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Introduction

•  Old & compelling idea: the Dark Matter is a weakly interacting massive particle 

 The “WIMP paradigm,” also strong ties to hierarchy problem
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annihilation
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Thermal freeze-out:
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Ennio Salvioni 1



Introduction

•  Old & compelling idea: the Dark Matter is a weakly interacting massive particle 

 The “WIMP paradigm,” also strong ties to hierarchy problem

Thermal freeze-out:
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<latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit><latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit><latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit><latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit>
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<latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit><latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit><latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit><latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit>
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<latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit><latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit><latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit><latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit>
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<latexit sha1_base64="sgdo6Sw+cTsF7mMka3WDSvzoKkA=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBFvBVZnpRldScOOygn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32yltbG5t75R3K3v7B4dH1eOTro5TRWiHxDxW/QBrypmkHcMMp/1EUSwCTnvB9Hbh956o0iyWD2aWUF/gsWQRI9hY6bE+5DYb4vqoWnMbbg60TryC1KBAe1T9GoYxSQWVhnCs9cBzE+NnWBlGOJ1XhqmmCSZTPKYDSyUWVPtZvvAcXVglRFGs7JMG5erviQwLrWcisEmBzUSvegvxP2+Qmujaz5hMUkMlWX4UpRyZGC2uRyFTlBg+swQTxeyuiEywwsTYjiq2BG/15HXSbTY8y++btdZNUUcZzuAcLsGDK2jBHbShAwQEPMMrvDnKeXHenY9ltOQUM6fwB87nD/XSj9M=</latexit><latexit sha1_base64="sgdo6Sw+cTsF7mMka3WDSvzoKkA=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBFvBVZnpRldScOOygn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32yltbG5t75R3K3v7B4dH1eOTro5TRWiHxDxW/QBrypmkHcMMp/1EUSwCTnvB9Hbh956o0iyWD2aWUF/gsWQRI9hY6bE+5DYb4vqoWnMbbg60TryC1KBAe1T9GoYxSQWVhnCs9cBzE+NnWBlGOJ1XhqmmCSZTPKYDSyUWVPtZvvAcXVglRFGs7JMG5erviQwLrWcisEmBzUSvegvxP2+Qmujaz5hMUkMlWX4UpRyZGC2uRyFTlBg+swQTxeyuiEywwsTYjiq2BG/15HXSbTY8y++btdZNUUcZzuAcLsGDK2jBHbShAwQEPMMrvDnKeXHenY9ltOQUM6fwB87nD/XSj9M=</latexit><latexit sha1_base64="sgdo6Sw+cTsF7mMka3WDSvzoKkA=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBFvBVZnpRldScOOygn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32yltbG5t75R3K3v7B4dH1eOTro5TRWiHxDxW/QBrypmkHcMMp/1EUSwCTnvB9Hbh956o0iyWD2aWUF/gsWQRI9hY6bE+5DYb4vqoWnMbbg60TryC1KBAe1T9GoYxSQWVhnCs9cBzE+NnWBlGOJ1XhqmmCSZTPKYDSyUWVPtZvvAcXVglRFGs7JMG5erviQwLrWcisEmBzUSvegvxP2+Qmujaz5hMUkMlWX4UpRyZGC2uRyFTlBg+swQTxeyuiEywwsTYjiq2BG/15HXSbTY8y++btdZNUUcZzuAcLsGDK2jBHbShAwQEPMMrvDnKeXHenY9ltOQUM6fwB87nD/XSj9M=</latexit><latexit sha1_base64="sgdo6Sw+cTsF7mMka3WDSvzoKkA=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBFvBVZnpRldScOOygn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32yltbG5t75R3K3v7B4dH1eOTro5TRWiHxDxW/QBrypmkHcMMp/1EUSwCTnvB9Hbh956o0iyWD2aWUF/gsWQRI9hY6bE+5DYb4vqoWnMbbg60TryC1KBAe1T9GoYxSQWVhnCs9cBzE+NnWBlGOJ1XhqmmCSZTPKYDSyUWVPtZvvAcXVglRFGs7JMG5erviQwLrWcisEmBzUSvegvxP2+Qmujaz5hMUkMlWX4UpRyZGC2uRyFTlBg+swQTxeyuiEywwsTYjiq2BG/15HXSbTY8y++btdZNUUcZzuAcLsGDK2jBHbShAwQEPMMrvDnKeXHenY9ltOQUM6fwB87nD/XSj9M=</latexit>
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<latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit><latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit><latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit><latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit>

Ennio Salvioni 2



Introduction

•  Old & compelling idea: the Dark Matter is a weakly interacting massive particle 

 The “WIMP paradigm,” also strong ties to hierarchy problem

Thermal freeze-out:
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The “neutrino floor” is not so remote anymore

Where have all the WIMPs gone?

Ennio Salvioni 4
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Where have all the WIMPs gone?

No new physics at the LHC yet,  
despite impressive exploration

Ennio Salvioni 5

[1712.02345]

ZV

<latexit sha1_base64="ZyjyhhN671kAByHxUfRxacOB7iw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvHisaFuxDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrh4BqFFxiy3Aj8CFRSKNAYCcYX8/8zhMqzWN5byYJ+hEdSh5yRo2V7h777X654lbdOcgq8XJSgRzNfvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrz0My6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZfXiXtWtWrV69u65VGLY+jCCdwCufgwQU04Aaa0AIGQ3iGV3hzhPPivDsfi9aCk88cwx84nz8VII2j</latexit>

BR(Higgs ! invisible) < 13% (95% CL)

<latexit sha1_base64="Af+hpD+M9m27ka5Jpsr7oWNsOLY="></latexit>

[ATLAS-CONF-2020-008]

“mono-jet’’



Ways forward

• Vanilla WIMPs may be in trouble, but thermal freeze-out remains 

 powerful guiding principle. Insensitive to initial conditions. 

  

• Within standard cosmology, several possibilities to reconcile  

thermal DM with experimental constraints: 

✓   DM lighter than a few GeV 

✓   Structural suppression of elastic scattering on nuclei 

✓   DM annihilating to a hidden sector 

✓   …

Ennio Salvioni 6



The role of Higgs naturalness

Ennio Salvioni 7



The role of Higgs naturalness

•  Still a useful motivation. But rather than razor-sharp predictions,  

 helps to identify broad scenarios, and scales of special interest 

•  Prominent case are strongly-interacting hidden sectors 

•  At ~ GeV: neutral naturalness models (for example, Twin Higgs) 

•  At ~ TeV:  Higgs as a pseudo Nambu-Goldstone boson 

•  Dark mesons as DM 

 Broadly inspired by naturalness, but focus on DM problem (and phenomenology)

[Katz, Salvioni, Shakya 2006.xxxxx] 

[Balkin, Ruhdorfer, Salvioni, Weiler 2017, 2018] 
[Ruhdorfer, Salvioni, Weiler 2019] 

[Haisch, Ruhdorfer, Salvioni, Venturini, Weiler, in progress] 

[Cheng, Li, Salvioni, Verhaaren 2019 + in progress]
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This talk 

•  Introduction 

•  Dark mesons at the strong scale 
‣  Mini-review of SIMP dark matter 

‣  Our setup and cosmology 

‣  Constraints and signatures 

•  Dark mesons at the weak scale



Dark mesons at the strong scale

•  SIMPs (strongly interacting massive particles) as dark matter 

 Dark mesons at ~ 100 MeV scale,  annihilations set relic density 

  

•  Minimal setup: hidden copy of QCD with  

 New questions: 

‣  Some mesons are unstable. Are their decays cosmologically viable? 

‣  If meson mass splittings are sizeable, is SIMP mechanism still effective? 

‣  Requirements for DM stability? Lessons for phenomenology (DM decays)   

 and model building

3 → 2

Nf = Nc = 3
[Katz, Salvioni, Shakya, to appear]

Ennio Salvioni 8

[Hochberg, Kuflik, Volansky, Wacker 2014] 
[Hochberg, Kuflik, Murayama, Volansky, Wacker 2014]

also: [Berlin, Blinov, Gori, Schuster, Toro 2018]
[Hochberg, Kuflik, Murayama 2018]



This talk 

•  Introduction 

•  Dark mesons at the strong scale 
‣  Mini-review of SIMP dark matter 

‣  Our setup and cosmology 

‣  Constraints and signatures 

•  Dark mesons at the weak scale



A dark copy of QCD

•   gauge theory 

•    light quark flavors  (pseudo-) Goldstone bosons 

•  Can these light mesons be thermal DM?  

 Need a number-changing interaction to freeze out. 

For , Wess-Zumino-Witten action contains  

just that:

SU(Nc)

Nf → N2
f − 1

Nf ≥ 3

U = ei⇧/f⇡ , ⇧ = ⇡a�a

<latexit sha1_base64="lXskR1+UqxNrn6mEtW/Z30v8msg=">AAACLXicbVDLSgMxFM34rPVVdekmWAQXUmek+FgUCm5cVnDaQqctdzKZNjTzMMkIZeh3+Bl+gVv9AheCuBN/w7SdhW09EDicc185bsyZVKb5YSwtr6yurec28ptb2zu7hb39uowSQahNIh6JpguSchZSWzHFaTMWFAKX04Y7uBn7jUcqJIvCezWMaTuAXsh8RkBpqVuwbFzBtJMy7NQYPvO7TsxGp9h5SMCbSBWslQ5gh+uhHnSgWyiaJXMCvEisjBRRhlq38O14EUkCGirCQcqWZcaqnYJQjHA6yjuJpDGQAfRoS9MQAirb6eRrI3ysFQ/7kdAvVHii/u1IIZByGLi6MgDVl/PeWPzXm86fXa78q3bKwjhRNCTT3X7CsYrwODrsMUGJ4kNNgAimz8ekDwKI0gHndS7WfAqLpH5essql67tysXqRJZRDh+gInSALXaIqukU1ZCOCntALekVvxrPxbnwaX9PSJSPrOUAzMH5+AQjZpqY=</latexit>

Nc

240⇡2f5
⇡

✏µ⌫⇢� Tr
�
⇧@µ⇧@⌫⇧@⇢⇧@�⇧

�
⇢ LWZW

<latexit sha1_base64="2XN7hMrcmAWWxMGeV/xSNpBGeT0="></latexit>

SM: e.g. K+K� ! ⇡+⇡�⇡0

<latexit sha1_base64="MrCrb51FjyCm0bDvaNcNB5NsvnE=">AAACJHicbVDLSgMxFM3UV62vUZdugq1QkA4zRfCxKrgRilDRPqDTlkyatqGZzJBkhFL6C36GX+BWv8CduHDjzv8wM+3Cth7I5eTcV3K8kFGpbPvLSK2srq1vpDczW9s7u3vm/kFNBpHApIoDFoiGhyRhlJOqooqRRigI8j1G6t7wOs7XH4mQNOAPahSSlo/6nPYoRkpLHTN/f3sFidW3YK7cPoXldgG6KoBuSPUtjoUk2rmOmbUtOwFcJs6MZMEMlY7543YDHPmEK8yQlE3HDlVrjISimJFJxo0kCREeoj5pasqRT2RrnPxoAk+00oW9QOjDFUzUvx1j5Es58j1d6SM1kIu5WPw3N50/v1z1LlpjysNIEY6nu3sRg9qG2DHYpYJgxUaaICyofj7EAyQQVtrXjPbFWXRhmdSKlnNmXd4Vs6XizKE0OALHIA8ccA5K4AZUQBVg8ARewCt4M56Nd+PD+JyWpoxZzyGYg/H9C5vjoZE=</latexit>

[Wess, Zumino 1971] 
[Witten 1983] 

