWVD2se2pZJGqP1seuiYnFqlR8JY2ZKGTNXfExmNtB5Fge2MqBnoRW8i/ue1UxNe+RmXSWpQstmiMBXExGTyNelxhcyIkSWUKW5vJWxAFWXGZpO3IXiLLy+TxnnJK5fKtYti5fppFkcOjuEEzsCDS6jALVShDgwQnuEV3pwH58V5dz5mrSvOPMIj+APn8wfP1o1c</latexit>

N

<latexit sha1_base64="86tMm8z1o9DlaKEY3L1UkbKX3e4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKJB4jXjxGNA9IljA76U2GzM4uM7NCWAL+gBcPinj1i7z5N04eB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3Uz91iMqzWP5YMYJ+hEdSB5yRo2V7rsy7RVLbtmdgawSb0FKsEC9V/zq9mOWRigNE1Trjucmxs+oMpwJnBS6qcaEshEdYMdSSSPUfjY7dULOrNInYaxsSUNm6u+JjEZaj6PAdkbUDPWyNxX/8zqpCa/8jMskNSjZfFGYCmJiMv2b9LlCZsTYEsoUt7cSNqSKMmPTKdgQvOWXV0nzouxVypW7y1Lt+mkeRx5O4BTOwYMq1OAW6tAABgN4hld4c4Tz4rw7H/PWnLOI8Bj+wPn8AYgojmE=</latexit>ω



<latexit sha1_base64="3LNLsUzdjQwmt6ZtxeSDr8bSAvs="></latexit>

LR =

(
1, 1, 2,

1

3

)
=

(
ωR
εR

)

LRSM: Three Majorana neutrinos <latexit sha1_base64="2xUmwnesDG0Kf7k2ssDYqk2GcGY=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBQym7VaonKXjxJBVsq7RLyabZNjTJLklWKEt/hRcPinj153jz35i2e9DWBwOP92aYmRfEnGnjut9ObmV1bX0jv1nY2t7Z3SvuH7R0lChCmyTikXoIsKacSdo0zHD6ECuKRcBpOxhdT/32E1WaRfLejGPqCzyQLGQEGys93vZSr1wtn016xZJbcWdAy8TLSAkyNHrFr24/Iomg0hCOte54bmz8FCvDCKeTQjfRNMZkhAe0Y6nEgmo/nR08QSdW6aMwUrakQTP190SKhdZjEdhOgc1QL3pT8T+vk5jw0k+ZjBNDJZkvChOOTISm36M+U5QYPrYEE8XsrYgMscLE2IwKNgRv8eVl0qpWvFqldndeql9lceThCI7hFDy4gDrcQAOaQEDAM7zCm6OcF+fd+Zi35pxs5hD+wPn8AUvXj24=</latexit>

N1,2,3

Neutral
Dark Matter 
candidate(s)?

<latexit sha1_base64="ALifCNdqZkphVsSzc56aYwru58g=">AAACEXicbVC7SgNBFJ31GeNr1dJmMAixCbsSopUEBLURopgHZOMyO5lNhsw+mLkrhGV/wcZfsbFQxNbOzr9x8ig08cC9HM65l5l7vFhwBZb1bSwsLi2vrObW8usbm1vb5s5uQ0WJpKxOIxHJlkcUEzxkdeAgWCuWjASeYE1vcD7ymw9MKh6FdzCMWScgvZD7nBLQkmsWL90L7AjmQxE7viQ0vXabmW5p073NMuxI3uvD0X3ZNQtWyRoDzxN7SgpoipprfjndiCYBC4EKolTbtmLopEQCp4JleSdRLCZ0QHqsrWlIAqY66fiiDB9qpYv9SOoKAY/V3xspCZQaBp6eDAj01aw3Ev/z2gn4p52Uh3ECLKSTh/xEYIjwKB7c5ZJREENNCJVc/xXTPtG5gA4xr0OwZ0+eJ43jkl0pVW7KherZNI4c2kcHqIhsdIKq6ArVUB1R9Iie0St6M56MF+Pd+JiMLhjTnT30B8bnDwhnnIk=</latexit>

GF

(
MW

MWR

)4

Typical scales

Super-weak

Potentially stable
<latexit sha1_base64="FTJiH7Ncapa+ndKVcSbAPEh2w8s=">AAACGXicbVDLSsNAFJ34rPEVdelmsCiuSiJSdVfQhcsq9gFNKDfTaTt0JgkzE6GU/oYbf8WNC0Vc6sq/cdJmUVsPXOZwzr3cuSdMOFPadX+speWV1bX1woa9ubW9s+vs7ddVnEpCayTmsWyGoChnEa1ppjltJpKCCDlthIPrzG88UqlYHD3oYUIDAb2IdRkBbaS24/o3lGvAJ76OcaN9n5Xt+/as7PdACMiftlN0S+4EeJF4OSmiHNW28+V3YpIKGmnCQamW5yY6GIHUjHA6tv1U0QTIAHq0ZWgEgqpgNLlsjI+N0sHdWJqKNJ6osxMjEEoNRWg6Bei+mvcy8T+vleruZTBiUZJqGpHpom7KsTk3iwl3mKRE86EhQCQzf8WkDxKINmHaJgRv/uRFUj8reeVS+e68WLnK4yigQ3SETpGHLlAF3aIqqiGCntALekPv1rP1an1Yn9PWJSufOUB/YH3/Aqk0nj0=</latexit>

! → WRWR

! → ωω

<latexit sha1_base64="3p04b6Xp/Ir0W76F3rsfuq0sb0Q=">AAACCXicbVDLSgMxFM3UV62vUZdugkVwIWVGpequ4MaVVLAP6AzlTpq2oUlmSDJCKd268VfcuFDErX/gzr8xbWehrQcC555zLzf3RAln2njet5NbWl5ZXcuvFzY2t7Z33N29uo5TRWiNxDxWzQg05UzSmmGG02aiKIiI00Y0uJ74jQeqNIvlvRkmNBTQk6zLCBgrtV18iwMT4zMcyPQEB0FW2woHPRAC2m7RK3lT4EXiZ6SIMlTb7lfQiUkqqDSEg9Yt30tMOAJlGOF0XAhSTRMgA+jRlqUSBNXhaHrJGB9ZpYO7sbJPGjxVf0+MQGg9FJHtFGD6et6biP95rdR0L8MRk0lqqCSzRd2UY3vrJBbcYYoSw4eWAFHM/hWTPiggxoZXsCH48ycvkvppyS+XynfnxcpVFkceHaBDdIx8dIEq6AZVUQ0R9Iie0St6c56cF+fd+Zi15pxsZh/9gfP5A/Zzl/s=</latexit>

N → 3ω,

N → ωε

<latexit sha1_base64="YMf/wL3gwDjL+U6rCvTAZVYHxD8=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiQi1ZUUdOFGqGIf0IQwmU7boTNJmJkINRR/xY0LRdz6H+78G6dtFtp64MLhnHu5954w4Uxpx/m2FhaXlldWC2vF9Y3NrW17Z7eh4lQSWicxj2UrxIpyFtG6ZprTViIpFiGnzXBwOfabD1QqFkf3ephQX+BexLqMYG2kwN4XgXdFucbI4xzdBFkzuBsFdskpOxOgeeLmpAQ5aoH95XVikgoaacKxUm3XSbSfYakZ4XRU9FJFE0wGuEfbhkZYUOVnk+tH6MgoHdSNpalIo4n6eyLDQqmhCE2nwLqvZr2x+J/XTnX33M9YlKSaRmS6qJtypGM0jgJ1mKRE86EhmEhmbkWkjyUm2gRWNCG4sy/Pk8ZJ2a2UK7enpepFHkcBDuAQjsGFM6jCNdSgDgQe4Rle4c16sl6sd+tj2rpg5TN78AfW5w+V9ZSs</latexit>

m! → MWR

<latexit sha1_base64="oIvcXlkdqaaDzquPEqyY/j33dKU=">AAACB3icbVC7SgNBFJ2NrxhfUUtBBoNgFXZFopUEbGyEKOYBSVhmJ3eTIbMPZu6qYUln46/YWChi6y/Y+TdOHoUmHhg4nHMud+7xYik02va3lVlYXFpeya7m1tY3Nrfy2zs1HSWKQ5VHMlINj2mQIoQqCpTQiBWwwJNQ9/oXI79+B0qLKLzFQQztgHVD4QvO0Ehufv/KTevuzZC2umhSAW0hPGDqwz2tQG3o5gt20R6DzhNnSgpkioqb/2p1Ip4EECKXTOumY8fYTplCwSUMc61EQ8x4n3WhaWjIAtDtdHzHkB4apUP9SJkXIh2rvydSFmg9CDyTDBj29Kw3Ev/zmgn6Z+1UhHGCEPLJIj+RFCM6KoV2hAKOcmAI40qYv1LeY4pxNNXlTAnO7MnzpHZcdErF0vVJoXw+rSNL9sgBOSIOOSVlckkqpEo4eSTP5JW8WU/Wi/VufUyiGWs6s0v+wPr8AcWdmUI=</latexit>

MWR ↭ few PeV

(3 for anomalies)

(no ad-hoc symmetries)

<latexit sha1_base64="MyRoj5F6rO4fvv4tKAwBrHsNwrI=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIVE9S8OJJKtgPaELYbCft0t0k7G7EEvpXvHhQxKt/xJv/xm2bg7Y+GHi8N8PMvDDlTGnH+bZKa+sbm1vl7crO7t7+gX1Y7agkkxTaNOGJ7IVEAWcxtDXTHHqpBCJCDt1wfDPzu48gFUviBz1JwRdkGLOIUaKNFNhVEdxhj4NSigksAi9lgV1z6s4ceJW4BamhAq3A/vIGCc0ExJpyolTfdVLt50RqRjlMK16mICV0TIbQNzQmApSfz2+f4lOjDHCUSFOxxnP190ROhFITEZpOQfRILXsz8T+vn+noys9ZnGYaYrpYFGUc6wTPgsADJoFqPjGEUMnMrZiOiCRUm7gqJgR3+eVV0jmvu4164/6i1rwu4iijY3SCzpCLLlET3aIWaiOKntAzekVv1tR6sd6tj0VrySpmjtAfWJ8/hNWUHQ==</latexit>

mN ↭ mω LHC
<latexit sha1_base64="5gv1NmE/9VyItf2G5pT9ktPSJD4=">AAACBnicbVC7SgNBFJ31GeNr1VKEwSBYhV3RaCUBGxshSl6QhGV2cpMMmX0wc1cMSyobf8XGQhFbv8HOv3HyKDTxwMDhnHO5c48fS6HRcb6thcWl5ZXVzFp2fWNza9ve2a3qKFEcKjySkar7TIMUIVRQoIR6rIAFvoSa378a+bV7UFpEYRkHMbQC1g1FR3CGRvLsgxsvrXl3Q9rsokkF9Iw2ER4wpWWoDj075+SdMeg8cackR6YoefZXsx3xJIAQuWRaN1wnxlbKFAouYZhtJhpixvusCw1DQxaAbqXjM4b0yCht2omUeSHSsfp7ImWB1oPAN8mAYU/PeiPxP6+RYOeilYowThBCPlnUSSTFiI46oW2hgKMcGMK4EuavlPeYYhxNc1lTgjt78jypnuTdQr5we5orXk7ryJB9ckiOiUvOSZFckxKpEE4eyTN5JW/Wk/VivVsfk+iCNZ3ZI39gff4ALeqYTw==</latexit>

MWR ↭ 5 TeV Nesti, MN, Popara ’18 
ATLAS, CMS

<latexit sha1_base64="89FavA3gt62aUEtDHTMd7awpzC4=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgopREpLqSgi5cSQX7gCaEyXTSDp08mLlRSuynuHGhiFu/xJ1/47TNQlsPXDiccy/33uMngiuwrG+jsLK6tr5R3Cxtbe/s7pnl/baKU0lZi8Yill2fKCZ4xFrAQbBuIhkJfcE6/uhq6ncemFQ8ju5hnDA3JIOIB5wS0JJnlm89GzvVqi7sXDMBxDMrVs2aAS8TOycVlKPpmV9OP6ZpyCKggijVs60E3IxI4FSwSclJFUsIHZEB62kakZApN5udPsHHWunjIJa6IsAz9fdERkKlxqGvO0MCQ7XoTcX/vF4KwYWb8ShJgUV0vihIBYYYT3PAfS4ZBTHWhFDJ9a2YDokkFHRaJR2CvfjyMmmf1ux6rX53Vmlc5nEU0SE6QifIRueogW5QE7UQRY/oGb2iN+PJeDHejY95a8HIZw7QHxifP09mkhw=</latexit>

N1 , !