Ennio Salvioni 9



WIMP parametrics
 Freeze-out happens when:

nDMh�vi2!2

<latexit sha1_base64="dYIob3aUnaD+N9w5BHmSdWEr7R0=">AAACFXicbVDLSgMxFM3UV62vUZdugkVwIWWmFKy7gi7cCBXsAzrDkEnTNjTJDEmmUIb+hBt/xY0LRdwK7vwb0+kstPVA4HDOvdycE8aMKu0431ZhbX1jc6u4XdrZ3ds/sA+P2ipKJCYtHLFIdkOkCKOCtDTVjHRjSRAPGemE4+u535kQqWgkHvQ0Jj5HQ0EHFCNtpMC+EEHqSQ5v7mbQY0gMGYGeokOO4AR6MhOCtOrpCFZngV12Kk4GuErcnJRBjmZgf3n9CCecCI0ZUqrnOrH2UyQ1xYzMSl6iSIzwGA1Jz1CBOFF+mqWawTOj9OEgkuYJDTP190aKuFJTHppJjvRILXtz8T+vl+hB3U+piBNNBF4cGiQMmozzimCfSoI1mxqCsKTmrxCPkERYmyJLpgR3OfIqaVcrbq1ydV8rN+p5HUVwAk7BOXDBJWiAW9AELYDBI3gGr+DNerJerHfrYzFasPKdY/AH1ucPOIGeNw==</latexit>

h�vi2!2 ⇠ ↵2

m2
DM

<latexit sha1_base64="iWa2m4K3GvG7I+lUoNlCnvsEAGA="></latexit>

mDMnDM ⇠ mpnb

<latexit sha1_base64="NjIeyXqOse7gklnJUZMWj0Tpt68=">AAACC3icbZDLSgMxFIbP1Futt6pLN6FFcFVmpKDuCrpwI1SwF2iHIZNm2tAkMyQZoQzdu/FV3LhQxK0v4M63Mb2A2vpD4OM/53By/jDhTBvX/XJyK6tr6xv5zcLW9s7uXnH/oKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLyc1Fv3VGkWyzszSqgvcF+yiBFsrBUUSyLIukqgq5sxkj/Y1UwgESTWC4Ni2a24U6Fl8OZQhr nqQfGz24tJKqg0hGOtO56bGD/DyjDC6bjQTTVNMBniPu1YlFhQ7WfTW8bo2Do9FMXKPmnQ1P09kWGh9UiEtlNgM9CLtYn5X62Tmujcz5hMUkMlmS2KUo5MjCbBoB5TlBg+soCJYvaviAywwsTY+Ao2BG/x5GVonla8auXitlquVedx5OEISnACHpxBDa6hDg0g8ABP8AKvzqPz7Lw577PWnDOfOYQ/cj6+AVI0me4=</latexit>

nb ⇠ s ⌘b ⇠ s
Teq

mp

<latexit sha1_base64="wSY1yhMNwgj5SWYwTkrg450PGh8=">AAACHHicbVBNS8NAEN34WetX1KOXxSJ4kJJoQb0VvHhUsFpoQthsJ3VxdxN3N0IJ+SFe/CtePCjixYPgv3Fbc9DWBwNv35thZ16ccaaN5305M7Nz8wuLtaX68srq2rq7sXml01xR6NCUp6obEw2cSegYZjh0MwVExByu49vTkX99D0qzVF6aYQahIAPJEkaJsVLkHsooxoFmAutgHwdgyJ93oggtLqMiUALDXVkWIsrKyG14TW 8MPE38ijRQhfPI/Qj6Kc0FSEM50brne5kJC6IMoxzKepBryAi9JQPoWSqJAB0W4+NKvGuVPk5SZUsaPFZ/TxREaD0Use0UxNzoSW8k/uf1cpMchwWTWW5A0p+Pkpxjk+JRUrjPFFDDh5YQqpjdFdMbYgMxNs+6DcGfPHmaXB00/Vbz5KLVaLeqOGpoG+2gPeSjI9RGZ+gcdRBFD+gJvaBX59F5dt6c95/WGaea2UJ/4Hx+A7cuoS0=</latexit>

�annihilation ⇠ H

<latexit sha1_base64="43puS/CVdFWzXnPQZEtJpqUWEbU=">AAACCXicbVA9SwNBEN2LXzF+nVraLAbBKtyJoIJFwMKUEcwH5EKY22ySJbt7x+6eEI60Nv4VGwtFbP0Hdv4bN5crNPHBwOO9GWbmhTFn2njet1NYWV1b3yhulra2d3b33P2Dpo4SRWiDRDxS7RA05UzShmGG03asKIiQ01Y4vpn5rQeqNIvkvZnEtCtgKNmAETBW6rk4uAUhoJcGSmCQko0Yz6wpDjQTuNZzy17Fy4CXiZ+TMspR77lfQT8iiaDSEA5ad3wvNt0UlGGE02kpSDSNgYxhSDuWShBUd9Pskyk+sUofDyJlSxqcqb8nUhBaT0RoOwWYkV70ZuJ/Xicxg8tuymScGCrJfNEg4dhEeBYL7jNFieETS4AoZm/FZAQKiLHhlWwI/uLLy6R5VvHPK1d35+XqdR5HER2hY3SKfHSBqqiG6qiBCHpEz+gVvTlPzovz7nzMWwtOPnOI/sD5/AFCXZoN</latexit>

H ⇠ T
2

MPl

<latexit sha1_base64="bK6LbZ7jtAhqCPsQxyCSFHrQhRo=">AAACJ3icbVDLSgMxFM3UV62vqks3wSIIQpkpxceu4KYboUJf0BlLJs20ocnMkGSEEuYj/Ay/wK1+gTvRpQv/w7SdhW09cOFwzn1x/JhRqWz7y8qtrW9sbuW3Czu7e/sHxcOjtowSgUkLRywSXR9JwmhIWooqRrqxIIj7jHT88e3U7zwSIWkUNtUkJh5Hw5AGFCNlpH7xog5dSTnU7myX9llCUjcQCOvmQyXVd33tCg4bLE3TfrFkl+0Z4CpxMlICGRr94o87iHDCSagwQ1L2HDtWnkZCUcxIWnATSWKEx2hIeoaGiBPp6dkjKTwzygAGkTAVKjhT/05oxKWccN90cqRGctmbiv968/2Lx1Vw7WkaxokiIZ7fDhIGVQSnocEBFQQrNjEEYUHN+xCPkAlJmWgLJhdnOYVV0q6UnWr55r5aql1mCeXBCTgF58ABV6AG6qABWgCDJ/ACXsGb9Wy9Wx/W57w1Z2Uzx2AB1vcvPNunKA==</latexit>

�annihilation ⇠ ↵2T 3Teq

m3
DM

<latexit sha1_base64="k5E8xgjlfEOCEWtHS0qixZq4Ne8="></latexit>

mDM ⇠ ↵

✓
TeqMPl

xfo

◆1/2

⇠ ↵⇥ 10 TeV

<latexit sha1_base64="GTeyGU45+DQ/I0NXxTLszQcFGaY="></latexit>

weak coupling  weak scale→

=

credit: Eric Kuflik
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⇣
xfo =

mDM

Tfo
⇡ 20

⌘

<latexit sha1_base64="qd4OI31hZ7+X6AL219DhX0q1Qs4="></latexit>



SIMP parametrics

mDMnDM ⇠ mpnb

<latexit sha1_base64="NjIeyXqOse7gklnJUZMWj0Tpt68=">AAACC3icbZDLSgMxFIbP1Futt6pLN6FFcFVmpKDuCrpwI1SwF2iHIZNm2tAkMyQZoQzdu/FV3LhQxK0v4M63Mb2A2vpD4OM/53By/jDhTBvX/XJyK6tr6xv5zcLW9s7uXnH/oKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLyc1Fv3VGkWyzszSqgvcF+yiBFsrBUUSyLIukqgq5sxkj/Y1UwgESTWC4Ni2a24U6Fl8OZQhr nqQfGz24tJKqg0hGOtO56bGD/DyjDC6bjQTTVNMBniPu1YlFhQ7WfTW8bo2Do9FMXKPmnQ1P09kWGh9UiEtlNgM9CLtYn5X62Tmujcz5hMUkMlmS2KUo5MjCbBoB5TlBg+soCJYvaviAywwsTY+Ao2BG/x5GVonla8auXitlquVedx5OEISnACHpxBDa6hDg0g8ABP8AKvzqPz7Lw577PWnDOfOYQ/cj6+AVI0me4=</latexit>

nb ⇠ s ⌘b ⇠ s
Teq

mp

<latexit sha1_base64="wSY1yhMNwgj5SWYwTkrg450PGh8=">AAACHHicbVBNS8NAEN34WetX1KOXxSJ4kJJoQb0VvHhUsFpoQthsJ3VxdxN3N0IJ+SFe/CtePCjixYPgv3Fbc9DWBwNv35thZ16ccaaN5305M7Nz8wuLtaX68srq2rq7sXml01xR6NCUp6obEw2cSegYZjh0MwVExByu49vTkX99D0qzVF6aYQahIAPJEkaJsVLkHsooxoFmAutgHwdgyJ93oggtLqMiUALDXVkWIsrKyG14TW 8MPE38ijRQhfPI/Qj6Kc0FSEM50brne5kJC6IMoxzKepBryAi9JQPoWSqJAB0W4+NKvGuVPk5SZUsaPFZ/TxREaD0Use0UxNzoSW8k/uf1cpMchwWTWW5A0p+Pkpxjk+JRUrjPFFDDh5YQqpjdFdMbYgMxNs+6DcGfPHmaXB00/Vbz5KLVaLeqOGpoG+2gPeSjI9RGZ+gcdRBFD+gJvaBX59F5dt6c95/WGaea2UJ/4Hx+A7cuoS0=</latexit>

�annihilation ⇠ H

<latexit sha1_base64="43puS/CVdFWzXnPQZEtJpqUWEbU=">AAACCXicbVA9SwNBEN2LXzF+nVraLAbBKtyJoIJFwMKUEcwH5EKY22ySJbt7x+6eEI60Nv4VGwtFbP0Hdv4bN5crNPHBwOO9GWbmhTFn2njet1NYWV1b3yhulra2d3b33P2Dpo4SRWiDRDxS7RA05UzShmGG03asKIiQ01Y4vpn5rQeqNIvkvZnEtCtgKNmAETBW6rk4uAUhoJcGSmCQko0Yz6wpDjQTuNZzy17Fy4CXiZ+TMspR77lfQT8iiaDSEA5ad3wvNt0UlGGE02kpSDSNgYxhSDuWShBUd9Pskyk+sUofDyJlSxqcqb8nUhBaT0RoOwWYkV70ZuJ/Xicxg8tuymScGCrJfNEg4dhEeBYL7jNFieETS4AoZm/FZAQKiLHhlWwI/uLLy6R5VvHPK1d35+XqdR5HER2hY3SKfHSBqqiG6qiBCHpEz+gVvTlPzovz7nzMWwtOPnOI/sD5/AFCXZoN</latexit>

H ⇠ T
2

MPl

<latexit sha1_base64="bK6LbZ7jtAhqCPsQxyCSFHrQhRo=">AAACJ3icbVDLSgMxFM3UV62vqks3wSIIQpkpxceu4KYboUJf0BlLJs20ocnMkGSEEuYj/Ay/wK1+gTvRpQv/w7SdhW09cOFwzn1x/JhRqWz7y8qtrW9sbuW3Czu7e/sHxcOjtowSgUkLRywSXR9JwmhIWooqRrqxIIj7jHT88e3U7zwSIWkUNtUkJh5Hw5AGFCNlpH7xog5dSTnU7myX9llCUjcQCOvmQyXVd33tCg4bLE3TfrFkl+0Z4CpxMlICGRr94o87iHDCSagwQ1L2HDtWnkZCUcxIWnATSWKEx2hIeoaGiBPp6dkjKTwzygAGkTAVKjhT/05oxKWccN90cqRGctmbiv968/2Lx1Vw7WkaxokiIZ7fDhIGVQSnocEBFQQrNjEEYUHN+xCPkAlJmWgLJhdnOYVV0q6UnWr55r5aql1mCeXBCTgF58ABV6AG6qABWgCDJ/ACXsGb9Wy9Wx/W57w1Z2Uzx2AB1vcvPNunKA==</latexit>