MN, Zhang ‘24



N1 u

de

WR*Over Production

1 MeV100 MeV
T

0

135 Ζ(3)
"""""""""""""""""""""
4  Π4  g$

n
"""""
s

%DM Ρc!M1
""""""""""""""""""""""""

s0

Hot thermal relic

’Diluted’ relic

non-thermal

production

Bezrukov, Hettmansperger, Lindner ’09

relativistic freeze-out gives


too much dark matter

<latexit sha1_base64="syGMlmkIG8r9Y0H8oPcFyoV3kYY="></latexit>

Tf = 400 MeV

(
MWR

5 MeV

)4/3 ( g→
70

)1/6

<latexit sha1_base64="sX1u63RBj/fzT6CtS3ll1SqCtlM="></latexit>

!N → 3.3
mN

keV
↑ 12!DM



N1 u

de

WR*Over Production Bezrukov, Hettmansperger, Lindner ’09

relativistic freeze-out gives


too much dark matter

<latexit sha1_base64="syGMlmkIG8r9Y0H8oPcFyoV3kYY="></latexit>

Tf = 400 MeV

(
MWR

5 MeV

)4/3 ( g→
70

)1/6

<latexit sha1_base64="sX1u63RBj/fzT6CtS3ll1SqCtlM="></latexit>

!N → 3.3
mN

keV
↑ 12!DM

Scherrer, Turner ’85 solve with entropy dilution, cool down DM

1.00.5 2.00.2 5.0 10.0
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Μ

Τ

Decays too fast

ΝMSM
Non�thermal history or
DM over�abundance

MN, Senjanović, Zhang ’12, 
King, Merle ‘12

targeting low LR scale

Dror, Dunsky, Hall, Harigaya ’20

generic issue of dilutor DM repopulation
(~gravitino problem)

1 MeV100 MeV
T

0

135 Ζ(3)
"""""""""""""""""""""
4  Π4  g$

n
"""""
s

%DM Ρc!M1
""""""""""""""""""""""""

s0

Hot thermal relic

’Diluted’ relic

non-thermal

production



DM dilutor repopulation

<latexit sha1_base64="TknpIR89e/ZvriS+z878leZLaVU=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbvJxqy3gBdPkoB5SLKE2clsMmb2wcysEEK+wIsHRbz6Sd78G2eTCCpa0FBUddPd5SecSWVZH8bK6tr6xmZuK7+9s7u3Xzg4bMk4FYQ2Scxj0fGxpJxFtKmY4rSTCIpDn9O2P77M/PY9FZLF0Y2aJNQL8TBiASNYaalx2y8ULdN1Kq5rIcusOOVqqayJneEC2aY1RxGWqPcL771BTNKQRopwLGXXthLlTbFQjHA6y/dSSRNMxnhIu5pGOKTSm84PnaFTrQxQEAtdkUJz9fvEFIdSTkJfd4ZYjeRvLxP/8rqpClxvyqIkVTQii0VBypGKUfY1GjBBieITTTARTN+KyAgLTJTOJq9D+PoU/U9aJdM+N52GU6xdL+PIwTGcwBnYUIUaXEEdmkCAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb58lQY05</latexit>

Y
<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X
<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X

<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X

<latexit sha1_base64="kAVPR3A/0XEdOK23q+kxe1BXp40=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadndxCTeAl48SQLmAckSZie9yZjZBzOzQljyBV48KOLVT/Lm3zibRFDRgoaiqpvuLi/mTCrL+jBya+sbm1v57cLO7t7+QfHwqCOjRFBo04hHoucRCZyF0FZMcejFAkjgceh606vM796DkCwKb9UsBjcg45D5jBKlpVZvWCxZ5mW96lw42DItq+aUqxlxahWnjG2tZCihFZrD4vtgFNEkgFBRTqTs21as3JQIxSiHeWGQSIgJnZIx9DUNSQDSTReHzvGZVkbYj4SuUOGF+n0iJYGUs8DTnQFRE/nby8S/vH6i/LqbsjBOFIR0uchPOFYRzr7GIyaAKj7ThFDB9K2YToggVOlsCjqEr0/x/6TjmHbVrLQqpcbNKo48OkGn6BzZqIYa6Bo1URtRBOgBPaFn4854NF6M12VrzljNHKMfMN4+AR87jTU=</latexit>

X
<latexit sha1_base64="TknpIR89e/ZvriS+z878leZLaVU=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbvJxqy3gBdPkoB5SLKE2clsMmb2wcysEEK+wIsHRbz6Sd78G2eTCCpa0FBUddPd5SecSWVZH8bK6tr6xmZuK7+9s7u3Xzg4bMk4FYQ2Scxj0fGxpJxFtKmY4rSTCIpDn9O2P77M/PY9FZLF0Y2aJNQL8TBiASNYaalx2y8ULdN1Kq5rIcusOOVqqayJneEC2aY1RxGWqPcL771BTNKQRopwLGXXthLlTbFQjHA6y/dSSRNMxnhIu5pGOKTSm84PnaFTrQxQEAtdkUJz9fvEFIdSTkJfd4ZYjeRvLxP/8rqpClxvyqIkVTQii0VBypGKUfY1GjBBieITTTARTN+KyAgLTJTOJq9D+PoU/U9aJdM+N52GU6xdL+PIwTGcwBnYUIUaXEEdmkCAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb58lQY05</latexit>

Y<latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm <latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm
<latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm<latexit sha1_base64="V2uvCXopp1SP4pCMLFP0rHY9IZI="></latexit>

X = DM

<latexit sha1_base64="uXruYdtLNtYZT2MjNm6pyHYkD4A="></latexit>

Y = dilutor

<latexit sha1_base64="2q/2lkt4GpsgEAjpPkNSTEHoswk="></latexit>

X = repopulated DM

MN, Zhang ’23



DM dilutor repopulation

<latexit sha1_base64="TknpIR89e/ZvriS+z878leZLaVU=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbvJxqy3gBdPkoB5SLKE2clsMmb2wcysEEK+wIsHRbz6Sd78G2eTCCpa0FBUddPd5SecSWVZH8bK6tr6xmZuK7+9s7u3Xzg4bMk4FYQ2Scxj0fGxpJxFtKmY4rSTCIpDn9O2P77M/PY9FZLF0Y2aJNQL8TBiASNYaalx2y8ULdN1Kq5rIcusOOVqqayJneEC2aY1RxGWqPcL771BTNKQRopwLGXXthLlTbFQjHA6y/dSSRNMxnhIu5pGOKTSm84PnaFTrQxQEAtdkUJz9fvEFIdSTkJfd4ZYjeRvLxP/8rqpClxvyqIkVTQii0VBypGKUfY1GjBBieITTTARTN+KyAgLTJTOJq9D+PoU/U9aJdM+N52GU6xdL+PIwTGcwBnYUIUaXEEdmkCAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb58lQY05</latexit>

Y
<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X
<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X

<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X

<latexit sha1_base64="kAVPR3A/0XEdOK23q+kxe1BXp40=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadndxCTeAl48SQLmAckSZie9yZjZBzOzQljyBV48KOLVT/Lm3zibRFDRgoaiqpvuLi/mTCrL+jBya+sbm1v57cLO7t7+QfHwqCOjRFBo04hHoucRCZyF0FZMcejFAkjgceh606vM796DkCwKb9UsBjcg45D5jBKlpVZvWCxZ5mW96lw42DItq+aUqxlxahWnjG2tZCihFZrD4vtgFNEkgFBRTqTs21as3JQIxSiHeWGQSIgJnZIx9DUNSQDSTReHzvGZVkbYj4SuUOGF+n0iJYGUs8DTnQFRE/nby8S/vH6i/LqbsjBOFIR0uchPOFYRzr7GIyaAKj7ThFDB9K2YToggVOlsCjqEr0/x/6TjmHbVrLQqpcbNKo48OkGn6BzZqIYa6Bo1URtRBOgBPaFn4854NF6M12VrzljNHKMfMN4+AR87jTU=</latexit>

X
<latexit sha1_base64="TknpIR89e/ZvriS+z878leZLaVU=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbvJxqy3gBdPkoB5SLKE2clsMmb2wcysEEK+wIsHRbz6Sd78G2eTCCpa0FBUddPd5SecSWVZH8bK6tr6xmZuK7+9s7u3Xzg4bMk4FYQ2Scxj0fGxpJxFtKmY4rSTCIpDn9O2P77M/PY9FZLF0Y2aJNQL8TBiASNYaalx2y8ULdN1Kq5rIcusOOVqqayJneEC2aY1RxGWqPcL771BTNKQRopwLGXXthLlTbFQjHA6y/dSSRNMxnhIu5pGOKTSm84PnaFTrQxQEAtdkUJz9fvEFIdSTkJfd4ZYjeRvLxP/8rqpClxvyqIkVTQii0VBypGKUfY1GjBBieITTTARTN+KyAgLTJTOJq9D+PoU/U9aJdM+N52GU6xdL+PIwTGcwBnYUIUaXEEdmkCAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb58lQY05</latexit>

Y<latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm <latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm
<latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm<latexit sha1_base64="V2uvCXopp1SP4pCMLFP0rHY9IZI="></latexit>

X = DM

<latexit sha1_base64="uXruYdtLNtYZT2MjNm6pyHYkD4A="></latexit>

Y = dilutor

<latexit sha1_base64="2q/2lkt4GpsgEAjpPkNSTEHoswk="></latexit>

X = repopulated DMX and Y freeze-out (relativistically)

Y causes intermediate matter domination in H

Y dilutes only if it decays into the SM plasma

Not harmless to decay to X, cannot dilute away

<latexit sha1_base64="0TaaSLFdvRwMgK5ObsQQp1C98ms="></latexit>

Brmax
Y→X =?

not necessarily reducible

<latexit sha1_base64="sPklKhfan0hJNsjVmb+nJ2a9tjQ="></latexit>

YX =
135 ω(3)

4ε4g→(Tfo)

<latexit sha1_base64="knvAE6blWqkjYcvfO9SIZZ/LmQ8="></latexit>

Y → nX +mSM
<latexit sha1_base64="XHibRxFsiz6CstIYL/VwCq2dbqA=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEQSlJmz6WBTcuK9hWbGKZTCft0MkkzEyEEgr+ihsXirj1O9z5N07aCip6YOBwzr3cM8ePGZXKsj6M3NLyyupafr2wsbm1vWPu7nVklAhM2jhikbj2kSSMctJWVDFyHQuCQp+Rrj8+z/zuHRGSRvxKTWLihWjIaUAxUlrqmwf8DIbQpRy6IVIj309vprenfbNolcrVulOtQE3qjt1oaFKxyk6tCu2SNUMRLNDqm+/uIMJJSLjCDEnZs61YeSkSimJGpgU3kSRGeIyGpKcpRyGRXjqLP4XHWhnAIBL6cQVn6veNFIVSTkJfT2YZ5W8vE//yeokKGl5KeZwowvH8UJAwqCKYdQEHVBCs2EQThAXVWSEeIYGw0o0VdAlfP4X/k065ZNdKtUun2HQWdeTBITgCJ8AGddAEF6AF2gCDFDyAJ/Bs3BuPxovxOh/NGYudffADxtsnOhKVBQ==</latexit>

n,m → Z+

<latexit sha1_base64="GZhkKev7igSWdAXiAyX2j4R/wQQ="></latexit>

!X → 0.26 (1 + nBrX)
( mX

1 keV

)(
1GeV

mY

)√
1 sec

ωY

MN, Zhang ’23



DM dilutor repopulation

<latexit sha1_base64="TknpIR89e/ZvriS+z878leZLaVU=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbvJxqy3gBdPkoB5SLKE2clsMmb2wcysEEK+wIsHRbz6Sd78G2eTCCpa0FBUddPd5SecSWVZH8bK6tr6xmZuK7+9s7u3Xzg4bMk4FYQ2Scxj0fGxpJxFtKmY4rSTCIpDn9O2P77M/PY9FZLF0Y2aJNQL8TBiASNYaalx2y8ULdN1Kq5rIcusOOVqqayJneEC2aY1RxGWqPcL771BTNKQRopwLGXXthLlTbFQjHA6y/dSSRNMxnhIu5pGOKTSm84PnaFTrQxQEAtdkUJz9fvEFIdSTkJfd4ZYjeRvLxP/8rqpClxvyqIkVTQii0VBypGKUfY1GjBBieITTTARTN+KyAgLTJTOJq9D+PoU/U9aJdM+N52GU6xdL+PIwTGcwBnYUIUaXEEdmkCAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb58lQY05</latexit>

Y
<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X
<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X

<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X

<latexit sha1_base64="kAVPR3A/0XEdOK23q+kxe1BXp40=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadndxCTeAl48SQLmAckSZie9yZjZBzOzQljyBV48KOLVT/Lm3zibRFDRgoaiqpvuLi/mTCrL+jBya+sbm1v57cLO7t7+QfHwqCOjRFBo04hHoucRCZyF0FZMcejFAkjgceh606vM796DkCwKb9UsBjcg45D5jBKlpVZvWCxZ5mW96lw42DItq+aUqxlxahWnjG2tZCihFZrD4vtgFNEkgFBRTqTs21as3JQIxSiHeWGQSIgJnZIx9DUNSQDSTReHzvGZVkbYj4SuUOGF+n0iJYGUs8DTnQFRE/nby8S/vH6i/LqbsjBOFIR0uchPOFYRzr7GIyaAKj7ThFDB9K2YToggVOlsCjqEr0/x/6TjmHbVrLQqpcbNKo48OkGn6BzZqIYa6Bo1URtRBOgBPaFn4854NF6M12VrzljNHKMfMN4+AR87jTU=</latexit>

X
<latexit sha1_base64="TknpIR89e/ZvriS+z878leZLaVU=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbvJxqy3gBdPkoB5SLKE2clsMmb2wcysEEK+wIsHRbz6Sd78G2eTCCpa0FBUddPd5SecSWVZH8bK6tr6xmZuK7+9s7u3Xzg4bMk4FYQ2Scxj0fGxpJxFtKmY4rSTCIpDn9O2P77M/PY9FZLF0Y2aJNQL8TBiASNYaalx2y8ULdN1Kq5rIcusOOVqqayJneEC2aY1RxGWqPcL771BTNKQRopwLGXXthLlTbFQjHA6y/dSSRNMxnhIu5pGOKTSm84PnaFTrQxQEAtdkUJz9fvEFIdSTkJfd4ZYjeRvLxP/8rqpClxvyqIkVTQii0VBypGKUfY1GjBBieITTTARTN+KyAgLTJTOJq9D+PoU/U9aJdM+N52GU6xdL+PIwTGcwBnYUIUaXEEdmkCAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb58lQY05</latexit>

Y<latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm <latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm
<latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm

MN, Zhang ’23

rN1

rN2+rN3

rg

MWR=5.5TeV, TQCD=350MeV

0.01 0.1 1 10 100
10-27

10-23

10-19

10-15

10-11

10-7

têtN

r
Boltzmann

<latexit sha1_base64="tYN/AIIiWBWCjfjSaKJklH8ea5Q="></latexit>

ωtεR + 4HεR = !2ε2

ωtεN1 + 4HεN1 = 0

ωtεN2 + 3HεN2 = →!2ε2

MN, Senjanović, Zhang ’12

<latexit sha1_base64="LCZCalciTZ1VAluFRa0gzsgGt1o="></latexit>

s>
s<

→ 1.7
g→(TY )

1/4 mY YY√
!Y Mpl

Dilution factor Scherrer, Turner ’85

(Sudden decay approx. can do better)



DM dilutor repopulation
<latexit sha1_base64="V2uvCXopp1SP4pCMLFP0rHY9IZI="></latexit>

X = DM

primordial

secondary

BrX=0.1

0.1 10 1000 105

10-7

10-4

0.1

x=EX /TX

x2
f X
(x
)

<latexit sha1_base64="2q/2lkt4GpsgEAjpPkNSTEHoswk="></latexit>

X = repopulated DM
<latexit sha1_base64="P2bsDlkrHeY7Y1ute/lCUqBx69U=">AAAB/HicdVDLSsNAFJ3UV62v+Ni5GSyCCylJmz42QsGNywr2AU0Ik+mkHTqThJmJUEP9FhduVNz6Hy79G6cPQUUPXDiccy/33hMkjEplWR9GbmV1bX0jv1nY2t7Z3TP3DzoyTgUmbRyzWPQCJAmjEWkrqhjpJYIgHjDSDcaXM797S4SkcXSjJgnxOBpGNKQYKS355hH3e/AC2hZ0zzNXcDgmnalvFq1SuVp3qhWoSd2xGw1NKlbZqVWhXbLmKIIlWr757g5inHISKcyQlH3bSpSXIaEoZmRacFNJEoTHaEj6mkaIE+ll8+un8FQrAxjGQlek4Fz9PpEhLuWEB7qTIzWSv72Z+JfXT1XY8DIaJakiEV4sClMGVQxnUcABFQQrNtEEYUH1rRCPkEBY6cB0Bl+Pwv9Jp1yya6XatVNsOss08uAYnIAzYIM6aIIr0AJtgMEdeABP4Nm4Nx6NF+N10ZozljOH4AeMt0/OWJPP</latexit>

mX = 10 keV

<latexit sha1_base64="hr+drCZbZWp+Mi6FUwoGQy1AYHE=">AAAB/HicdVDLSsNAFJ3UV62v+ti5GSyCCwlJmz42QsGFLivYh7QhTKaTduhMEmYmQg31W1y4UXHrf7j0b5w+BBU9cOFwzr3ce48fMyqVZX0YmaXlldW17HpuY3Nreye/u9eSUSIwaeKIRaLjI0kYDUlTUcVIJxYEcZ+Rtj86n/rtWyIkjcJrNY6Jy9EgpAHFSGnJyx9w7waeQduyeqdpT3B4QVoTL1+wzGK56pRLUJOqY9dqmpSsolMpQ9u0ZiiABRpe/r3Xj3DCSagwQ1J2bStWboqEopiRSa6XSBIjPEID0tU0RJxIN51dP4HHWunDIBK6QgVn6veJFHEpx9zXnRypofztTcW/vG6igpqb0jBOFAnxfFGQMKgiOI0C9qkgWLGxJggLqm+FeIgEwkoHpjP4ehT+T1pF066YlSunUHcWaWTBITgCJ8AGVVAHl6ABmgCDO/AAnsCzcW88Gi/G67w1Yyxm9sEPGG+fsfSTvA==</latexit>

mY = 100GeV

<latexit sha1_base64="m8+BTAUwp8l92T065M+N3hWiUUw=">AAAB+3icdVDLSgMxFM3UV62vapdugkVwIcNMO31shIIblxVsq3SGIZOmbWiSGZKMUIZ+iws3Km79EJf+jelDUNEDFw7n3Mu990QJo0o7zoeVW1vf2NzKbxd2dvf2D4qHR10VpxKTDo5ZLG8jpAijgnQ01YzcJpIgHjHSiyaXc793T6SisbjR04QEHI0EHVKMtJHCYomHd/ACutA/z3zJYZt0Z2Gx7NiVWsOrVaEhDc9tNg2pOhWvXoOu7SxQBiu0w+K7P4hxyonQmCGl+q6T6CBDUlPMyKzgp4okCE/QiPQNFYgTFWSL42fw1CgDOIylKaHhQv0+kSGu1JRHppMjPVa/vbn4l9dP9bAZZFQkqSYCLxcNUwZ1DOdJwAGVBGs2NQRhSc2tEI+RRFibvEwGX4/C/0m3Yrt1u37tlVveKo08OAYn4Ay4oAFa4Aq0QQdgMAUP4Ak8WzPr0XqxXpetOWs1UwI/YL19AjUBk3s=</latexit>

mY = 1PeV

robustness of the phase space distribution, fixed DM mass

Heavy dilutor

Light dilutor

Single DM, 3 body

<latexit sha1_base64="aJK8Bmfks5S+l+0DDwf2jndzyBA=">AAAB+HicdVDLSsNAFJ3UV62vqEs3g0V0FZI2fSwLblyVCvYBbQiT6aQdOpmEmUmhhv6JCzcqbv0Tl/6N04egogcuHM65l3vvCRJGpbLtDyO3sbm1vZPfLeztHxwemccnHRmnApM2jlksegGShFFO2ooqRnqJICgKGOkGk+uF350SIWnM79QsIV6ERpyGFCOlJd80m34JDlQMm74DQxhe+mbRtkqVmlspQ01qrlOva1K2S261Ah3LXqII1mj55vtgGOM0IlxhhqTsO3aivAwJRTEj88IglSRBeIJGpK8pRxGRXra8fA4vtDKEYSx0cQWX6veJDEVSzqJAd0ZIjeVvbyH+5fVTFda9jPIkVYTj1aIwZVB/uogBDqkgWLGZJggLqm+FeIwEwkqHpTP4ehT+Tzoly6la1Vu32HDXaeTBGTgHV8ABNdAAN6AF2gCDKXgAT+DZuDcejRfjddWaM9Yzp+AHjLdPlCKR8w==</latexit>

N2 → N1ff
→

<latexit sha1_base64="wUi+YMa9dW8xGvq/JwlhcJ6bnE0="></latexit>

n = 1

<latexit sha1_base64="oejt4oFwdilu++23Z6KBxJoCYj0="></latexit>

n = 2

Two DM, 2 body

<latexit sha1_base64="XuIGi6q06h7UAnAXtvTETz67IGg=">AAAB+nicdVDLSsNAFJ3UV62vWJduBovgKiRt+lgWdOFKKtgHNCFMppN26OTBzEQssb/iwo2KW3/EpX/jpK2gogcuHM65l3vv8RNGhTTND62wtr6xuVXcLu3s7u0f6IflnohTjkkXxyzmAx8JwmhEupJKRgYJJyj0Gen70/Pc798SLmgc3chZQtwQjSMaUIykkjy97FwQJhF0ZAyvPCsvT6+YRrXetOs1qEjTtlotRWpm1W7UoWWYC1TACh1Pf3dGMU5DEknMkBBDy0ykmyEuKWZkXnJSQRKEp2hMhopGKCTCzRa3z+GpUkYwiLmqSMKF+n0iQ6EQs9BXnSGSE/Hby8W/vGEqg5ab0ShJJYnwclGQMqgezYOAI8oJlmymCMKcqlshniCOsFRxqQy+HoX/k17VsBpG49qutO1VGkVwDE7AGbBAE7TBJeiALsDgDjyAJ/Cs3WuP2ov2umwtaKuZI/AD2tsnvg+TOQ==</latexit>

! → N1N1

LRSM
<latexit sha1_base64="2SIkeHZUVJHhdWKIxoNez6iHmYI="></latexit>

X = N1 , Y = N2,!

light Y, 3 body = least energetic
heavy Y, 2 body = 
most energetic

Secondary is hot, how 
much can P(k) take?