=

n2
DMh�v2i3!2

<latexit sha1_base64="F6nY+zszRDKTlw/E+knE0n9iGxA="></latexit>

h�v2i3!2 ⇠ ↵3

m5
DM

<latexit sha1_base64="FcGp14V8ChsMMZqf7UMXUBrnYyQ="></latexit>

�annihilation ⇠
↵3T 6T 2

eq

m7
DM

<latexit sha1_base64="KRMes84UQ9efAyhgafhOt5p81hc="></latexit>

mDM ⇠ ↵
⇣T 2

eqMPl

x4
fo

⌘1/3
⇠ ↵⇥ 100 MeV

<latexit sha1_base64="AXY7k0/gelAoPWkbKqnFId0+o/I="></latexit>

strong coupling  strong scale→

H ⇠ T
2

MPl

<latexit sha1_base64="bK6LbZ7jtAhqCPsQxyCSFHrQhRo=">AAACJ3icbVDLSgMxFM3UV62vqks3wSIIQpkpxceu4KYboUJf0BlLJs20ocnMkGSEEuYj/Ay/wK1+gTvRpQv/w7SdhW09cOFwzn1x/JhRqWz7y8qtrW9sbuW3Czu7e/sHxcOjtowSgUkLRywSXR9JwmhIWooqRrqxIIj7jHT88e3U7zwSIWkUNtUkJh5Hw5AGFCNlpH7xog5dSTnU7myX9llCUjcQCOvmQyXVd33tCg4bLE3TfrFkl+0Z4CpxMlICGRr94o87iHDCSagwQ1L2HDtWnkZCUcxIWnATSWKEx2hIeoaGiBPp6dkjKTwzygAGkTAVKjhT/05oxKWccN90cqRGctmbiv968/2Lx1Vw7WkaxokiIZ7fDhIGVQSnocEBFQQrNjEEYUHN+xCPkAlJmWgLJhdnOYVV0q6UnWr55r5aql1mCeXBCTgF58ABV6AG6qABWgCDJ/ACXsGb9Wy9Wx/W57w1Z2Uzx2AB1vcvPNunKA==</latexit>

[Hochberg, Kuflik, 
Volansky, Wacker 2014]
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 Freeze-out happens when:

⇣
xfo =

mDM

Tfo
⇡ 20

⌘

<latexit sha1_base64="qd4OI31hZ7+X6AL219DhX0q1Qs4="></latexit>

credit: Eric Kuflik



SIMP parametrics

mDMnDM ⇠ mpnb

<latexit sha1_base64="NjIeyXqOse7gklnJUZMWj0Tpt68=">AAACC3icbZDLSgMxFIbP1Futt6pLN6FFcFVmpKDuCrpwI1SwF2iHIZNm2tAkMyQZoQzdu/FV3LhQxK0v4M63Mb2A2vpD4OM/53By/jDhTBvX/XJyK6tr6xv5zcLW9s7uXnH/oKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLyc1Fv3VGkWyzszSqgvcF+yiBFsrBUUSyLIukqgq5sxkj/Y1UwgESTWC4Ni2a24U6Fl8OZQhr nqQfGz24tJKqg0hGOtO56bGD/DyjDC6bjQTTVNMBniPu1YlFhQ7WfTW8bo2Do9FMXKPmnQ1P09kWGh9UiEtlNgM9CLtYn5X62Tmujcz5hMUkMlmS2KUo5MjCbBoB5TlBg+soCJYvaviAywwsTY+Ao2BG/x5GVonla8auXitlquVedx5OEISnACHpxBDa6hDg0g8ABP8AKvzqPz7Lw577PWnDOfOYQ/cj6+AVI0me4=</latexit>

nb ⇠ s ⌘b ⇠ s
Teq

mp

<latexit sha1_base64="wSY1yhMNwgj5SWYwTkrg450PGh8=">AAACHHicbVBNS8NAEN34WetX1KOXxSJ4kJJoQb0VvHhUsFpoQthsJ3VxdxN3N0IJ+SFe/CtePCjixYPgv3Fbc9DWBwNv35thZ16ccaaN5305M7Nz8wuLtaX68srq2rq7sXml01xR6NCUp6obEw2cSegYZjh0MwVExByu49vTkX99D0qzVF6aYQahIAPJEkaJsVLkHsooxoFmAutgHwdgyJ93oggtLqMiUALDXVkWIsrKyG14TW 8MPE38ijRQhfPI/Qj6Kc0FSEM50brne5kJC6IMoxzKepBryAi9JQPoWSqJAB0W4+NKvGuVPk5SZUsaPFZ/TxREaD0Use0UxNzoSW8k/uf1cpMchwWTWW5A0p+Pkpxjk+JRUrjPFFDDh5YQqpjdFdMbYgMxNs+6DcGfPHmaXB00/Vbz5KLVaLeqOGpoG+2gPeSjI9RGZ+gcdRBFD+gJvaBX59F5dt6c95/WGaea2UJ/4Hx+A7cuoS0=</latexit>

�annihilation ⇠ H

<latexit sha1_base64="43puS/CVdFWzXnPQZEtJpqUWEbU=">AAACCXicbVA9SwNBEN2LXzF+nVraLAbBKtyJoIJFwMKUEcwH5EKY22ySJbt7x+6eEI60Nv4VGwtFbP0Hdv4bN5crNPHBwOO9GWbmhTFn2njet1NYWV1b3yhulra2d3b33P2Dpo4SRWiDRDxS7RA05UzShmGG03asKIiQ01Y4vpn5rQeqNIvkvZnEtCtgKNmAETBW6rk4uAUhoJcGSmCQko0Yz6wpDjQTuNZzy17Fy4CXiZ+TMspR77lfQT8iiaDSEA5ad3wvNt0UlGGE02kpSDSNgYxhSDuWShBUd9Pskyk+sUofDyJlSxqcqb8nUhBaT0RoOwWYkV70ZuJ/Xicxg8tuymScGCrJfNEg4dhEeBYL7jNFieETS4AoZm/FZAQKiLHhlWwI/uLLy6R5VvHPK1d35+XqdR5HER2hY3SKfHSBqqiG6qiBCHpEz+gVvTlPzovz7nzMWwtOPnOI/sD5/AFCXZoN</latexit>

H ⇠ T
2

MPl

<latexit sha1_base64="bK6LbZ7jtAhqCPsQxyCSFHrQhRo=">AAACJ3icbVDLSgMxFM3UV62vqks3wSIIQpkpxceu4KYboUJf0BlLJs20ocnMkGSEEuYj/Ay/wK1+gTvRpQv/w7SdhW09cOFwzn1x/JhRqWz7y8qtrW9sbuW3Czu7e/sHxcOjtowSgUkLRywSXR9JwmhIWooqRrqxIIj7jHT88e3U7zwSIWkUNtUkJh5Hw5AGFCNlpH7xog5dSTnU7myX9llCUjcQCOvmQyXVd33tCg4bLE3TfrFkl+0Z4CpxMlICGRr94o87iHDCSagwQ1L2HDtWnkZCUcxIWnATSWKEx2hIeoaGiBPp6dkjKTwzygAGkTAVKjhT/05oxKWccN90cqRGctmbiv968/2Lx1Vw7WkaxokiIZ7fDhIGVQSnocEBFQQrNjEEYUHN+xCPkAlJmWgLJhdnOYVV0q6UnWr55r5aql1mCeXBCTgF58ABV6AG6qABWgCDJ/ACXsGb9Wy9Wx/W57w1Z2Uzx2AB1vcvPNunKA==</latexit>

✓
xfo =

mDM

Tfo

◆

<latexit sha1_base64="024HxrEB6vvfpMGchrb8GQAslf0=">AAACNXicbVDLSgMxFM34rPU16tJNsAh1U2akoF0IBV24ESr0BZ1SMmmmDSYzQ3JHLMN8i5/hF7jVtQt36tZfMH0gaj0QOJxzb05y/FhwDY7zYi0sLi2vrObW8usbm1vb9s5uU0eJoqxBIxGptk80EzxkDeAgWDtWjEhfsJZ/cz72W7dMaR6FdRjFrCvJIOQBpwSM1LMrnmABFPFdL/WUxEGU4TPsBYrQVE6li6ssS+vfdoY9xQ dDOOrZBafkTIDniTsjBTRDrWe/e/2IJpKFQAXRuuM6MXRTooBTwbK8l2gWE3pDBqxjaEgk09108sUMHxqlb/KVOSHgifpzIyVS65H0zaQkMNR/vbH4rze9/3c4BKfdlIdxAiyk0+wgERgiPK4Q97liFMTIEEIVN8/HdEhMZWCKzpte3L8tzJPmccktlyrX5ULVmTWUQ/voABWRi05QFV2iGmogiu7RI3pCz9aD9Wq9WR/T0QVrtrOHfsH6/ALtLKvo</latexit>

=

n2
DMh�v2i3!2

<latexit sha1_base64="F6nY+zszRDKTlw/E+knE0n9iGxA="></latexit>

h�v2i3!2 ⇠ ↵3

m5
DM

<latexit sha1_base64="FcGp14V8ChsMMZqf7UMXUBrnYyQ="></latexit>

�annihilation ⇠
↵3T 6T 2

eq

m7
DM

<latexit sha1_base64="KRMes84UQ9efAyhgafhOt5p81hc="></latexit>

mDM ⇠ ↵
⇣T 2

eqMPl

x4
fo

⌘1/3
⇠ ↵⇥ 100 MeV

<latexit sha1_base64="AXY7k0/gelAoPWkbKqnFId0+o/I="></latexit>

strong coupling  strong scale→

H ⇠ T
2

MPl

<latexit sha1_base64="bK6LbZ7jtAhqCPsQxyCSFHrQhRo=">AAACJ3icbVDLSgMxFM3UV62vqks3wSIIQpkpxceu4KYboUJf0BlLJs20ocnMkGSEEuYj/Ay/wK1+gTvRpQv/w7SdhW09cOFwzn1x/JhRqWz7y8qtrW9sbuW3Czu7e/sHxcOjtowSgUkLRywSXR9JwmhIWooqRrqxIIj7jHT88e3U7zwSIWkUNtUkJh5Hw5AGFCNlpH7xog5dSTnU7myX9llCUjcQCOvmQyXVd33tCg4bLE3TfrFkl+0Z4CpxMlICGRr94o87iHDCSagwQ1L2HDtWnkZCUcxIWnATSWKEx2hIeoaGiBPp6dkjKTwzygAGkTAVKjhT/05oxKWccN90cqRGctmbiv968/2Lx1Vw7WkaxokiIZ7fDhIGVQSnocEBFQQrNjEEYUHN+xCPkAlJmWgLJhdnOYVV0q6UnWr55r5aql1mCeXBCTgF58ABV6AG6qABWgCDJ/ACXsGb9Wy9Wx/W57w1Z2Uzx2AB1vcvPNunKA==</latexit>

h�v2i3!2 =

✓p
5

8⇡

◆5N2
cm

5
⇡

f10
⇡ x2

<latexit sha1_base64="0V7QuhjnqHV1rNW44yXXU5RSrSo="></latexit>

 QCD, degenerate mesons:Nf = 3

[Hochberg, Kuflik, Murayama 
Volansky, Wacker 2014]

Ennio Salvioni 12

 Freeze-out happens when: credit: Eric Kuflik



The need for a mediator

•  Hidden pions with SM-like mass (~ 100 MeV) obtain relic density 
 through freeze out of  annihilations 

• However, if hidden sector is isolated the DM stays too warm   

Too high T during structure formation, ruled out 

• Need mediation mechanism  

3 → 2

SM

<latexit sha1_base64="8onD1EWjR0/V6ux92u2Hv/FYwv4=">AAAB/HicbVDLSgMxFL2pr1pfVZdugkVwVWZKQd0V3LgR6qMPaIeSSTNtaCYzJBmhDPUL3OoXuBO3/osf4H+YtrOwrQcuHM65L44fC66N43yj3Nr6xuZWfruws7u3f1A8PGrqKFGUNWgkItX2iWaCS9Yw3AjWjhUjoS9Yyx9dT/3WE1OaR/LRjGPmhWQgecApMVa6f7jtFUtO2ZkBrxI3IyXIUO8Vf7r9iCYhk4YKonXHdWLjpUQZTgWbFLqJZjGhIzJgHUslCZn20tmnE3xmlT4OImVLGjxT/06kJNR6HPq2MyRmqJe9qfivN9+/eNwEl17KZZwYJun8dpAIbCI8TQL3uWLUiLElhCpu38d0SBShxuZVsLm4yymskmal7FbLV3eVUq2aJZSHEziFc3DhAmpwA3VoAIUAXuAV3tAzekcf6HPemkPZzDEsAH39AsRwlTI=</latexit>