MN, Zhang ’23



Hot DM repopulation                   vs. linear P(k)

when is X hot?
<latexit sha1_base64="Ckshehid+3+ukdGBrWbyjy4fzTo="></latexit>

TNR → 1 eV (n+m) g→(TRH)
1/12

growth suppressed at scales below
<latexit sha1_base64="W+uaM+8wIlWyQPM7zNDJZiaKsVM=">AAACAnicbVDJSgNBEO2JW4zbqCfx0hiEeIkzIlFvQS85SZRskAlDT6eTNOlZ6K4RwzB48Ve8eFDEq1/hzb+xsxw0+qDg8V4VVfW8SHAFlvVlZBYWl5ZXsqu5tfWNzS1ze6ehwlhSVqehCGXLI4oJHrA6cBCsFUlGfE+wpje8GvvNOyYVD4MajCLW8Uk/4D1OCWjJNfcqhZqbONLH17fpsQPsHpJLmbqtI9fMW0VrAvyX2DOSRzNUXfPT6YY09lkAVBCl2rYVQSchEjgVLM05sWIRoUPSZ21NA+Iz1UkmL6T4UCtd3AulrgDwRP05kRBfqZHv6U6fwEDNe2PxP68dQ++8k/AgioEFdLqoFwsMIR7ngbtcMgpipAmhkutbMR0QSSjo1HI6BHv+5b+kcVK0S8XSzWm+fDGLI4v20QEqIBudoTKqoCqqI4oe0BN6Qa/Go/FsvBnv09aMMZvZRb9gfHwDGZyWmQ==</latexit>

H(TNR/BrX)

CLASS

BrX=0.1

0.01 0.05 0.10 0.50 1

100

1000

104

105

k [h/Mpc]

P(
k)

[(
M
pc
/h
)3
]

quantitative runs  
<latexit sha1_base64="GZhkKev7igSWdAXiAyX2j4R/wQQ="></latexit>

!X → 0.26 (1 + nBrX)
( mX

1 keV

)(
1GeV

mY

)√
1 sec

ωY

<latexit sha1_base64="5e29KxUjrRCvieTHtPgcS9ULpDw=">AAACBnicdZDLSgMxFIYz9VbrrepSkGARKkiZaaeXZcGNG6GCvUBnKJk0bUOTzJBkhDJ058JnceFGxa2v4NK3Mb0IKvpD4OM/53By/iBiVGnb/rBSK6tr6xvpzczW9s7uXnb/oKXCWGLSxCELZSdAijAqSFNTzUgnkgTxgJF2ML6Y1du3RCoaihs9iYjP0VDQAcVIG6uXPea9DvSogPnEkxyOSWt6Dud4ZfCsl83ZhWK56pZL0EDVdWo1AyW76FbK0CnYc+XAUo1e9t3rhzjmRGjMkFJdx460nyCpKWZkmvFiRSKEx2hIugYF4kT5yfyOKTw1Th8OQmme0HDufp9IEFdqwgPTyZEeqd+1mflXrRvrQc1PqIhiTQReLBrEDOoQzkKBfSoJ1mxiAGFJzV8hHiGJsDbRmQy+DoX/Q6tYcCqFyrWbq7vLNNLgCJyAPHBAFdTBJWiAJsDgDjyAJ/Bs3VuP1ov1umhNWcuZQ/BD1tsngpaYGA==</latexit>

mX → (keV,MeV)

<latexit sha1_base64="wnf0EUqMUeATI5PiW+csybHZEfM="></latexit>

mY → (GeV, 1016 GeV)

Ly-A

SDSS DR7 LRG

LCDM

~WDM suppression

MN, Zhang ’23



Hot DM repopulation bound

0.
9
%

1.
%

1.
2
%

1.
3
%

1.
37

%

1.38%

1.38%

1.4%

N2→N1l+l'-

10 104 107 1010 1013 1016
1

5

10

50

100

500

1000

mN2 (GeV)

m
N
1
(k
eV

)

0.
65

%
0.
7
%

0.
8
%

0.
9
%

0.
92

%

0.93%

Φ→XX

10 104 107 1010 1013 1016
1

5

10

50

100

500

1000

mΦ (GeV)

m
X
(k
eV

)

<latexit sha1_base64="rZBw1iok5tIemVPztDuEeePtNI4="></latexit>

Brmax
Y→X ↭ 1%

MN, Zhang ’23

Remarkably robust, 2 and 3 body, across orders of magnitudes

significant, ~loop level



N2

u

de

WR* N2

e

WR*

e

N1

LRSM implications MN, Zhang ’24

Avoid X repopulation


a) flavor


b) only Dirac


c) LR gauge mixing


d) scalar dilution

<latexit sha1_base64="tXGq+o3RamHsumKZvrcoQY9/gow="></latexit>

Y = N2

<latexit sha1_base64="jrc20NPVGridu9USUek0oNW3NVQ="></latexit>

X = N1

MN, Zhang ’24

MN, Senjanović, 
Zhang ’12

<latexit sha1_base64="vYUw5lSsE2Cfb5xAmiT+4CHFv9k="></latexit>

}
N2

u

de

WR* N2

e

WR*

e

N1
<latexit sha1_base64="VphWjIidgwmW5d+ZLwkOkh2z77U="></latexit>ω

<latexit sha1_base64="v0Uthh3jPZiEJdYjYp3ViGfO4i0="></latexit>

Brmax
Y→X → 10%

b) Dirac no-go below       , also above

b) a

<latexit sha1_base64="A2pLhMooKJzf3GTHll2V/gCV6cY="></latexit>

ωN2ω ↭
√

mω

mN2

<latexit sha1_base64="ImW67xcM4C1op6zuGtP/Y/eiLPs="></latexit>

ω→1
N2

↭
mG2

Fm
5
N2

ε2N2ω

96ϑ3
↭ 10→23 GeV

( mN2

1GeV

)4

seesaw lifetime

<latexit sha1_base64="Hh1Wo1FKogF/Om3oo/FqsxCe5wg="></latexit>

!N1 ↭ 2.9
( mN1

6.5 keV

)( mN2

1GeV

)

<latexit sha1_base64="mepVA8YEnWaLrDjX70XRiDOjPwU=">AAACBHicdVBNS8NAEN34WetX1aMeFovgQUJS0w9vBS9elAq2Ck0Im+1UF3eTsLsRSujFg7/FgxcVr/4Hj/4bt7WCij4YeLw3w8y8KOVMacd5t6amZ2bn5gsLxcWl5ZXV0tp6RyWZpNCmCU/kRUQUcBZDWzPN4SKVQETE4Ty6Phz55zcgFUviMz1IIRDkMmZ9Rok2UljaEmF+ElaG2OeglGICHzj+ni8FPoZOWCo7dqVa96r72JC65zYahuw7Fa9Wxa7tjFFGE7TC0pvfS2gmINaUE6W6rpPqICdSM8phWPQzBSmh1+QSuobGRIAK8vEXQ7xjlB7uJ9JUrPFY/T6RE6HUQESmUxB9pX57I/Evr5vpfiPIWZxmGmL6uaifcawTPIoE95gEqvnAEEIlM7diekUkodoEZzL4ehT/TzoV263ZtVOv3PQmaRTQJtpGu8hFddRER6iF2oiiW3SPHtGTdWc9WM/Wy2frlDWZ2UA/YL1+AHv4l48=</latexit>

mN2 ↭ 90MeV

<latexit sha1_base64="fOBHbgJJS0fKSVdF7EuG/58b2XA=">AAACCHicdVDLSgMxFM3UV62vqks3wSK4kDLTTh/LghtXUsHaQqcMmTRtQ5OZIbkjlKFbF36LCzcqbv0Dl/6N6UNQ0QOBwznncnNPEAuuwbY/rMzK6tr6RnYzt7W9s7uX3z+40VGiKGvRSESqExDNBA9ZCzgI1okVIzIQrB2Mz2d++5YpzaPwGiYx60kyDPmAUwJG8vPYA5L46aVfmmJvCCYosVO1sXfmKYk1o36+YBdLlZpbKWNDaq5TrxtStktutYKdoj1HAS3R9PPvXj+iiWQhUEG07jp2DL2UKOBUsGnOSzSLCR2TIesaGhLJdC+dXzLFJ0bp40GkzAsBz9XvEymRWk9kYJKSwEj/9mbiX143gUG9l/IwToCFdLFokAgMEZ7VgvtcMQpiYgihipu/YjoiilAw5ZkOvg7F/5ObUtGpFqtXbqHhLtvIoiN0jE6Rg2qogS5QE7UQRXfoAT2hZ+veerRerNdFNGMtZw7RD1hvnzawmQc=</latexit>

ωN2 ↭ 160 sec BBN

<latexit sha1_base64="UXlg/f3QbNjMr1Hq1nzYi3NOJm4=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KolI1VvBixehov2ANpTNdtMu3WzC7kQooT/BgxcVr/4ij/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDP1W09cGxGrRxwn3I/oQIlQMIpWerjrtXqlsltxZyDLxMtJGXLUe6Wvbj9macQVMkmN6Xhugn5GNQom+aTYTQ1PKBvRAe9YqmjEjZ/NTp2QU6v0SRhrWwrJTP09kdHImHEU2M6I4tAselPxP6+TYnjlZ0IlKXLF5ovCVBKMyfRv0heaM5RjSyjTwt5K2JBqytCmYzPwFj9eJs3ziletVO8vyrXrPI0CHMMJnIEHl1CDW6hDAxgM4Ble4c0ZOS/Ou/Mxb11x8pkj+APn8weBMY2N</latexit>

MW



LRSM pure Dirac no-go
<latexit sha1_base64="A2pLhMooKJzf3GTHll2V/gCV6cY="></latexit>

ωN2ω ↭
√

mω

mN2

type I seesaw

<latexit sha1_base64="TWq/uLdyDJd0/UNJUBUlIEc5tHw=">AAACCXicdVDLSgNBEJz1/Tbq0ctoEDyF3bh5XISAHryoEYwKSVhmJ504OPtgplcMy549+C0evKh49Qs8+jdOYgQVLWioqepmusuPpdBo2+/W2PjE5NT0zOzc/MLi0nJuZfVMR4ni0OCRjNSFzzRIEUIDBUq4iBWwwJdw7l/tDfzza1BaROEp9mNoB6wXiq7gDI3k5TZaxwH0mJceeU5Gd+nXs4Vwg+n+YZZ5ubxdKJYqbmmHGlJxnWrVkB276JZL1CnYQ+TJCHUv99bqRDwJIEQumdZNx46xnTKFgkvI5lqJhpjxK9aDpqEhC0C30+EpGd0ySod2I2UqRDpUv0+kLNC6H/imM2B4qX97A/Evr5lgt9pORRgnCCH//KibSIoRHeRCO0IBR9k3hHElzK6UXzLFOJr0TAZfh9L/yVmx4JQL5RM3X3NHacyQdbJJtolDKqRGDkidNAgnt+SePJIn6856sJ6tl8/WMWs0s0Z+wHr9AHLrmms=</latexit>

!N1 = !DM

Type II seesaw can generate neutrino mass and allow for small mixing

<latexit sha1_base64="cLtBq0E2LBuFXsZXvKoOHWQIARo="></latexit>

MWR ↭ 10GeV√
ωN2ω

↭ PeV

suppressed 
repopulation

MN, Zhang ’24



N2

WR*

e

W

LRSM solutions: LR mixing

Gauge boson mixing
<latexit sha1_base64="lVHR8KBYDtVsqT2JmpeX21hnBgo="></latexit>

ωLR → s2ω e
iε

(
MW

MWR

)2

<latexit sha1_base64="2LCEh4aHRJ98ZHCBqF+PaVXedDA="></latexit>

!N2→ωW =
g2|ωLR|2mN2

32ε

(
mN2

MW

)2 (
1→ M2

W

m2
N2

)(
1 +

M2
W

m2
N2

→ 2M4
W

m4
N2

)
Fast 2 body channel

MN, Zhang ’24

Seesaw Type II 
dominance

BBN

LSS

careful with 
Yukawas

<latexit sha1_base64="CtDS7k8mAcrgp2rRJ3ae9alomaw=">AAACCHicdVDJSgNBFOxxjXGLevTSGARPYSZm8xbw4kWIYhZIwtDTeUkaexa634hhyNWD3+LBi4pX/8Cjf2NnEVS0oKGoqsfrV14khUbb/rAWFpeWV1ZTa+n1jc2t7czObkOHseJQ56EMVctjGqQIoI4CJbQiBcz3JDS969OJ37wBpUUYXOEogq7PBoHoC87QSG6GnrtJ070c084ATcqnjm3TDsItJrQGjTF1M1k7ly+WC8Vjaki54FQqhhzb+UKpSJ2cPUWWzFFzM++dXshjHwLkkmndduwIuwlTKLiEcboTa4gYv2YDaBsaMB90N5leMqaHRunRfqjMC5BO1e8TCfO1HvmeSfoMh/q3NxH/8tox9ivdRARRjBDw2aJ+LCmGdFIL7QkFHOXIEMaVMH+lfMgU42jKMx18HUr/J418zinlSheFbPVk3kaK7JMDckQcUiZVckZqpE44uSMP5Ik8W/fWo/Vivc6iC9Z8Zo/8gPX2CU2umRw=</latexit>

MWR ↭ 100 PeV

LSS

<latexit sha1_base64="Ep8OjduIgJkn4og4xG9xs4DOMYc=">AAACAXicdVDJSgNBFOxxjXEb9SReGkPAU5hJJsvBQ9CLxwhmkUwIPZ1O0qRnofuNGIbgwW/x4EXFq1/h0b+xswgqWtBQVL3H6yovElyBZX0YS8srq2vrqY305tb2zq65t99QYSwpq9NQhLLlEcUED1gdOAjWiiQjvidY0xudT/3mDZOKh8EVjCPW8ckg4H1OCWipax66wG4hOZOTbnKNXQhxa4JPse1mu2bGyuWLZadYwJqUHbtS0aRg5Z1SEds5a4YMWqDWNd/dXkhjnwVABVGqbVsRdBIigVPBJmk3ViwidEQGrK1pQHymOskswgRntdLD/VDqFwCeqd83EuIrNfY9PekTGKrf3lT8y2vH0K90Eh5EMbCAzg/1Y4F10mkfuMcloyDGmhAquf4rpkMiCQXdmu7gKyj+nzTyObuUK106maqzaCOFjtAxOkE2KqMqukA1VEcU3aEH9ISejXvj0XgxXuejS8Zi5wD9gPH2CVxhlmA=</latexit>

BrY→X < 1%

careful with 
X-rays



<latexit sha1_base64="ZBQm/x8LY/0ALbyRWerlmMif+yg="></latexit>

N1
<latexit sha1_base64="ZBQm/x8LY/0ALbyRWerlmMif+yg="></latexit>

N1

<latexit sha1_base64="u07TfdJEsCQVW3PDNzaz1E/0q5Y="></latexit>�

<latexit sha1_base64="u07TfdJEsCQVW3PDNzaz1E/0q5Y="></latexit>�

<latexit sha1_base64="WqQYlDY+p7er61DonxAvfnweMpg="></latexit>� <latexit sha1_base64="WqQYlDY+p7er61DonxAvfnweMpg="></latexit>�

<latexit sha1_base64="s5dcnlLKCRuVEfQ+IRPNjybSoS0="></latexit>

W

<latexit sha1_base64="s5dcnlLKCRuVEfQ+IRPNjybSoS0="></latexit>

W

<latexit sha1_base64="TU6r5Di7uBXS56jdFSHIRw6524I="></latexit>

PR
<latexit sha1_base64="TU6r5Di7uBXS56jdFSHIRw6524I="></latexit>

PR
<latexit sha1_base64="GVAW8pRVLbp85oQ2lLo68tGB3cY="></latexit>

PL
<latexit sha1_base64="GVAW8pRVLbp85oQ2lLo68tGB3cY="></latexit>

PL <latexit sha1_base64="mUH2AcWXPTgsTKm8/kf9Pd8Bf3s="></latexit>

�
<latexit sha1_base64="mUH2AcWXPTgsTKm8/kf9Pd8Bf3s="></latexit>

�

LRSM solutions: LR mixing

Gauge boson mixing
<latexit sha1_base64="lVHR8KBYDtVsqT2JmpeX21hnBgo="></latexit>

ωLR → s2ω e
iε

(
MW

MWR

)2

MN, Zhang ’24

<latexit sha1_base64="3OLEn0IcsTQgKhwzjZ5UIlKJC9I="></latexit>

!N1→ωε =
ωε2LR
8ϑ4

G2
Fm

3
N1

∑

ϑ

∣∣(V R
PMNS

)
ϑ1

∣∣2 m2
ϑ

+ contribution via Dirac mixing, here sub-dominant



LRSM solutions: LR mixing MN, Zhang ’24

Phase space 
bound
Tremaine, Gunn ’79 
+… DES ‘20

Correct relic 

BBN safe

Probed by X-rays

Planck ‘18

e.g. Boyarsky et al ‘21

e.g. Boyarsky et al ‘21

ATHENA 
Neronov ‘15

XRISM ’20 and ’25 
Dessert et al. ‘23

Future (not yet)



LRSM solutions: scalar dilutor
<latexit sha1_base64="Od1x+04iY5y4E9dCCsVxLTZolDk="></latexit>

MN =
vR→
2
Y!R

<latexit sha1_base64="CqPQS01wwroa/dRsJmYV3xefp+0="></latexit>

L̄c
Liω2!LY

M
L LL + L̄c

Riω2!RY
M
R LR

WR*

WR*

WR*

Δ

Δ Δ

Δ

N1

N1

γ

γ

W, Z, h

W, Z, h

Triplet is 
“Majorana” Higgs

Many diluting 
and some 

repopulating 
channel

MN, Zhang ’24

<latexit sha1_base64="Msd+2vUctSSaP5e8GNgvI9cQILI="></latexit>

!!→N1N1 =
GFM2

Wm2
N1

M!

4
→
2ωM2

WR

, !!→W→
RW→

R
=

5G3
FM

6
WM7

!

576
→
2ω3M6

WR

!!→ωω =
49ε2GFM2

WM3
!

128
→
2ω3M2

WR

, !!→h→ ↑ ϑ2!hGFM3
!

4
→
2ω

triplet     can mix with the SM Higgs    :<latexit sha1_base64="5VK9FSteEVxPVrPfnOG5c4zmBUI="></latexit>

!
<latexit sha1_base64="KfvyoaO9kmE8SGUebzMXa6y+gJ8="></latexit>

h
<latexit sha1_base64="DAogo2bA0LcTehb110FyO8QvKOw="></latexit>

ω!h →= 0



mN1=6.5keV, MWR /MΔ=103

mN1=6.5keV, MWR /MΔ=104

mN1=100keV, MWR /MΔ=104

mN1=100keV, MWR /MΔ=103
Overproduction

10-23 10-20 10-17
1010

1012

1014

1016

θΔh

M
Δ
(G
eV

)

no mixing with tiny mixing

e.g. Weinberg ’76large hierarchy between          and          , vacuum stability
<latexit sha1_base64="ibuAcCQUacCricXkwlSlfhGOF4g="></latexit>

MWR

<latexit sha1_base64="X+VvFOCmVwqvkGtOkkEh/+9PEKc="></latexit>

N1,!

<latexit sha1_base64="Tg4ThoKVWfTqSOfxN8sAFmV7tFc="></latexit>

mN1 → m! → MWR

<latexit sha1_base64="HnslsaBz9QOiYyt6wBiu/3Ydg7g="></latexit>

! can be dark matter Dev, Heeck 25’

<latexit sha1_base64="/xjqjjgrFYESAPIr0SjOLvL8wQY="></latexit>

!!→N1N1

!!→ωω
→ 1.2↑ 10↑7

(
mN1

M!

)2

,
!!→W→

RW→
R

!!→ωω
→ 2.3↑

(
M!