SM

<latexit sha1_base64="8onD1EWjR0/V6ux92u2Hv/FYwv4=">AAAB/HicbVDLSgMxFL2pr1pfVZdugkVwVWZKQd0V3LgR6qMPaIeSSTNtaCYzJBmhDPUL3OoXuBO3/osf4H+YtrOwrQcuHM65L44fC66N43yj3Nr6xuZWfruws7u3f1A8PGrqKFGUNWgkItX2iWaCS9Yw3AjWjhUjoS9Yyx9dT/3WE1OaR/LRjGPmhWQgecApMVa6f7jtFUtO2ZkBrxI3IyXIUO8Vf7r9iCYhk4YKonXHdWLjpUQZTgWbFLqJZjGhIzJgHUslCZn20tmnE3xmlT4OImVLGjxT/06kJNR6HPq2MyRmqJe9qfivN9+/eNwEl17KZZwYJun8dpAIbCI8TQL3uWLUiLElhCpu38d0SBShxuZVsLm4yymskmal7FbLV3eVUq2aJZSHEziFc3DhAmpwA3VoAIUAXuAV3tAzekcf6HPemkPZzDEsAH39AsRwlTI=</latexit>

keeps hidden & SM sectors 
in kinetic equilibrium until freezeout

⇡

<latexit sha1_base64="vUoa1y98MWyqgS4OBr/9P/hEC9Q=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRSUMFFwY3LivYBbSiT6W07dDIJMxOhhOIXuNUvcCdu/RY/wP9w2mZhWw9cOJxzX5wgFlwb1/12cmvrG5tb+e3Czu7e/kHx8Kiho0QxrLNIRKoVUI2CS6wbbgS2YoU0DAQ2g9Ht1G8+odI8ko9mHKMf0oHkfc6osdJDJ+bdYsktuzOQVeJlpAQZat3iT6cXsSREaZigWrc9NzZ+SpXhTOCk0Ek0xpSN6ADblkoaovbT2asTcmaVHulHypY0ZKb+nUhpqPU4DGxnSM1QL3tT8V9vvn/xuOlf+SmXcWJQsvntfiKIicg0CtLjCpkRY0soU9y+T9iQKsqMDaxgc/GWU1gljYuyVylf31dK1ZssoTycwCmcgweXUIU7qEEdGAzgBV7hzXl23p0P53PemnOymWNYgPP1C9o4lds=</latexit>

⇡

<latexit sha1_base64="vUoa1y98MWyqgS4OBr/9P/hEC9Q=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRSUMFFwY3LivYBbSiT6W07dDIJMxOhhOIXuNUvcCdu/RY/wP9w2mZhWw9cOJxzX5wgFlwb1/12cmvrG5tb+e3Czu7e/kHx8Kiho0QxrLNIRKoVUI2CS6wbbgS2YoU0DAQ2g9Ht1G8+odI8ko9mHKMf0oHkfc6osdJDJ+bdYsktuzOQVeJlpAQZat3iT6cXsSREaZigWrc9NzZ+SpXhTOCk0Ek0xpSN6ADblkoaovbT2asTcmaVHulHypY0ZKb+nUhpqPU4DGxnSM1QL3tT8V9vvn/xuOlf+SmXcWJQsvntfiKIicg0CtLjCpkRY0soU9y+T9iQKsqMDaxgc/GWU1gljYuyVylf31dK1ZssoTycwCmcgweXUIU7qEEdGAzgBV7hzXl23p0P53PemnOymWNYgPP1C9o4lds=</latexit>

⇡

<latexit sha1_base64="FAfXZqTwvgqriimsp1AkRzPAWkM=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRS8LEquHFZ0T6gDWUyvW2HTiZhZiKUUPwCt/oF7sSt3+IH+B9O2yxs64ELh3PuixPEgmvjut9Obm19Y3Mrv13Y2d3bPygeHjV0lCiGdRaJSLUCqlFwiXXDjcBWrJCGgcBmMLqd+s0nVJpH8tGMY/RDOpC8zxk1VnroxLxbLLlldwaySryMlCBDrVv86fQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46e3VCzqzSI/1I2ZKGzNS/EykNtR6Hge0MqRnqZW8q/uvN9y8eN/0rP+UyTgxKNr/dTwQxEZlGQXpcITNibAllitv3CRtSRZmxgRVsLt5yCqukcVH2KuXr+0qpepMllIcTOIVz8OASqnAHNagDgwG8wCu8Oc/Ou/PhfM5bc042cwwLcL5+Admeldk=</latexit>

⇡

<latexit sha1_base64="FAfXZqTwvgqriimsp1AkRzPAWkM=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRS8LEquHFZ0T6gDWUyvW2HTiZhZiKUUPwCt/oF7sSt3+IH+B9O2yxs64ELh3PuixPEgmvjut9Obm19Y3Mrv13Y2d3bPygeHjV0lCiGdRaJSLUCqlFwiXXDjcBWrJCGgcBmMLqd+s0nVJpH8tGMY/RDOpC8zxk1VnroxLxbLLlldwaySryMlCBDrVv86fQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46e3VCzqzSI/1I2ZKGzNS/EykNtR6Hge0MqRnqZW8q/uvN9y8eN/0rP+UyTgxKNr/dTwQxEZlGQXpcITNibAllitv3CRtSRZmxgRVsLt5yCqukcVH2KuXr+0qpepMllIcTOIVz8OASqnAHNagDgwG8wCu8Oc/Ou/PhfM5bc042cwwLcL5+Admeldk=</latexit>

⇡

<latexit sha1_base64="FAfXZqTwvgqriimsp1AkRzPAWkM=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRS8LEquHFZ0T6gDWUyvW2HTiZhZiKUUPwCt/oF7sSt3+IH+B9O2yxs64ELh3PuixPEgmvjut9Obm19Y3Mrv13Y2d3bPygeHjV0lCiGdRaJSLUCqlFwiXXDjcBWrJCGgcBmMLqd+s0nVJpH8tGMY/RDOpC8zxk1VnroxLxbLLlldwaySryMlCBDrVv86fQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46e3VCzqzSI/1I2ZKGzNS/EykNtR6Hge0MqRnqZW8q/uvN9y8eN/0rP+UyTgxKNr/dTwQxEZlGQXpcITNibAllitv3CRtSRZmxgRVsLt5yCqukcVH2KuXr+0qpepMllIcTOIVz8OASqnAHNagDgwG8wCu8Oc/Ou/PhfM5bc042cwwLcL5+Admeldk=</latexit>

⇡

<latexit sha1_base64="FAfXZqTwvgqriimsp1AkRzPAWkM=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRS8LEquHFZ0T6gDWUyvW2HTiZhZiKUUPwCt/oF7sSt3+IH+B9O2yxs64ELh3PuixPEgmvjut9Obm19Y3Mrv13Y2d3bPygeHjV0lCiGdRaJSLUCqlFwiXXDjcBWrJCGgcBmMLqd+s0nVJpH8tGMY/RDOpC8zxk1VnroxLxbLLlldwaySryMlCBDrVv86fQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46e3VCzqzSI/1I2ZKGzNS/EykNtR6Hge0MqRnqZW8q/uvN9y8eN/0rP+UyTgxKNr/dTwQxEZlGQXpcITNibAllitv3CRtSRZmxgRVsLt5yCqukcVH2KuXr+0qpepMllIcTOIVz8OASqnAHNagDgwG8wCu8Oc/Ou/PhfM5bc042cwwLcL5+Admeldk=</latexit>

⇡

<latexit sha1_base64="FAfXZqTwvgqriimsp1AkRzPAWkM=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRS8LEquHFZ0T6gDWUyvW2HTiZhZiKUUPwCt/oF7sSt3+IH+B9O2yxs64ELh3PuixPEgmvjut9Obm19Y3Mrv13Y2d3bPygeHjV0lCiGdRaJSLUCqlFwiXXDjcBWrJCGgcBmMLqd+s0nVJpH8tGMY/RDOpC8zxk1VnroxLxbLLlldwaySryMlCBDrVv86fQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46e3VCzqzSI/1I2ZKGzNS/EykNtR6Hge0MqRnqZW8q/uvN9y8eN/0rP+UyTgxKNr/dTwQxEZlGQXpcITNibAllitv3CRtSRZmxgRVsLt5yCqukcVH2KuXr+0qpepMllIcTOIVz8OASqnAHNagDgwG8wCu8Oc/Ou/PhfM5bc042cwwLcL5+Admeldk=</latexit>

[Carlson, Machacek, Hall 1992 ] 
[de Laix, Scherrer, Schaefer 1995]

[Hochberg, Kuflik, 
Volansky, Wacker 2014]
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Simplest mediator: dark photon

•  Introduce dark electromagnetism, kinetically mixed with SM hypercharge 

•  Physical dark photon couples to SM EM current, 

•  Bonus: annihilation is p-wave, CMB bounds are very weak  

L � 1

2
m2

Â
ÂµÂ

µ +
"

2
F̂µ⌫Bµ⌫

<latexit sha1_base64="VO9mk5cakp2TQKr9v6ddRHNbc3c="></latexit>

"ecwQf f̄�
µfA0

µ

<latexit sha1_base64="zPKKf102/bf63Y5lVYCR9RgDB8E="></latexit>

Scattering on light (abundant) SM fermions keeps 

kinetic equilibrium down to Tfo ⇠ m⇡

20
⇠ few MeV

<latexit sha1_base64="mtGbrNE8ROMEYa+In13gFFwjA88="></latexit>

lower bound on
" ê

m2
A0

<latexit sha1_base64="crQh3bQ0k1lhVYW0O/kKlE4q8VY=">AAACD3icbVDJSgNBEO2JW4xb1KOXxuBykDATgsst4sVjBLNAJoaeTk3SpKdn6O4JhGH+wIu/4sWDIl69evNv7CwHTXxQ8Hiviqp6XsSZ0rb9bWWWlldW17LruY3Nre2d/O5eXYWxpFCjIQ9l0yMKOBNQ00xzaEYSSOBxaHiDm7HfGIJULBT3ehRBOyA9wXxGiTZSJ3/s+pLQxB0SCZFiPBTuGXb7RCeQpknQSa5P0odS2skX7KI9AV4kzowU0AzVTv7L7YY0DkBoyolSLceOdDshUjPKIc25sYKI0AHpQctQQQJQ7WTyT4qPjNLFfihNCY0n6u+JhARKjQLPdAZE99W8Nxb/81qx9i/bCRNRrEHQ6SI/5liHeBwO7jIJVPORIYRKZm7FtE9MQNpEmDMhOPMvL5J6qeiUi1d35ULlfBZHFh2gQ3SKHHSBKugWVVENUfSIntErerOerBfr3fqYtmas2cw++gPr8wesE50I</latexit>

[Lee, Seo 2015] 
[Hochberg, Kuflik,  
Murayama 2015]

ê

<latexit sha1_base64="Pail6HRVFXI7wlDJbBSRSumBNR8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiWG8FLx4r2A9oQ9lsp+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MJHCkOd9O4WNza3tneJuaW//4PCofHzSMnGqOTZ5LGPdCZlBKRQ2SZDETqKRRaHEdji5m/vtJ9RGxOqRpgkGERspMRSckZXavTGjDGf9csWregu468TPSQVyNPrlr94g5mmEirhkxnR9L6EgY5oElzgr9VKDCeMTNsKupYpFaIJsce7MvbDKwB3G2pYid6H+nshYZMw0Cm1nxGhsVr25+J/XTWlYCzKhkpRQ8eWiYSpdit357+5AaOQkp5YwroW91eVjphknm1DJhuCvvrxOWldV/7p6+3BdqdfyOIpwBudwCT7cQB3uoQFN4DCBZ3iFNydxXpx352PZWnDymVP4A+fzB5Q7j7g=</latexit>
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Simplest mediator: dark photon