MWR

)4



Blast-frozen Dark matter

when does DM become massive?

j

VHjL

j-

V-

j+

V+

<latexit sha1_base64="NnJOmVdzcEhlUDEMjqob/APz7kw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVL0VvHisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0jCJ2Khac+vuAmideAWpQYH2qPo1HMckFVQawrHWA89NjJ9hZRjhdF4ZppommEzxhA4slVhQ7WeLW+fowipjFMbKljRoof6eyLDQeiYC2ymwifSql4v/eYPUhDd+xmSSGirJclGYcmRilD+OxkxRYvjMEkwUs7ciEmGFibHxVGwI3urL66R7Vfea9cZDo9a6LeIowxmcwyV4cA0tuIc2dIBABM/wCm+OcF6cd+dj2VpyiplT+APn8wcTwY4/</latexit>

�

<latexit sha1_base64="bldQbKpD/Cj/S1+RRkESxGd93aw=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiftwKgnisYNNCG8pmu22XbjZxd1IsIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMC2LBNTrOt1VYWV1b3yhulra2d3b3yvsHno4SRVmDRiJSrYBoJrhkDeQoWCtWjISBYM1gdDP1m2OmNI/kA05i5odkIHmfU4JG8r1u2kH2hOmtl2XdcsWpOjPYy8TNSQVy1Lvlr04voknIJFJBtG67Tox+ShRyKlhW6iSaxYSOyIC1DZUkZNpPZ0dn9olRenY/UqYk2jP190RKQq0nYWA6Q4JDvehNxf+8doL9Kz/lMk6QSTpf1E+EjZE9TcDuccUoiokhhCpubrXpkChC0eRUMiG4iy8vE++s6l5Uz+/PK7XrPI4iHMExnIILl1CDO6hDAyg8wjO8wps1tl6sd+tj3lqw8plD+APr8wc0aZJe</latexit>

VFV

<latexit sha1_base64="2PKlSMfEvYklKjWVnA8XF6Iwk+w=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9kVqR48FLx4rGA/oF1KNs22odkkJFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXqQ4M9b3v7219Y3Nre3CTnF3b//gsHR03DIy1YQ2ieRSdyJsKGeCNi2znHaUpjiJOG1H47uZ336i2jApHu1E0TDBQ8FiRrB1UrtV6akRu+iXyn7VnwOtkiAnZcjR6Je+egNJ0oQKSzg2phv4yoYZ1pYRTqfFXmqowmSMh7TrqMAJNWE2P3eKzp0yQLHUroRFc/X3RIYTYyZJ5DoTbEdm2ZuJ/3nd1MY3YcaESi0VZLEoTjmyEs1+RwOmKbF84ggmmrlbERlhjYl1CRVdCMHyy6ukdVkNatXaw1W5fpvHUYBTOIMKBHANdbiHBjSBwBie4RXePOW9eO/ex6J1zctnTuAPvM8fhaSPCQ==</latexit>

V (�)

<latexit sha1_base64="MEupQPB/eNr6+BXdeYIVYZU4BBo=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIpPnYFNy4r9AVNCJPppB06mYSZm2IJ/RM3LhRx65+482+ctllo64ELh3Pu5d57wlRwDY7zbZU2Nre2d8q7lb39g8Mj+/iko5NMUdamiUhULySaCS5ZGzgI1ksVI3EoWDcc38/97oQpzRPZgmnK/JgMJY84JWCkwLa9dMSD3AP2BHmrM5sFdtWpOQvgdeIWpIoKNAP7yxskNIuZBCqI1n3XScHPiQJOBZtVvEyzlNAxGbK+oZLETPv54vIZvjDKAEeJMiUBL9TfEzmJtZ7GoemMCYz0qjcX//P6GUS3fs5lmgGTdLkoygSGBM9jwAOuGAUxNYRQxc2tmI6IIhRMWBUTgrv68jrpXNXc61r9sV5t3BVxlNEZOkeXyEU3qIEeUBO1EUUT9Ixe0ZuVWy/Wu/WxbC1Zxcwp+gPr8wcyEpQC</latexit>

�TV

<latexit sha1_base64="ri9cQ+0OlzFXv+8H5NVrOZa4dPI=">AAAB8HicdVDLSsNAFJ34rPVVdelmsAiuQtKmD3cFNy4r2Ic0oUymk2bozCTMTIQS+hVuXCji1s9x5984fQgqeuDC4Zx7ufeeMGVUacf5sNbWNza3tgs7xd29/YPD0tFxVyWZxKSDE5bIfogUYVSQjqaakX4qCeIhI71wcjX3e/dEKpqIWz1NScDRWNCIYqSNdOfHSEM/jemwVHbsSq3h1arQkIbnNpuGVJ2KV69B13YWKIMV2sPSuz9KcMaJ0JghpQauk+ogR1JTzMis6GeKpAhP0JgMDBWIExXki4Nn8NwoIxgl0pTQcKF+n8gRV2rKQ9PJkY7Vb28u/uUNMh01g5yKNNNE4OWiKGNQJ3D+PRxRSbBmU0MQltTcCnGMJMLaZFQ0IXx9Cv8n3Yrt1u36jVduXa7iKIBTcAYugAsaoAWuQRt0AAYcPIAn8GxJ69F6sV6XrWvWauYE/ID19gnic5B4</latexit>

ω̂

<latexit sha1_base64="1amVu6V1qWAcMsjAlg56cbavWNE=">AAAB9HicdVDJSgNBEO2JW4xb1KOXxiB4GmaSyeIt4MVjhGQSSIbQ0+kkTXoWu2uCYch3ePGgiFc/xpt/Y2cRVPRBweO9Kqrq+bHgCizrw8hsbG5t72R3c3v7B4dH+eMTV0WJpKxFIxHJjk8UEzxkLeAgWCeWjAS+YG1/cr3w21MmFY/CJsxi5gVkFPIhpwS05Ln9tAfsHtKmO5/38wXLLJarTrmENak6dq2mSckqOpUytk1riQJao9HPv/cGEU0CFgIVRKmubcXgpUQCp4LNc71EsZjQCRmxrqYhCZjy0uXRc3yhlQEeRlJXCHipfp9ISaDULPB1Z0BgrH57C/Evr5vAsOalPIwTYCFdLRomAkOEFwngAZeMgphpQqjk+lZMx0QSCjqnnA7h61P8P3GLpl0xK7dOoX61jiOLztA5ukQ2qqI6ukEN1EIU3aEH9ISejanxaLwYr6vWjLGeOUU/YLx9AriEkro=</latexit>

VTV
<latexit sha1_base64="Mjj0b56/oysMFt3pfUjHj/Le24M="></latexit>

m2
X = m2

0 + ωε2

<latexit sha1_base64="oZSh9gi0ulpUVK52kdIX0G9g5OE="></latexit>

mX = m0 + yω fermions

scalars

massive DM needed by CMB and LSS

MN, Zhang ’25

First order phase transition

Bubble collisions + plasma

<latexit sha1_base64="dRtPl6cay3lUlPZSGDU5b8+9c8o="></latexit>

!GW(ω,ε, vw)

<latexit sha1_base64="T3JEfVNOs3Z4K7YgjVF2nc8adk4="></latexit>

T→
<latexit sha1_base64="iD0rv0YzQVgETbJxDNRmLZeJYhk="></latexit>

T→ : →ω↑ = 0 ↓ →ω↑ = ω0 ↔ v
<latexit sha1_base64="1a2ZOq15m+sUJX7yQoS6/MznyP4="></latexit>

w → 1

3

<latexit sha1_base64="2hiBMYo6d1/ZSugb7AqOCw2bctE="></latexit>

w → 0

early

late



BFDM equation of state

Nucleation possible below <latexit sha1_base64="qOAia+Ehlp1VqkUjBbxYIUNIEvg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqt4KXjxWbG2hDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjRx2nimGLxSJWnYBqFFxiy3AjsJMopFEgsB2Mb2d++wmV5rFsmkmCfkSHkoecUWOlh2af9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKnm8qHq1au3+slK/yeMowgmcwjl4cAV1uIMGtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w8hfY2w</latexit>

Tc

Nucleation rate
<latexit sha1_base64="ymh9XnR9vTtOm/SnA9YO7n/Cp/4=">AAACEHicbVC7TsMwFHV4lvIKMLJYVAgGqBKECgxIBQYYi0QfUhMqx3Vaq3YS2Q5SFeUTWPgVFgYQYmVk429w2gzQcqQrHZ9zr3zv8SJGpbKsb2Nmdm5+YbGwVFxeWV1bNzc2GzKMBSZ1HLJQtDwkCaMBqSuqGGlFgiDuMdL0BleZ33wgQtIwuFPDiLgc9QLqU4yUljrmntNDnCN4Dh1fIJw419kzTRqpli6gcwDJfXJ4mXbMklW2RoDTxM5JCeSodcwvpxvimJNAYYakbNtWpNwECUUxI2nRiSWJEB6gHmlrGiBOpJuMDkrhrla60A+FrkDBkfp7IkFcyiH3dCdHqi8nvUz8z2vHyj91ExpEsSIBHn/kxwyqEGbpwC4VBCs21ARhQfWuEPeRDkbpDIs6BHvy5GnSOCrblXLl9rhUPcvjKIBtsAP2gQ1OQBXcgBqoAwwewTN4BW/Gk/FivBsf49YZI5/ZAn9gfP4A76ObPA==</latexit>

ω =
!

V
= Ae→B

<latexit sha1_base64="2z0drKXgrBvGCFJonvOaDl4G31c=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5KoVN0V3bis2Bc0IUymk3bozCTOTIQSs/BX3LhQxK2/4c6/cfpYaOuBC4dz7uXee8KEUaUd59taWFxaXlktrBXXNza3tu2d3aaKU4lJA8cslu0QKcKoIA1NNSPtRBLEQ0Za4eB65LceiFQ0FnU9TIjPUU/QiGKkjRTY+1fQU5STe+hFEuHsLjjNs3oe2CWn7IwB54k7JSUwRS2wv7xujFNOhMYMKdVxnUT7GZKaYkbyopcqkiA8QD3SMVQgTpSfje/P4ZFRujCKpSmh4Vj9PZEhrtSQh6aTI91Xs95I/M/rpDq68DMqklQTgSeLopRBHcNRGLBLJcGaDQ1BWFJzK8R9ZHLQJrKiCcGdfXmeNE/KbqVcuT0rVS+ncRTAATgEx8AF56AKbkANNAAGj+AZvII368l6sd6tj0nrgjWd2QN/YH3+AFE4lac=</latexit>

B → S3

T

<latexit sha1_base64="4isl4KkG0bKSodt8kUStFVuDQl4=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVUvVW8eKxQr+wXUs2zbahSXZJskJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8y8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCopaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvp357SeqNItkw0xi6gs8lCxkBBsrPdygnmYCNR4r/WLJLbtzoFXiZaQEGer94ldvEJFEUGkIx1p3PTc2foqVYYTTaaGXaBpjMsZD2rVUYkG1n84vnqIzqwxQGClb0qC5+nsixULriQhsp8BmpJe9mfif101MeOWnTMaJoZIsFoUJRyZCs/fRgClKDJ9Ygoli9lZERlhhYmxIBRuCt/zyKmldlL1quXpfKdWuszjycAKncA4eXEIN7qAOTSAg4Rle4c3Rzovz7nwsWnNONnMMf+B8/gApso/s</latexit>

A → T 4

bounce action (FindBounce)

determinants, SM

Volume fraction expansion

<latexit sha1_base64="06tMeF9jEO+UI69yoIfPZDry9ss=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrsqVW8FLx4r2A9o15JN0zY0m8QkWyhLf4cXD4p49cd489+YtnvQ1gcDj/dmmJkXKc6M9f1vb2V1bX1jM7eV397Z3dsvHBzWjUw0oTUiudTNCBvKmaA1yyynTaUpjiNOG9Hwduo3RlQbJsWDHSsaxrgvWI8RbJ0U1lFbaamsRPjxolMo+iV/BrRMgowUIUO1U/hqdyVJYios4diYVuArG6ZYW0Y4neTbiaEKkyHu05ajAsfUhOns6Ak6dUoX9aR2JSyaqb8nUhwbM44j1xljOzCL3lT8z2sltncdpkyoxFJB5ot6CUfuyWkCqMs0JZaPHcFEM3crIgOsMbEup7wLIVh8eZnUz0tBuVS+vyxWbrI4cnAMJ3AGAVxBBe6gCjUg8ATP8Apv3sh78d69j3nripfNHMEfeJ8/5quRhg==</latexit>

V → a3

<latexit sha1_base64="v+/UBQ1yK7ICrybqaasficXXwIY=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2RqreCIB4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+0crq2vrGZmGruL2zu7dfOjhsGpVqyhpUCaXbITFMcMkallvB2olmJA4Fa4Wjm6nfemLacCUf7DhhQUwGkkecEuukZpcSgW97pbJX8WbAy8TPSRly1Hulr25f0TRm0lJBjOn4XmKDjGjLqWCTYjc1LCF0RAas46gkMTNBNrt2gk+d0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRGV0HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquhD8xZeXSfO84lcr1fuLcu06j6MAx3ACZ+DDJdTgDurQAAqP8Ayv8IYUekHv6GPeuoLymSP4A/T5A+Imjqo=</latexit>

F
<latexit sha1_base64="QOfAKReyJDnSDffSrIQmGZ7unyg=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV2RqLeAF48R8oJkCbOT2WTMPJaZWSEs+QcvHhTx6v9482+cJHvQxIKGoqqb7q4o4cxY3//21tY3Nre2CzvF3b39g8PS0XHLqFQT2iSKK92JsKGcSdq0zHLaSTTFIuK0HY3vZn77iWrDlGzYSUJDgYeSxYxg66RWj2COGv1S2a/4c6BVEuSkDDnq/dJXb6BIKqi0hGNjuoGf2DDD2jLC6bTYSw1NMBnjIe06KrGgJszm107RuVMGKFbalbRorv6eyLAwZiIi1ymwHZllbyb+53VTG9+EGZNJaqkki0VxypFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOhCCJZfXiWty0pQrVQfrsq12zyOApzCGVxAANdQg3uoQxMIPMIzvMKbp7wX7937WLSuefnMCfyB9/kD916OuA==</latexit>

T

<latexit sha1_base64="pNRao3qKYd6WEo7HCIcNq1UAiPI=">AAACE3icbZDJSgNBEIZ73I1b1KOXxiCIYJgRiXoTvXiMYBIhM4SenhrTpGexu0YMw7yDF1/FiwdFvHrx5tvYWRC3Hxo+/qqiun4/lUKjbX9YE5NT0zOzc/OlhcWl5ZXy6lpTJ5ni0OCJTNSlzzRIEUMDBUq4TBWwyJfQ8nung3rrBpQWSXyB/RS8iF3FIhScobE65R3XB2TU1SKCa7pL3VAxnrsIt5gHxUnxhVh0yhW7ag9F/4IzhgoZq94pv7tBwrMIYuSSad127BS9nCkUXEJRcjMNKeM9dgVtgzGLQHv58KaCbhknoGGizIuRDt3vEzmLtO5HvumMGHb179rA/K/WzjA89HIRpxlCzEeLwkxSTOggIBoIBRxl3wDjSpi/Ut5lJhU0MZZMCM7vk/9Cc6/q1Kq18/3K8dE4jjmyQTbJNnHIATkmZ6ROGoSTO/JAnsizdW89Wi/W66h1whrPrJMfst4+AQPvnuk=</latexit>

ω → ↑dB

dt

<latexit sha1_base64="PgIPp9gL7604L1JaA+CDQ5WyGRc=">AAAB/3icbVDLSsNAFJ3UV42vqODGzWARXJVEpOqu4MZlBfuAJoTJdNIOnZnEmYlSYhf+ihsXirj1N9z5N07bLLT1wIXDOfdy7z1RyqjSrvttlZaWV1bXyuv2xubW9o6zu9dSSSYxaeKEJbITIUUYFaSpqWakk0qCeMRIOxpeTfz2PZGKJuJWj1IScNQXNKYYaSOFzgEPO9AX5A66tu/bD9BXlEM3dCpu1Z0CLhKvIBVQoBE6X34vwRknQmOGlOp6bqqDHElNMSNj288USREeoj7pGioQJyrIp/eP4bFRejBOpCmh4VT9PZEjrtSIR6aTIz1Q895E/M/rZjq+CHIq0kwTgWeL4oxBncBJGLBHJcGajQxBWFJzK8QDJBHWJjLbhODNv7xIWqdVr1at3ZxV6pdFHGVwCI7ACfDAOaiDa9AATYDBI3gGr+DNerJerHfrY9ZasoqZffAH1ucP5omUFQ==</latexit>

mX →= 0

w ↑ 0

<latexit sha1_base64="A69b9qifzr5jJLVa6/BVW4HXy5M=">AAACAXicbZDLSsNAFIYnXmu8Rd0IbgaL4KomKlV3BTcuK9gLNCFMppN26MwkzEyUEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+KGVUadf9thYWl5ZXVktr9vrG5ta2s7PbVEkmMWnghCWyHSFFGBWkoalmpJ1KgnjESCsaXI/rrXsiFU3EnR6mJOCoJ2hMMdLGCp19HrahryiHru379sOUvZOz0Cm7FXciOA9eAWVQqB46X343wRknQmOGlOp4bqqDHElNMSMj288USREeoB7pGBSIExXkkwtG8Mg4XRgn0jyh4cT9PZEjrtSQR6aTI91Xs7Wx+V+tk+n4MsipSDNNBJ4uijMGdQLHccAulQRrNjSAsKTmrxD3kURYm9BsE4I3e/I8NE8rXrVSvT0v166KOErgAByCY+CBC1ADN6AOGgCDR/AMXsGb9WS9WO/Wx7R1wSpm9sAfWZ8/3DuUkQ==</latexit>

mX → 0

w → 1/3

<latexit sha1_base64="zIPgeo2msmzQjJrKBF11wgz7jB0=">AAAB6HicbVA9SwNBEJ3zM8avqKXNYhCswp1ItIzYWCZgPiA5wt5mLlmzt3fs7inhCNjbWChi60+y89+4+Sg08cHA470ZZuYFieDauO63s7K6tr6xmdvKb+/s7u0XDg4bOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmAyrNY3lnRgn6Ee1LHnJGjZVqj91C0S25U5Bl4s1JEeaodgtfnV7M0gilYYJq3fbcxPgZVYYzgeN8J9WYUDakfWxbKmmE2s+mh47JqVV6JIyVLWnIVP09kdFI61EU2M6ImoFe9Cbif147NeGVn3GZpAYlmy0KU0FMTCZfkx5XyIwYWUKZ4vZWwgZUUWZsNnkbgrf48jJpnJe8cqlcuyhWrp9mceTgGE7gDDy4hArcQhXqwADhGV7hzbl3Xpx352PWuuLMIzyCP3A+fwAOCY2F</latexit>w

<latexit sha1_base64="AmCMwES0iJAZ41gXJVYqE5gNTwg="></latexit>

F(t) = exp

(
→
∫ t

tc

dt1ω(t1)a(t1)
3V (t1, t)

)

<latexit sha1_base64="EZo7trUxEex/93jejZfJuZCdJW4="></latexit>

w(t) → 1

3
F(t) → 1

3
exp

[
↑eω(t→t→)!(t↑ tc)

]

Double exponential transition, correlated with GW production
<latexit sha1_base64="sxH4azh3vgcI/oP4WAsTrcKURrs="></latexit>

w(t) =

{
1
3 , t < t→ ,

0 , t > t+ ,
ẇ(t→) = ẇ(t+) = 0

<latexit sha1_base64="ryVAgwFyWUSv8/f+Vto2+JHWKL4=">AAACHXicbVDLSgMxFM3UV62vUZdugkWQInVGSnVZcNNlFfuAThkyaaYNzWSG5I5SSn/Ejb/ixoUiLtyIf2P6WGjrgcDJOfeSnBMkgmtwnG8rs7K6tr6R3cxtbe/s7tn7Bw0dp4qyOo1FrFoB0UxwyerAQbBWohiJAsGaweB64jfvmdI8lncwTFgnIj3JQ04JGMm3S17AgJxX/QL2IMYelyEMsXeGvVve6wNRKn6YXMH3omQ6An7Bt/NO0ZkCLxN3TvJojppvf3rdmKYRk0AF0brtOgl0RkQBp4KNc16qWULogPRY21BJIqY7o2m6MT4xSheHsTJHAp6qvzdGJNJ6GAVmMiLQ14veRPzPa6cQXnVGXCYpMElnD4WpwJOQpirc5YpREENDCFXc/BXTPlGEgik0Z0pwFyMvk8ZF0S0XyzelfKU0ryOLjtAxOkUuukQVVEU1VEcUPaJn9IrerCfrxXq3PmajGWu+c4j+wPr6AYAcoEo=</latexit>

ω/H→ → ↑ ↓ t↑ → t→
<latexit sha1_base64="D6k33SkDEWqJFdOQqSGJUTV66zI=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQEpCwKyF6DHjxGME8ILuE2UlvMmT2wcxsNCwBf8WLB0W8+h3e/BsnyR40saChqOqmu8uLOZPKsr6N3Nr6xuZWfruws7u3f2AeHrVklAgKTRrxSHQ8IoGzEJqKKQ6dWAAJPA5tb3Qz89tjEJJF4b2axOAGZBAyn1GitNQzTx5K6gI7Y6D4sYwdFWEtlHtm0apYc+BVYmekiDI0euaX049oEkCoKCdSdm0rVm5KhGKUw7TgJBJiQkdkAF1NQxKAdNP5+VN8rpU+9iOhK1R4rv6eSEkg5STwdGdA1FAuezPxP6+bKP/aTVkYJwpCuljkJxzrL2dZ4D4TQBWfaEKoYPpWTIdEEKp0YgUdgr388ippXVbsWqV2Vy3Wq1kceXSKzlAJ2egK1dEtaqAmoihFz+gVvRlPxovxbnwsWnNGNnOM/sD4/AGXDZPv</latexit>

w(t, ωx) → w(t)blast-frozen homogeneous

MN, Zhang ’25

<latexit sha1_base64="n2yW+DwDqn5VtbPGq0DJTVSOhHs=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSxKdRGTUtpuhIIgLivYB7QhTKaTduhkEmYmQg3FX3HjQhG3/oc7/8bpQ9CiBy4czrmXe+/xY0alsu1PI7O0vLK6ll3PbWxube+Yu3tNGSUCkwaOWCTaPpKEUU4aiipG2rEgKPQZafnDy4nfuiNC0ojfqlFM3BD1OQ0oRkpLnnmQdjFi8GpcUN7ZKTy5gM458cy8bZXsYtWuwkVSgY5lT5EHc9Q986Pbi3ASEq4wQ1J2HDtWboqEopiRca6bSBIjPER90tGUo5BIN51eP4bHWunBIBK6uIJT9edEikIpR6GvO0OkBnLRm4h/eZ1EBVU3pTxOFOF4tihIGFQRnEQBe1QQrNhIE4QF1bdCPEACYaUDy+kQvj+F/5Nm0XLKVvmmlK+V5nFkwSE4AgXggAqogWtQBw2AwT14BM/gxXgwnoxX423WmjHmM/vgF4z3L4iVk1E=</latexit>

F(t→) = 1/e

Guth, Weinberg ’83

Enqvist et al. ’92, Caprini et al. ‘19

e.g. PT2GWFinder

https://inspirehep.net/literature/1778366
https://inspirehep.net/literature/2893813
https://inspirehep.net/literature/2796572
https://inspirehep.net/literature/3131303


BFDM perturbations MN, Zhang ’25
<latexit sha1_base64="WGuWivPE4l3WhiFG0gDVYPmbRP0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYhA8hV2R6DHixWME84BkCbOzvcmY2ZllZlYIS8BP8OJBEa/+jzf/xsnjoIkFDUVVN91dYcqZNp737aysrq1vbBa2its7u3v7pYPDppaZotigkkvVDolGzgQ2DDMc26lCkoQcW+HwZuK3HlFpJsW9GaUYJKQvWMwoMVZqdiPkhvRKZa/iTeEuE39OyjBHvVf66kaSZgkKQznRuuN7qQlyogyjHMfFbqYxJXRI+tixVJAEdZBPrx27p1aJ3FgqW8K4U/X3RE4SrUdJaDsTYgZ60ZuI/3mdzMRXQc5EmhkUdLYozrhrpDt53Y2YQmr4yBJCFbO3unRAFKHGBlS0IfiLLy+T5nnFr1aqdxfl2vXTLI4CHMMJnIEPl1CDW6hDAyg8wDO8wpsjnRfn3fmYta448wiP4A+czx+60Y+m</latexit>