•  Introduce dark electromagnetism, kinetically mixed with SM hypercharge 

•  Physical dark photon couples to SM EM current, 

•  Bonus: annihilation is p-wave, CMB bounds are very weak  

L � 1

2
m2

Â
ÂµÂ

µ +
"

2
F̂µ⌫Bµ⌫

<latexit sha1_base64="VO9mk5cakp2TQKr9v6ddRHNbc3c="></latexit>

"ecwQf f̄�
µfA0

µ

<latexit sha1_base64="zPKKf102/bf63Y5lVYCR9RgDB8E="></latexit>

Scattering on light (abundant) SM fermions keeps 

kinetic equilibrium down to 

lower bound on
" ê

m2
A0

<latexit sha1_base64="crQh3bQ0k1lhVYW0O/kKlE4q8VY=">AAACD3icbVDJSgNBEO2JW4xb1KOXxuBykDATgsst4sVjBLNAJoaeTk3SpKdn6O4JhGH+wIu/4sWDIl69evNv7CwHTXxQ8Hiviqp6XsSZ0rb9bWWWlldW17LruY3Nre2d/O5eXYWxpFCjIQ9l0yMKOBNQ00xzaEYSSOBxaHiDm7HfGIJULBT3ehRBOyA9wXxGiTZSJ3/s+pLQxB0SCZFiPBTuGXb7RCeQpknQSa5P0odS2skX7KI9AV4kzowU0AzVTv7L7YY0DkBoyolSLceOdDshUjPKIc25sYKI0AHpQctQQQJQ7WTyT4qPjNLFfihNCY0n6u+JhARKjQLPdAZE99W8Nxb/81qx9i/bCRNRrEHQ6SI/5liHeBwO7jIJVPORIYRKZm7FtE9MQNpEmDMhOPMvL5J6qeiUi1d35ULlfBZHFh2gQ3SKHHSBKugWVVENUfSIntErerOerBfr3fqYtmas2cw++gPr8wesE50I</latexit>

A0

<latexit sha1_base64="ojQBYxb9Y/82GII5xEvmQZDSL/M=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KokU1FvFi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0cHPWK5XdijsDWSZeTsqQo94rfXX7MUsjlIYJqnXHcxPjZ1QZzgROit1UY0LZiA6wY6mkEWo/m106IadW6ZMwVrakITP190RGI63HUWA7I2qGetGbiv95ndSEV37GZZIalGy+KEwFMTGZvk36XCEzYmwJZYrbWwkbUkWZseEUbQje4svLpHlR8aqV6/tquVbN4yjAMZzAOXhwCTW4gzo0gEEIz/AKb87IeXHenY9564qTzxzBHzifP/LIjPQ=</latexit>

⇡

<latexit sha1_base64="PYWFZClBIsPX3ldL9ipnGffnCfE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvHisaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPfQTMShX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUT DJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uw2s/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbSvql6tenNfqzRqeRxFOINzuAQP6tCAO2hCCxiM4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gBPZ43L</latexit>

⇡

<latexit sha1_base64="PYWFZClBIsPX3ldL9ipnGffnCfE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvHisaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPfQTMShX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUT DJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uw2s/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbSvql6tenNfqzRqeRxFOINzuAQP6tCAO2hCCxiM4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gBPZ43L</latexit>

⇡

<latexit sha1_base64="PYWFZClBIsPX3ldL9ipnGffnCfE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvHisaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPfQTMShX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uw2s/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbSvql6tenNfqzRqeRxFOINzuAQP6tCAO2hCCxiM4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gBPZ43L</latexit>

Nc ê

<latexit sha1_base64="Mvrsq41o32Qa6xkeXycryjhvWds=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuBNRbwIsniWAekF3C7KQ3GTL7cGY2EJZ8hxcPinj1Y7z5N06SPWhiQUNR1U13l58IrrRtf1uFtfWNza3idmlnd2//oHx41FJxKhk2WSxi2fGpQsEjbGquBXYSiTT0Bbb90e3Mb49RKh5Hj3qSoBfSQcQDzqg2knffY+4FcYdUZzjtlSt21Z6DrBInJxXI0eiVv9x+zNIQI80EVarr2In2Mio1ZwKnJTdVmFA2ogPsGhrREJWXzY+ekjOj9EkQS1ORJnP190RGQ6UmoW86Q6qHatmbif953VQH117GoyTVGLHFoiAVRMdklgDpc4lMi4khlElubiVsSCVl2uRUMiE4yy+vktZl1alVbx5qlXotj6MIJ3AK5+DAFdThDhrQBAZP8Ayv8GaNrRfr3fpYtBasfOYY/sD6/AEc+JGo</latexit>

(from gauged WZW action)
mA0 & 2m⇡

<latexit sha1_base64="HUoejW+xjLWwfQEO4BuUuivjaJE=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrCIrkpSio9dxY3LCvYBTQiT6bQdOpOEmYlQQsFfceNCEbd+hzv/xmmbhbYeGDiccy73zgkTzpR2nG+rsLK6tr5R3Cxtbe/s7tn7By0Vp5LQJol5LDshVpSziDY105x2EkmxCDlth6Pbqd9+pFKxOHrQ44T6Ag8i1mcEayMF9pEIspuzCfIG2oQEqorAS1hgl52KMwNaJm5OypCjEdhfXi8mqaCRJhwr1XWdRPsZlpoRTiclL1U0wWSEB7RraIQFVX42O3+CTo3SQ/1YmhdpNFN/T2RYKDUWoUkKrIdq0ZuK/3ndVPev/IxFSappROaL+ilHOkbTLlCPSUo0HxuCiWTmVkSGWGKiTWMlU4K7+OVl0qpW3Frl+r5Wrl/kdRThGE7gHFy4hDrcQQOaQCCDZ3iFN+vJerHerY95tGDlM4fwB9bnD0/5lQ4=</latexit>

subleading if YA0Y⇡ . Y 3
⇡

<latexit sha1_base64="IEhnabJl0X/sbtdPGX1PAixw6N4=">AAACBnicbVDLSgMxFM3UV62vUZciBIvoqsxo8bGruHFZwb7ojEMmTdvQJDMkGaEMXbnxV9y4UMSt3+DOvzFtZ6GtBy6cnHMvufeEMaNKO863lVtYXFpeya8W1tY3Nrfs7Z26ihKJSQ1HLJLNECnCqCA1TTUjzVgSxENGGuHgeuw3HohUNBJ3ehgTn6OeoF2KkTZSYO+3gvTqaARbgRdT6DGilKJ8+rw/DeyiU3ImgPPEzUgRZKgG9pfXiXDCidCYIaXarhNrP0VSU8zIqOAlisQID1CPtA0ViBPlp5MzRvDQKB3YjaQpoeFE/T2RIq7UkIemkyPdV7PeWPzPaye6e+GnVMSJJgJPP+omDOoIjjOBHSoJ1mxoCMKSml0h7iOJsDbJFUwI7uzJ86R+UnLLpcvbcrFylsWRB3vgABwDF5yDCrgBVVADGDyCZ/AK3qwn68V6tz6mrTkrm9kFf2B9/gDMS5gM</latexit>

[Hochberg, Kuflik,  
Murayama 2015]

ê

<latexit sha1_base64="Pail6HRVFXI7wlDJbBSRSumBNR8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiWG8FLx4r2A9oQ9lsp+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MJHCkOd9O4WNza3tneJuaW//4PCofHzSMnGqOTZ5LGPdCZlBKRQ2SZDETqKRRaHEdji5m/vtJ9RGxOqRpgkGERspMRSckZXavTGjDGf9csWregu468TPSQVyNPrlr94g5mmEirhkxnR9L6EgY5oElzgr9VKDCeMTNsKupYpFaIJsce7MvbDKwB3G2pYid6H+nshYZMw0Cm1nxGhsVr25+J/XTWlYCzKhkpRQ8eWiYSpdit357+5AaOQkp5YwroW91eVjphknm1DJhuCvvrxOWldV/7p6+3BdqdfyOIpwBudwCT7cQB3uoQFN4DCBZ3iFNydxXpx352PZWnDymVP4A+fzB5Q7j7g=</latexit>

Tfo ⇠ m⇡

20
⇠ few MeV

<latexit sha1_base64="mtGbrNE8ROMEYa+In13gFFwjA88="></latexit>
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Dark matter self-interactions

•   Mesons undergo  scattering in DM halos 

•  Cross section 

Interesting order of magnitude for small-scale structure  
“puzzles” 

Maybe baryonic effects? 

•  Bullet cluster and halo shape constraints

2 → 2
f2
⇡

4
Tr[(DµU)†DµU ] � �rabcd

24f2
⇡

⇡a⇡b@µ⇡
c@µ⇡d

<latexit sha1_base64="XUw+4doLN8KFAFfjqDkCYnYQjqo="></latexit>

�
m⇡

. O(1) cm2

g

<latexit sha1_base64="McG2xM9pxcpBB1nQ4ADOXpI8OVo="></latexit>

[review by Tulin 
and Yu, 2017]

[Spergel, Steinhardt 1999]
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�
m⇡

⇠ m⇡
16⇡f4

⇡
⇠ (0.1 – 10) cm2

g

<latexit sha1_base64="MFtkzptY1qKK2ASjDmtIMfTxbsA="></latexit>



Not-so-light pNGBs
adapted from: [Hochberg, Kuflik, 
Murayama, Volansky, Wacker 2014]
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m⇡ [GeV]

<latexit sha1_base64="In1RnKalyahVpddkxSeiheVHEA8=">AAACEnicbVDLSgMxFM3UV62vUcGNm2ARXJUZKai4KbjQZQX7gM4wZNJMG5pkhiQjlLF/4Re41S9wJ279AT/A/zDTzsK2Hggczj335nDChFGlHefbKq2srq1vlDcrW9s7u3v2/kFbxanEpIVjFstuiBRhVJCWppqRbiIJ4iEjnXB0k887j0QqGosHPU6Iz9FA0IhipI0U2Ec88BIKveuex5EeSp7dkvbED+yqU3OmgMvELUgVFGgG9o/Xj3HKidCYIaV6rpNoP0NSU8zIpOKliiQIj9CA9AwViBPlZ9P8E3hqlD6MYmme0HCq/t3IEFdqzEPjzEOqudnsxqI99/1n76U6uvQzKpJUE4Fnf0cpgzqGeT+wTyXBmo0NQVhSEx/iIZIIa9NixfTiLrawTNrnNbdeu7qvVxv1oqEyOAYn4Ay44AI0wB1oghbA4Am8gFfwZj1b79aH9Tmzlqxi5xDMwfr6Bbl4ndw=</latexit>

m⇡

2f⇡

<latexit sha1_base64="+uJg4dwIzgegNZvpoldvFMjcw6A=">AAACEXicbZDLSsNAFIZP6q3WW1RcuRksgquSlIK6K7hxWcFeoAllMp20Q2eSMDMRSuhT+ARu9QnciVufwAfwPZymWdjWHwZ+zvnPmcMXJJwp7TjfVmljc2t7p7xb2ds/ODyyj086Kk4loW0S81j2AqwoZxFta6Y57SWSYhFw2g0md/N+94lKxeLoUU8T6gs8iljICNamNLDPvFBikomBl7BZVkdhbgZ21ak5udC6cQtThUKtgf3jDWOSChppwrFSfddJtJ9hqRnhdFbxUkUTTCZ4RPvGRlhQ5Wf5+TN0aSpDFMbSvEijvPp3IsNCqakITFJgPVZLvcWO1fg891+8n+rwxs9YlKSaRmTxd5hypGM0x4OGTFKi+dQYTCQz5yMyxgaRNhArhou7SmHddOo1t1G7fWhUm42CUBnO4QKuwIVraMI9tKANBDJ4gVd4s56td+vD+lxES1YxcwpLsr5+AWjKnbg=</latexit>

�scatter

m⇡
[cm2/g]

<latexit sha1_base64="IoBaWG1Cj6Il002Bk5my+EryA1I="></latexit>

relic density

SU(Nf )⇥ SU(Nf )/SU(Nf ), Nf = 3

<latexit sha1_base64="s1qp1rNod1/M1zURcPhZozKQEbw=">AAACKHicbVDLSgMxFM3UV62vUZdugkWoUOpMLagLoeDGlVR02kJnGDJppg3NPEwyQhn6E36GX+BWv8CddCv4H6btLGzrgZCTc89Nbo4XMyqkYYy13Mrq2vpGfrOwtb2zu6fvHzRFlHBMLByxiLc9JAijIbEklYy0Y05Q4DHS8gY3k3rrmXBBo/BRDmPiBKgXUp9iJJXk6uUHq3Tn+qe2pAERMDudZXsZ2k8J6kLF4TU8d/WiUTGmgMvEzEgRZGi4+o/djXASkFBihoTomEYsnRRxSTEjo4KdCBIjPEA90lE0RGoGJ53+agRPlNKFfsTVCiWcqn87UhQIMQw85QyQ7Iu52uyORfvE95+9k0j/0klpGCeShHj2tp8wKCM4SQ12KSdYsqEiCHOqxoe4jzjCUmVbULmYiyksk2a1YtYqV/e1Yr2aJZQHR+AYlIAJLkAd3IIGsAAGL+ANvIMP7VX71L608cya07KeQzAH7fsXdE2jjg==</latexit>

self-scattering


�

m⇡
⇠ 1

m3
⇡

⇣
m⇡
2f⇡

⌘4
�

<latexit sha1_base64="5yYErk9TfY12vLqvZaHA4q34QRI="></latexit>

( colors: different choices of  )Nc



Not-so-light pNGBs
adapted from: [Hochberg, Kuflik, 
Murayama, Volansky, Wacker 2014]
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m⇡ [GeV]

<latexit sha1_base64="In1RnKalyahVpddkxSeiheVHEA8=">AAACEnicbVDLSgMxFM3UV62vUcGNm2ARXJUZKai4KbjQZQX7gM4wZNJMG5pkhiQjlLF/4Re41S9wJ279AT/A/zDTzsK2Hggczj335nDChFGlHefbKq2srq1vlDcrW9s7u3v2/kFbxanEpIVjFstuiBRhVJCWppqRbiIJ4iEjnXB0k887j0QqGosHPU6Iz9FA0IhipI0U2Ec88BIKveuex5EeSp7dkvbED+yqU3OmgMvELUgVFGgG9o/Xj3HKidCYIaV6rpNoP0NSU8zIpOKliiQIj9CA9AwViBPlZ9P8E3hqlD6MYmme0HCq/t3IEFdqzEPjzEOqudnsxqI99/1n76U6uvQzKpJUE4Fnf0cpgzqGeT+wTyXBmo0NQVhSEx/iIZIIa9NixfTiLrawTNrnNbdeu7qvVxv1oqEyOAYn4Ay44AI0wB1oghbA4Am8gFfwZj1b79aH9Tmzlqxi5xDMwfr6Bbl4ndw=</latexit>

m⇡

2f⇡

<latexit sha1_base64="+uJg4dwIzgegNZvpoldvFMjcw6A=">AAACEXicbZDLSsNAFIZP6q3WW1RcuRksgquSlIK6K7hxWcFeoAllMp20Q2eSMDMRSuhT+ARu9QnciVufwAfwPZymWdjWHwZ+zvnPmcMXJJwp7TjfVmljc2t7p7xb2ds/ODyyj086Kk4loW0S81j2AqwoZxFta6Y57SWSYhFw2g0md/N+94lKxeLoUU8T6gs8iljICNamNLDPvFBikomBl7BZVkdhbgZ21ak5udC6cQtThUKtgf3jDWOSChppwrFSfddJtJ9hqRnhdFbxUkUTTCZ4RPvGRlhQ5Wf5+TN0aSpDFMbSvEijvPp3IsNCqakITFJgPVZLvcWO1fg891+8n+rwxs9YlKSaRmTxd5hypGM0x4OGTFKi+dQYTCQz5yMyxgaRNhArhou7SmHddOo1t1G7fWhUm42CUBnO4QKuwIVraMI9tKANBDJ4gVd4s56td+vD+lxES1YxcwpLsr5+AWjKnbg=</latexit>

�scatter

m⇡
[cm2/g]

<latexit sha1_base64="IoBaWG1Cj6Il002Bk5my+EryA1I="></latexit>

relic density

SU(Nf )⇥ SU(Nf )/SU(Nf ), Nf = 3

<latexit sha1_base64="s1qp1rNod1/M1zURcPhZozKQEbw=">AAACKHicbVDLSgMxFM3UV62vUZdugkWoUOpMLagLoeDGlVR02kJnGDJppg3NPEwyQhn6E36GX+BWv8CddCv4H6btLGzrgZCTc89Nbo4XMyqkYYy13Mrq2vpGfrOwtb2zu6fvHzRFlHBMLByxiLc9JAijIbEklYy0Y05Q4DHS8gY3k3rrmXBBo/BRDmPiBKgXUp9iJJXk6uUHq3Tn+qe2pAERMDudZXsZ2k8J6kLF4TU8d/WiUTGmgMvEzEgRZGi4+o/djXASkFBihoTomEYsnRRxSTEjo4KdCBIjPEA90lE0RGoGJ53+agRPlNKFfsTVCiWcqn87UhQIMQw85QyQ7Iu52uyORfvE95+9k0j/0klpGCeShHj2tp8wKCM4SQ12KSdYsqEiCHOqxoe4jzjCUmVbULmYiyksk2a1YtYqV/e1Yr2aJZQHR+AYlIAJLkAd3IIGsAAGL+ANvIMP7VX71L608cya07KeQzAH7fsXdE2jjg==</latexit>

( colors: different choices of  )Nc

self-scattering

Viable parameter space has heavy pNGBs, 

Expect important corrections to chiral perturbation theory

m⇡/f⇡ ⇠ 8 – 10

<latexit sha1_base64="K9oyywwS/hGgjgcnGIS27ihyMpw=">AAACHHicbVC7TsMwFHXKq5RXgJHFokFiaEtSIShbJRbGItGH1FSV4zqtVTuJbAepirryGXwBK3wBG2JF4gP4D9w0A2050pWPzj3Xvj5exKhUtv1t5NbWNza38tuFnd29/QPz8Kglw1hg0sQhC0XHQ5IwGpCmooqRTiQI4h4jbW98O+u3H4mQNAwe1CQiPY6GAfUpRkpLfRNavO9GFF5APz1dSTmsuSWrXLbckmNbfbNoV+wUcJU4GSmCDI2++eMOQhxzEijMkJRdx45UL0FCUczItODGkkQIj9GQdDUNECeyl6Q/mcIzrQygHwpdgYKp+nciQVzKCfe0kyM1kgu9+R3L9pnvP3s3Vn6tl9AgihUJ8PxtP2ZQhXCWFBxQQbBiE00QFlSvD/EICYSVzrOgc3GWU1glrWrFuazc3FeL9assoTw4AafgHDjgGtTBHWiAJsDgCbyAV/BmPBvvxofxObfmjGzmGCzA+PoFWx6e0w==</latexit>



This talk 

•  Introduction 

•  Dark mesons at the strong scale 
‣  Mini-review of SIMP dark matter 

‣  Our setup and cosmology 

‣  Constraints and signatures 

•  Dark mesons at the weak scale



A minimal SIMP model

•   confining gauge theory, 3 light flavors   octet of GBs 

•  EM is gauged by dark photon 

•  Explicit breaking parametrized by 

• Stability of DM mesons? Which spectra allow viable cosmology?

SU(Nc) (u, d, s) →

M = diag (mu,md,ms)

<latexit sha1_base64="jAD/Du9URdpD5Wu0XljZISRX/8g=">AAACDHicbVDLSgMxFM34rPVVdekmWIQKpcxI8bEQCm7cCBXsAzpDyWQybWiSGZKMUIZ+gBt/xY0LRdz6Ae78GzPtLLT1QsLhnHO59x4/ZlRp2/62lpZXVtfWCxvFza3tnd3S3n5bRYnEpIUjFsmujxRhVJCWppqRbiwJ4j4jHX90nemdByIVjcS9HsfE42ggaEgx0obql8q38Aq6HOmh5GlA0WDiVmGF95Mq5P0g+9SJcdk1e1pwETg5KIO8mv3SlxtEOOFEaMyQUj3HjrWXIqkpZmRSdBNFYoRHaEB6BgrEifLS6TETeGyYAIaRNE9oOGV/d6SIKzXmvnFma6t5LSP/03qJDi+8lIo40UTg2aAwYVBHMEsGBlQSrNnYAIQlNbtCPEQSYW3yK5oQnPmTF0H7tObUa5d39XLjLI+jAA7BEagAB5yDBrgBTdACGDyCZ/AK3qwn68V6tz5m1iUr7zkAf8r6/AHHLJmG</latexit>

Q = diag (2/3,�1/3,�1/3)

<latexit sha1_base64="CvA7D5xWlKlVA4Ko7mSEYvbpHKQ=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoUGtSi4+FUHDjsgX7gCaUyWTSDp08mJkIJfQX3Pgrblwo4tadO//GSRtEWw8MczjnXu69x4kYFdIwvrTc0vLK6lp+vbCxubW9o+/utUUYc0xaOGQh7zpIEEYD0pJUMtKNOEG+w0jHGd2kfueecEHD4E6OI2L7aBBQj2IkldTXS014DS0fySH3E5eiwcQqw1L19KwMT6D588Hjvl40KsYUcJGYGSmCDI2+/mm5IY59EkjMkBA904iknSAuKWZkUrBiQSKER2hAeooGyCfCTqYXTeCRUlzohVy9QMKp+rsjQb4QY99RlenuYt5Lxf+8Xiy9SzuhQRRLEuDZIC9mUIYwjQe6lBMs2VgRhDlVu0I8RBxhqUIsqBDM+ZMXSbtaMWuVq2atWD/P4siDA3AISsAEF6AObkEDtAAGD+AJvIBX7VF71t6091lpTst69sEfaB/fy/SYgA==</latexit>
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A minimal SIMP model

•   confining gauge theory, 3 light flavors   octet of GBs 

•  EM is gauged by dark photon 

•  Explicit breaking parametrized by 

• Stability of DM mesons? Which spectra allow viable cosmology? 