ω

Ma, Bertschinger ’95

<latexit sha1_base64="pxM4J+qkFnVOSspLEFlGCStcdhw="></latexit>

ω→ = → (1 + w) (ε → 3ϑ→)→ 3a→

a

(
ωp

ωϖ
→ w

)
ω

ε→ = →a→

a
(1→ 3w)ε → w→

1 + w
ε +

ωp/ωϖ

1 + w
k2ω + k2ϱ

Keep the general w (numerics)

<latexit sha1_base64="Tk669cfcF/KWUEBaL5QAQo429AQ="></latexit>

ω (k, ε) = 2R(k)
sinx→ x cosx

x3

<latexit sha1_base64="3FgcHWYXXK5qVL9SUKhSZ/cNB20=">AAACA3icdVDJSgNBEO1xjXEb9aaXxiB4GiYxJLkIAS8eI5gFMkPo6fQkTXoWu2vEMAx48Ve8eFDEqz/hzb+xswga9EHB470qqup5seAKbPvTWFpeWV1bz23kN7e2d3bNvf2WihJJWZNGIpIdjygmeMiawEGwTiwZCTzB2t7oYuK3b5lUPAqvYRwzNyCDkPucEtBSzzy8w+fY8SWh6Qg7QJIsddSNBHyW9cyCbZXtUs2u4UVSxUXLnqKA5mj0zA+nH9EkYCFQQZTqFu0Y3JRI4FSwLO8kisWEjsiAdTUNScCUm05/yPCJVvrYj6SuEPBU/TmRkkCpceDpzoDAUC16E/Evr5uAX3NTHsYJsJDOFvmJwBDhSSC4zyWjIMaaECq5vhXTIdGBgI4tr0P4/hT/T1olq1ixKlflQr08jyOHjtAxOkVFVEV1dIkaqIkoukeP6Bm9GA/Gk/FqvM1al4z5zAH6BeP9C4cql3Q=</latexit>

x =
kω→
3

Radiation
<latexit sha1_base64="a7lW72W2txIK3OHXoxkk0ZkmiuY=">AAAB8nicdVBNSwMxEJ2tX7V+VT16CRbB07JbStuLUPDisYJthe5Ssmm2Dc0mS5IVytKf4cWDIl79Nd78N6YfghZ9MPB4b4aZeVHKmTae9+kUNja3tneKu6W9/YPDo/LxSVfLTBHaIZJLdR9hTTkTtGOY4fQ+VRQnEae9aHI993sPVGkmxZ2ZpjRM8EiwmBFsrNQP0jFDVyhINRuUK55b86pNr4nWSQP5rrdABVZoD8ofwVCSLKHCEI617vteasIcK8MIp7NSkGmaYjLBI9q3VOCE6jBfnDxDF1YZolgqW8KghfpzIseJ1tMksp0JNmO97s3Fv7x+ZuJmmDORZoYKslwUZxwZieb/oyFTlBg+tQQTxeytiIyxwsTYlEo2hO9P0f+kW3X9ulu/rVVatVUcRTiDc7gEHxrQghtoQwcISHiEZ3hxjPPkvDpvy9aCs5o5hV9w3r8Aw96Q6A==</latexit>

ω = ε

<latexit sha1_base64="73YODINR+nOfb85pEb0IyQDTOxQ=">AAACHHicbVDLSgNBEJyN7/iKevQyGJQNSNjVEL0Iggc9qhgVsiH0zk7MkNkHM71iWPIhXvwVLx4U8eJB8G+cxCCaWDBQU9VNd5efSKHRcT6t3MTk1PTM7Fx+fmFxabmwsnqp41QxXmOxjNW1D5pLEfEaCpT8OlEcQl/yK79z1PevbrnSIo4usJvwRgg3kWgJBmikZmHXC7hEsDvb1ENIS3TrgHohYJuBzM57dqf086XHTS9M7LtSs1B0ys4AdJy4Q1IkQ5w2C+9eELM05BEyCVrXXSfBRgYKBZO8l/dSzRNgHbjhdUMjCLluZIPjenTTKAFtxcq8COlA/d2RQah1N/RNZX9RPer1xf+8eoqt/UYmoiRFHrHvQa1UUoxpPykaCMUZyq4hwJQwu1LWBgUMTZ55E4I7evI4udwpu9Vy9axSPKwM45gl62SD2MQle+SQnJBTUiOM3JNH8kxerAfryXq13r5Lc9awZ438gfXxBXKBn7c=</latexit>

ω(k, ε) = R(k)G→(x)Set the asymptotic w (analytics)

<latexit sha1_base64="nKLDmXcnG1kqHP1it1CYKXlqDd4="></latexit>

G→(x) = 4 cosx+ 8
(1→ x2) sinx→ x cosx

x3

G+(x) = c1 + c2 lnx+ 6Ci (x) + 6
(1→ x2) sinx→ x cosx

x3

<latexit sha1_base64="AWAYy61XTtG79dexbY8jQ53ZM6w=">AAAB9HicdVDLSsNAFL3xWeur6tLNYBFchaSWthuh4MZlBfuANpTJdNIOnUzizKRSQr7DjQtF3Pox7vwbpw9Bix64cDjnXu69x485U9pxPq219Y3Nre3cTn53b//gsHB03FJRIgltkohHsuNjRTkTtKmZ5rQTS4pDn9O2P76e+e0JlYpF4k5PY+qFeChYwAjWRvIernqBxCR1s/Qy6xeKjl12SjWnhlZJFbm2M0cRlmj0Cx+9QUSSkApNOFaq6zqx9lIsNSOcZvleomiMyRgPaddQgUOqvHR+dIbOjTJAQSRNCY3m6s+JFIdKTUPfdIZYj9SqNxP/8rqJDmpeykScaCrIYlGQcKQjNEsADZikRPOpIZhIZm5FZIRNCtrklDchfH+K/ietku1W7MptuVgvL+PIwSmcwQW4UIU63EADmkDgHh7hGV6sifVkvVpvi9Y1azlzAr9gvX8B+xySOg==</latexit>

w =
1

3
<latexit sha1_base64="B+g/EwtaMRJC417qzNkVwWBBIKA=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbB05Itpe1FKHjxWNG2QruUbJptQ7PZJckqZelP8OJBEa/+Im/+G9MPQYs+GHi8N8PMvCARXBuMP53c2vrG5lZ+u7Czu7d/UDw8aus4VZS1aCxidRcQzQSXrGW4EewuUYxEgWCdYHw58zv3TGkey1szSZgfkaHkIafEWOnm4QL3iyXsVnC5jutoldSQ5+I5SrBEs1/86A1imkZMGiqI1l0PJ8bPiDKcCjYt9FLNEkLHZMi6lkoSMe1n81On6MwqAxTGypY0aK7+nMhIpPUkCmxnRMxIr3oz8S+vm5qw7mdcJqlhki4WhalAJkazv9GAK0aNmFhCqOL2VkRHRBFqbDoFG8L3p+h/0i67XtWtXldKjcoyjjycwCmcgwc1aMAVNKEFFIbwCM/w4gjnyXl13hatOWc5cwy/4Lx/ATJPjbo=</latexit>

w = 0

oscillations + damping

log growth + damped osc.

fix by matching

<latexit sha1_base64="njXGH7YjDqHnuXXqcg4cG94iMjk="></latexit>

ωp

ωε
= w → w→

3(1 + w)a→/a

<latexit sha1_base64="pvSD2UaiowH6jihObEDgixF8XpQ=">AAACGXicdVDLSgMxFM3UV62vUZdugkWsUEumlLYboeDGZQX7gM5QMplMG5p5kGSEMvQ33Pgrblwo4lJX/o3pC7TogcC559zLzT1uzJlUCH0ZmbX1jc2t7HZuZ3dv/8A8PGrLKBGEtkjEI9F1saSchbSlmOK0GwuKA5fTjju6nvqdeyoki8I7NY6pE+BByHxGsNJS30S2R7nChVERXcAreFm24yHTFdSlXYRFOPfPlw2ob+ZRqYLKdVSHq6QGrRKaIQ8WaPbND9uLSBLQUBGOpexZKFZOioVihNNJzk4kjTEZ4QHtaRrigEonnV02gWda8aAfCf1CBWfqz4kUB1KOA1d3BlgN5ao3Ff/yeony607KwjhRNCTzRX7CoYrgNCboMUGJ4mNNMBFM/xWSIRaYKB1mToewvBT+T9rlklUtVW8r+UZlEUcWnIBTUAAWqIEGuAFN0AIEPIAn8AJejUfj2Xgz3uetGWMxcwx+wfj8Biazm14=</latexit>

ω(k, 0) = →2ε(k, 0) , ω→(k, 0) = 0

adiabatic

Das, Dasgupta, Khatri ’18Ballistic DM



<latexit sha1_base64="u8r00zbI8BeIS4auLOL0oYFxtGQ="></latexit>

ω(ε) =
3

4
(1 + w(ε)) ω(ε→)

Perturbations MN, Zhang ’25
<latexit sha1_base64="yfURH6OevfxqLcyyx8NauoxPC9w=">AAAB/XicbZBLSwMxFIUz9VXra3zs3AwWwVWZEaku6wNxI1SwD+iUkklv29DMg+SOWIdBf4obF4q49X+489+YPhbaeiDwcc4NuTleJLhC2/42MnPzC4tL2eXcyura+oa5uVVVYSwZVFgoQln3qALBA6ggRwH1SAL1PQE1r38+zGt3IBUPg1scRND0aTfgHc4oaqtl7rhtEEhbiYtwj8nZ5cV1mrbMvF2wR7JmwZlAnkxUbplfbjtksQ8BMkGVajh2hM2ESuRMQJpzYwURZX3ahYbGgPqgmslo+9Ta107b6oRSnwCtkfv7RkJ9pQa+pyd9ij01nQ3N/7JGjJ2TZsKDKEYI2PihTiwsDK1hFVabS2AoBhook1zvarEelZShLiynS3CmvzwL1cOCUywUb47ypdOncR1Zskv2yAFxyDEpkStSJhXCyAN5Jq/kzXg0Xox342M8mjEmFW6TPzI+fwDja5Xs</latexit>

ωBFDM

ΛCDM

β/H*=10, τ*=0.1τeq

β/H*=100, τ*=0.1τeq

β/H*→∞ (analytic)
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instantaneous matching
<latexit sha1_base64="RF4zDFmKAyobPPU2insWB3GL9bI="></latexit>

ω(x) → ↑x2
→ cosx→ log

(
x

x→

)
R(k) , x > x→ ↓ 1sub-horizon

Oscillates 
above LCDM

Specific small 
scale features

DM structure 
formation 
measures 

FOPT duration
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Fractional BFDM MN, Zhang ’25

Totality of BFDM possible if early enough:
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ω→ ↭ ωeq/100
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fBF = 1
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Nucleation MN, Zhang ’25
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Summary
1 Dark Matter can be diluted Majorana neutrino

The price: high scale of LR breaking

Observables cosmological, LSS imprints, X-rays

2 Dark Matter can be tied to a dark sector FOPT

Brings together GW creation and DM mass origin

Oscillating imprints growing at small scales



Thank you!