Minimal choice:

SU(Nc) (u, d, s) →

M = diag (mu,md,ms)

<latexit sha1_base64="jAD/Du9URdpD5Wu0XljZISRX/8g=">AAACDHicbVDLSgMxFM34rPVVdekmWIQKpcxI8bEQCm7cCBXsAzpDyWQybWiSGZKMUIZ+gBt/xY0LRdz6Ae78GzPtLLT1QsLhnHO59x4/ZlRp2/62lpZXVtfWCxvFza3tnd3S3n5bRYnEpIUjFsmujxRhVJCWppqRbiwJ4j4jHX90nemdByIVjcS9HsfE42ggaEgx0obql8q38Aq6HOmh5GlA0WDiVmGF95Mq5P0g+9SJcdk1e1pwETg5KIO8mv3SlxtEOOFEaMyQUj3HjrWXIqkpZmRSdBNFYoRHaEB6BgrEifLS6TETeGyYAIaRNE9oOGV/d6SIKzXmvnFma6t5LSP/03qJDi+8lIo40UTg2aAwYVBHMEsGBlQSrNnYAIQlNbtCPEQSYW3yK5oQnPmTF0H7tObUa5d39XLjLI+jAA7BEagAB5yDBrgBTdACGDyCZ/AK3qwn68V6tz5m1iUr7zkAf8r6/AHHLJmG</latexit>

Q = diag (2/3,�1/3,�1/3)

<latexit sha1_base64="CvA7D5xWlKlVA4Ko7mSEYvbpHKQ=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoUGtSi4+FUHDjsgX7gCaUyWTSDp08mJkIJfQX3Pgrblwo4tadO//GSRtEWw8MczjnXu69x4kYFdIwvrTc0vLK6lp+vbCxubW9o+/utUUYc0xaOGQh7zpIEEYD0pJUMtKNOEG+w0jHGd2kfueecEHD4E6OI2L7aBBQj2IkldTXS014DS0fySH3E5eiwcQqw1L19KwMT6D588Hjvl40KsYUcJGYGSmCDI2+/mm5IY59EkjMkBA904iknSAuKWZkUrBiQSKER2hAeooGyCfCTqYXTeCRUlzohVy9QMKp+rsjQb4QY99RlenuYt5Lxf+8Xiy9SzuhQRRLEuDZIC9mUIYwjQe6lBMs2VgRhDlVu0I8RBxhqUIsqBDM+ZMXSbtaMWuVq2atWD/P4siDA3AISsAEF6AObkEDtAAGD+AJvIBX7VF71t6091lpTst69sEfaB/fy/SYgA==</latexit>
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mu > md = ms

<latexit sha1_base64="Lry+BRndFYVq0Xguz7g2Jh7S+G0=">AAACC3icbVDLSsNAFL2pr1ofjbp0M1gEVyWR4mOhFNy4rGAf0IYwmUzaoTNJmJkIpfQT/AK3+gXuxK0f4Qf4H07bLGzrgRkO59wXJ0g5U9pxvq3C2vrG5lZxu7Szu7dftg8OWyrJJKFNkvBEdgKsKGcxbWqmOe2kkmIRcNoOhndTv/1EpWJJ/KhHKfUE7scsYgRrI/l2WfgZukXCD9GN+ZVvV5yqMwNaJW5OKpCj4ds/vTAhmaCxJhwr1XWdVHtjLDUjnE5KvUzRFJMh7tOuoTEWVHnj2eETdGqUEEWJNC/WaKb+7RhjodRIBKZSYD1Qy95U/Nebz19crqMrb8ziNNM0JvPdUcaRTtA0GBQySYnmI0Mwkcycj8gAS0y0ia9kcnGXU1glrfOqW6teP9Qq9Ys8oSIcwwmcgQuXUId7aEATCGTwAq/wZj1b79aH9TkvLVh5zxEswPr6Ba9VmfQ=</latexit>

SU(2)U ⇥ U(1)Q

<latexit sha1_base64="8fBzbmNfRMHp2LN4vfDxftzNnco=">AAACFHicbVDNTgIxGOziH+LfqhcTL41gAheyS4w/NxIvHiG6QAKbTbd0oaHb3bRdE7LBx/AJvOoTeDNevfsAvocF9iDgJE0mM9/XacePGZXKsr6N3Nr6xuZWfruws7u3f2AeHrVklAhMHByxSHR8JAmjnDiKKkY6sSAo9Blp+6Pbqd9+JELSiD+ocUzcEA04DShGSkueeVK6d8q1ipc6k56iIZHQKdsVr1nyzKJVtWaAq8TOSBFkaHjmT68f4SQkXGGGpOzaVqzcFAlFMSOTQi+RJEZ4hAakqylHOsxNZz+YwHOt9GEQCX24gjP170aKQinHoa8nQ6SGctmbiv968/sXw1Vw7aaUx4kiHM+zg4RBFcFpQ7BPBcGKjTVBWFD9fIiHSCCsdI8F3Yu93MIqadWq9kX1plkr1i+zhvLgFJyBMrDBFaiDO9AADsDgCbyAV/BmPBvvxofxOR/NGdnOMViA8fULU3qc5Q==</latexit>

exact

“U-spin” in the SM

30

<latexit sha1_base64="nksqOe5ywntoQskuJoUdZAlGufQ=">AAACCHicbVDLTgIxFL2DL8QX6tJNI5i4IjNAou5I3LjERB4JjKRTOtDQ6UzajgmZ8AN+gVv9AnfGrX/hB/gfdmAWAp6kyck59/aeHC/iTGnb/rZyG5tb2zv53cLe/sHhUfH4pK3CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3Kb+p0nKhULxYOeRtQN8EgwnxGsjfRY7gdYjz0/qc0GdnlQLNkVew60TpyMlCBDc1D86Q9DEgdUaMKxUj3HjrSbYKkZ4XRW6MeKRphM8Ij2DBU4oMpN5qln6MIoQ+SH0jyh0Vz9u5HgQKlp4JnJNKRa9VLxX2/x//Jx7V+7CRNRrKkgi9t+zJEOUdoKGjJJieZTQzCRzMRHZIwlJtp0VzC9OKstrJN2teLUKzf31VKjnjWUhzM4h0tw4AoacAdNaAEBCS/wCm/Ws/VufVifi9Gcle2cwhKsr19Jv5na</latexit>

2±1

<latexit sha1_base64="+GBhHV1mh022F6cRWH51540CV9g=">AAACEHicbVBLTsMwFHT4lvILnx0bixaJVZVUlYBdJTYsi0Q/UhNFjuu0Vm0nsh2kEvUSnIAtnIAdYssNOAD3wGmzoC0jWRrNvOc3mjBhVGnH+bbW1jc2t7ZLO+Xdvf2DQ/vouKPiVGLSxjGLZS9EijAqSFtTzUgvkQTxkJFuOL7N/e4jkYrG4kFPEuJzNBQ0ohhpIwX2adXjSI/CKKtPg8xLOHSn1cCuODVnBrhK3IJUQIFWYP94gxinnAiNGVKq7zqJ9jMkNcWMTMteqkiC8BgNSd9QgThRfjZLP4UXRhnAKJbmCQ1n6t+NDHGlJjw0k3lUtezl4r/e/P/F4zq69jMqklQTgee3o5RBHcO8HTigkmDNJoYgLKmJD/EISYS16bBsenGXW1glnXrNbdRu7uuVZqNoqATOwDm4BC64Ak1wB1qgDTB4Ai/gFbxZz9a79WF9zkfXrGLnBCzA+voFd0icmA==</latexit>

10

<latexit sha1_base64="PoQ9zbP9T3tnZMOksyWt5FJa4ik=">AAACDHicbVDLSsNAFL2pr1pfUZdugq3gqiSloO4KblxWsA9oQ5hMJ+3QySTMTAol5Bf8Arf6Be7Erf/gB/gfTtosbOuBgcM59849HD9mVCrb/jZKW9s7u3vl/crB4dHxiXl61pVRIjDp4IhFou8jSRjlpKOoYqQfC4JCn5GeP73P/d6MCEkj/qTmMXFDNOY0oBgpLXmmWRuGSE38IHUyL7WzmmdW7bq9gLVJnIJUoUDbM3+GowgnIeEKMyTlwLFj5aZIKIoZySrDRJIY4Skak4GmHIVEuukieWZdaWVkBZHQjytrof7dSFEo5Tz09WQeU657ufivt/x/9bgKbt2U8jhRhOPl7SBhloqsvBlrRAXBis01QVhQHd/CEyQQVrq/iu7FWW9hk3QbdadZv3tsVFvNoqEyXMAlXIMDN9CCB2hDBzDM4AVe4c14Nt6ND+NzOVoyip1zWIHx9QugRpsV</latexit>

⌘

<latexit sha1_base64="w6/mzLX5R7mJUBY9vJzFFN0R+Ew=">AAACAHicbVC7TgJBFJ3FF+ILtbSZCCZWZJeQqB2JjSUm8khgQ2aHuzAy+8jMXROyofELbPUL7Iytf+IH+B8OsIWAJ7nJyTn3lePFUmi07W8rt7G5tb2T3y3s7R8cHhWPT1o6ShSHJo9kpDoe0yBFCE0UKKETK2CBJ6HtjW9nfvsJlBZR+ICTGNyADUPhC87QSK1yD5CV+8WSXbHnoOvEyUiJZGj0iz+9QcSTAELkkmnddewY3ZQpFFzCtNBLNMSMj9kQuoaGLADtpvNvp/TCKAPqR8pUiHSu/p1IWaD1JPBMZ8BwpFe9mfivt9i/fBz9azcVYZwghHxx208kxYjO0qADoYCjnBjCuBLmfcpHTDGOJrOCycVZTWGdtKoVp1a5ua+W6rUsoTw5I+fkkjjkitTJHWmQJuHkkbyQV/JmPVvv1of1uWjNWdnMKVmC9fULVmiWmA==</latexit>

(⇡0,K0,K
0
)

<latexit sha1_base64="DnURh1uH0E5yeCrocy//gtCzMqA=">AAACGnicbVDLSgMxFM3UV62vUZeCBFuhgpSZUlB3BTdCNxXsAzrTkknTNjQzGZKMUIbu/Ay/wK1+gTtx68YP8D/MtLOwrQcSDufcR3K8kFGpLOvbyKytb2xuZbdzO7t7+wfm4VFT8khg0sCccdH2kCSMBqShqGKkHQqCfI+Rlje+TfzWIxGS8uBBTULi+mgY0AHFSGmpZ54Wik5Iu9YlrCWXw3VxMiuuTbvWRaFn5q2SNQNcJXZK8iBFvWf+OH2OI58ECjMkZce2QuXGSCiKGZnmnEiSEOExGpKOpgHyiXTj2T+m8FwrfTjgQp9AwZn6tyNGvpQT39OVPlIjuewl4r/efP7icjW4dmMahJEiAZ7vHkQMKg6TnGCfCoIVm2iCsKD6+RCPkEBY6TRzOhd7OYVV0iyX7Erp5r6cr1bShLLgBJyBIrDBFaiCO1AHDYDBE3gBr+DNeDbejQ/jc16aMdKeY7AA4+sXtuSfOQ==</latexit>

(⇡±,K±)

<latexit sha1_base64="aZb24hvyXpua2wBYKhCTijkatDE=">AAACDnicbVBNSsNAGJ3Uv1r/Yl26GWyFClKSUlB3BTeCmwr2B5pYJtNJO3QmCTMTsYTewRO41RO4E7dewQN4DydtFrb1wTCP974/nhcxKpVlfRu5tfWNza38dmFnd2//wDwstmUYC0xaOGSh6HpIEkYD0lJUMdKNBEHcY6Tjja9Tv/NIhKRhcK8mEXE5GgbUpxgpLfXNYrniRPTBifg5vE2/s3LfLFlVawa4SuyMlECGZt/8cQYhjjkJFGZIyp5tRcpNkFAUMzItOLEkEcJjNCQ9TQPEiXST2e1TeKqVAfRDoV+g4Ez925EgLuWEe7qSIzWSy14q/uvN5y8uV/6lm9AgihUJ8Hy3HzOoQphmAwdUEKzYRBOEBdXnQzxCAmGlEyzoXOzlFFZJu1a169Wru1qpUc8SyoNjcAIqwAYXoAFuQBO0AAZP4AW8gjfj2Xg3PozPeWnOyHqOwAKMr1+d35r2</latexit>

singlet is unstable

“the U-symmetric  
Standard Model”



Questions

30

<latexit sha1_base64="nksqOe5ywntoQskuJoUdZAlGufQ=">AAACCHicbVDLTgIxFL2DL8QX6tJNI5i4IjNAou5I3LjERB4JjKRTOtDQ6UzajgmZ8AN+gVv9AnfGrX/hB/gfdmAWAp6kyck59/aeHC/iTGnb/rZyG5tb2zv53cLe/sHhUfH4pK3CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3Kb+p0nKhULxYOeRtQN8EgwnxGsjfRY7gdYjz0/qc0GdnlQLNkVew60TpyMlCBDc1D86Q9DEgdUaMKxUj3HjrSbYKkZ4XRW6MeKRphM8Ij2DBU4oMpN5qln6MIoQ+SH0jyh0Vz9u5HgQKlp4JnJNKRa9VLxX2/x//Jx7V+7CRNRrKkgi9t+zJEOUdoKGjJJieZTQzCRzMRHZIwlJtp0VzC9OKstrJN2teLUKzf31VKjnjWUhzM4h0tw4AoacAdNaAEBCS/wCm/Ws/VufVifi9Gcle2cwhKsr19Jv5na</latexit>

2±1

<latexit sha1_base64="+GBhHV1mh022F6cRWH51540CV9g=">AAACEHicbVBLTsMwFHT4lvILnx0bixaJVZVUlYBdJTYsi0Q/UhNFjuu0Vm0nsh2kEvUSnIAtnIAdYssNOAD3wGmzoC0jWRrNvOc3mjBhVGnH+bbW1jc2t7ZLO+Xdvf2DQ/vouKPiVGLSxjGLZS9EijAqSFtTzUgvkQTxkJFuOL7N/e4jkYrG4kFPEuJzNBQ0ohhpIwX2adXjSI/CKKtPg8xLOHSn1cCuODVnBrhK3IJUQIFWYP94gxinnAiNGVKq7zqJ9jMkNcWMTMteqkiC8BgNSd9QgThRfjZLP4UXRhnAKJbmCQ1n6t+NDHGlJjw0k3lUtezl4r/e/P/F4zq69jMqklQTgee3o5RBHcO8HTigkmDNJoYgLKmJD/EISYS16bBsenGXW1glnXrNbdRu7uuVZqNoqATOwDm4BC64Ak1wB1qgDTB4Ai/gFbxZz9a79WF9zkfXrGLnBCzA+voFd0icmA==</latexit>

10

<latexit sha1_base64="PoQ9zbP9T3tnZMOksyWt5FJa4ik=">AAACDHicbVDLSsNAFL2pr1pfUZdugq3gqiSloO4KblxWsA9oQ5hMJ+3QySTMTAol5Bf8Arf6Be7Erf/gB/gfTtosbOuBgcM59849HD9mVCrb/jZKW9s7u3vl/crB4dHxiXl61pVRIjDp4IhFou8jSRjlpKOoYqQfC4JCn5GeP73P/d6MCEkj/qTmMXFDNOY0oBgpLXmmWRuGSE38IHUyL7WzmmdW7bq9gLVJnIJUoUDbM3+GowgnIeEKMyTlwLFj5aZIKIoZySrDRJIY4Skak4GmHIVEuukieWZdaWVkBZHQjytrof7dSFEo5Tz09WQeU657ufivt/x/9bgKbt2U8jhRhOPl7SBhloqsvBlrRAXBis01QVhQHd/CEyQQVrq/iu7FWW9hk3QbdadZv3tsVFvNoqEyXMAlXIMDN9CCB2hDBzDM4AVe4c14Nt6ND+NzOVoyip1zWIHx9QugRpsV</latexit>

⌘

<latexit sha1_base64="w6/mzLX5R7mJUBY9vJzFFN0R+Ew=">AAACAHicbVC7TgJBFJ3FF+ILtbSZCCZWZJeQqB2JjSUm8khgQ2aHuzAy+8jMXROyofELbPUL7Iytf+IH+B8OsIWAJ7nJyTn3lePFUmi07W8rt7G5tb2T3y3s7R8cHhWPT1o6ShSHJo9kpDoe0yBFCE0UKKETK2CBJ6HtjW9nfvsJlBZR+ICTGNyADUPhC87QSK1yD5CV+8WSXbHnoOvEyUiJZGj0iz+9QcSTAELkkmnddewY3ZQpFFzCtNBLNMSMj9kQuoaGLADtpvNvp/TCKAPqR8pUiHSu/p1IWaD1JPBMZ8BwpFe9mfivt9i/fBz9azcVYZwghHxx208kxYjO0qADoYCjnBjCuBLmfcpHTDGOJrOCycVZTWGdtKoVp1a5ua+W6rUsoTw5I+fkkjjkitTJHWmQJuHkkbyQV/JmPVvv1of1uWjNWdnMKVmC9fULVmiWmA==</latexit>

(⇡0,K0,K
0
)

<latexit sha1_base64="DnURh1uH0E5yeCrocy//gtCzMqA=">AAACGnicbVDLSgMxFM3UV62vUZeCBFuhgpSZUlB3BTdCNxXsAzrTkknTNjQzGZKMUIbu/Ay/wK1+gTtx68YP8D/MtLOwrQcSDufcR3K8kFGpLOvbyKytb2xuZbdzO7t7+wfm4VFT8khg0sCccdH2kCSMBqShqGKkHQqCfI+Rlje+TfzWIxGS8uBBTULi+mgY0AHFSGmpZ54Wik5Iu9YlrCWXw3VxMiuuTbvWRaFn5q2SNQNcJXZK8iBFvWf+OH2OI58ECjMkZce2QuXGSCiKGZnmnEiSEOExGpKOpgHyiXTj2T+m8FwrfTjgQp9AwZn6tyNGvpQT39OVPlIjuewl4r/efP7icjW4dmMahJEiAZ7vHkQMKg6TnGCfCoIVm2iCsKD6+RCPkEBY6TRzOhd7OYVV0iyX7Erp5r6cr1bShLLgBJyBIrDBFaiCO1AHDYDBE3gBr+DNeDbejQ/jc16aMdKeY7AA4+sXtuSfOQ==</latexit>

(⇡±,K±)

<latexit sha1_base64="aZb24hvyXpua2wBYKhCTijkatDE=">AAACDnicbVBNSsNAGJ3Uv1r/Yl26GWyFClKSUlB3BTeCmwr2B5pYJtNJO3QmCTMTsYTewRO41RO4E7dewQN4DydtFrb1wTCP974/nhcxKpVlfRu5tfWNza38dmFnd2//wDwstmUYC0xaOGSh6HpIEkYD0lJUMdKNBEHcY6Tjja9Tv/NIhKRhcK8mEXE5GgbUpxgpLfXNYrniRPTBifg5vE2/s3LfLFlVawa4SuyMlECGZt/8cQYhjjkJFGZIyp5tRcpNkFAUMzItOLEkEcJjNCQ9TQPEiXST2e1TeKqVAfRDoV+g4Ez925EgLuWEe7qSIzWSy14q/uvN5y8uV/6lm9AgihUJ8Hy3HzOoQphmAwdUEKzYRBOEBdXnQzxCAmGlEyzoXOzlFFZJu1a169Wru1qpUc8SyoNjcAIqwAYXoAFuQBO0AAZP4AW8gjfj2Xg3PozPeWnOyHqOwAKMr1+d35r2</latexit>

md = ms = m

<latexit sha1_base64="czJ9g50f7Af42pOdcLr/Gk7eePY=">AAACC3icbVBNSgMxGM34W+tPR126CbaCqzJTCupCKLhxWcH+QDsMmUymDU0yQ5IRytAjeAK3egJ34tZDeADvYaadhW19kPB47/vjBQmjSjvOt7WxubW9s1vaK+8fHB5V7OOTropTiUkHxyyW/QApwqggHU01I/1EEsQDRnrB5C73e09EKhqLRz1NiMfRSNCIYqSN5NuVGvdDeAu5r/K/5ttVp+7MAdeJW5AqKND27Z9hGOOUE6 ExQ0oNXCfRXoakppiRWXmYKpIgPEEjMjBUIE6Ul80Pn8ELo4QwiqV5QsO5+rcjQ1ypKQ9MJUd6rFa9XPzXW8xfXq6jay+jIkk1EXixO0oZ1DHMg4EhlQRrNjUEYUnN+RCPkURYm/jKJhd3NYV10m3U3Wb95qFRbTWLhErgDJyDS+CCK9AC96ANOgCDFLyAV/BmPVvv1of1uSjdsIqeU7AE6+sXyyiZYw==</latexit>

mu = m+�m

<latexit sha1_base64="znIfEeMz3xJoG8r5Ya9HVHBwZ7w=">AAACEHicbVDLSgMxFM3UV62v8bFzE2wFQSgzpaAuhIIuXFawD2iHIZNm2tAkMyQZoQ79Cb/ArX6BO3HrH/gB/odpOwvbeuDC4Zz74gQxo0o7zreVW1ldW9/Ibxa2tnd29+z9g6aKEolJA0csku0AKcKoIA1NNSPtWBLEA0ZawfBm4rceiVQ0Eg96FBOPo76gIcVIG8m3j0rcT+A15PAcdm8J0wjykm8XnbIzBVwmbkaKIEPdt3 +6vQgnnAiNGVKq4zqx9lIkNcWMjAvdRJEY4SHqk46hAnGivHT6/RieGqUHw0iaEhpO1b8TKeJKjXhgOjnSA7XoTcR/vdn++eM6vPRSKuJEE4Fnt8OEQR3BSTqwRyXBmo0MQVhS8z7EAyQR1ibDgsnFXUxhmTQrZbdavrqvFGvVLKE8OAYn4Ay44ALUwB2ogwbA4Am8gFfwZj1b79aH9TlrzVnZzCGYg/X1Cx0Umyg=</latexit>

•  How suppressed must singlet density be, for viable cosmology? 

•  DM is light triplet of neutral pion + kaons. Does  still work? 
 5-meson interaction requires  

• How accurate does  need to be? 

Introduce explicit breaking, study quantitatively

3 → 2
a ≠ b ≠ c ≠ d ≠ e

SU(2)U

Ennio Salvioni 21



•  Decay through chiral anomaly, Tr (Q2λη) ≠ 0

Comparable to timescale of recombination: 
EM injection impacts CMB anisotropies, 
strongly constrained

⇠ 10�11

<latexit sha1_base64="KAXdWQf6mKZ/QNmuFBWvTHVtBPY=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBHcWCZSfOwKblxWsA9ox5JJ0zY0yYxJplCGfocbF4q49WPc+Tem7Sy09cCFwzn3cu89YSy4sb7/7a2srq1vbOa28ts7u3v7hYPDuokSTVmNRiLSzZAYJrhiNcutYM1YMyJDwRrh8HbqN0ZMGx6pBzuOWSBJX/Eep8Q6KWgbLhH2H9NzjCedQtEv+TOgZYIzUoQM1U7hq92NaCKZslQQY1rYj22QEm05FWySbyeGxYQOSZ+1HFVEMhOks6Mn6NQpXdSLtCtl0Uz9PZESacxYhq5TEjswi95U/M9rJbZ3HaRcxYllis4X9RKBbISmCaAu14xaMXaEUM3drYgOiCbUupzyLgS8+PIyqV+UcLl0c18uVi6zOHJwDCdwBhiuoAJ3UIUaUHiCZ3iFN2/kvXjv3se8dcXLZo7gD7zPHyZ4kQc=</latexit>

⌧ [seconds]

<latexit sha1_base64="xkaHMFhbBKaofu9v/cKpWr6xQSw=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokUlB3BTcuK9gHJKFMJpN26MwkzEyEErLxV9y4UMStn+HOv3HSZqGtBy4czrmXe+8JU0aVdpxvq7a2vrG5Vd9u7Ozu7R/Yh0d9lWQSkx5OWCKHIVKEUUF6mmpGhqkkiIeMDMLpbekPHolUNBEPepaSgKOxoDHFSBtpZJ/4GmXQ8znSE8lzRXAiIlUEI7vptJw54CpxK9IEFboj+8uPEpxxIjRmSCnPdVId5EhqihkpGn6mSIrwFI2JZ6hAnKggnz9QwHOjRDBOpCmh4Vz9PZEjrtSMh6azPFQte6X4n+dlOr4OcirSTBOBF4vijEGdwDINGFFJsGYzQxCW1NwK8QRJhLXJrGFCcJdfXiX9y5bbbt3ct5uddhVHHZyCM3ABXHAFOuAOdEEPYFCAZ/AK3qwn68V6tz4WrTWrmjkGf2B9/gBOFZbZ</latexit>

density of decaying species

<latexit sha1_base64="aUJdgwIUSs8UlzRjhLBgi+jZW7E=">AAACBHicbVA9SwNBEN3zM8avU8s0i0GwCndBULuAjWUE8wFJCHt7c8mSvd1jd084jhQ2/hUbC0Vs/RF2/hs3yRWa+GDg8d4MM/OChDNtPO/bWVvf2NzaLu2Ud/f2Dw7do+O2lqmi0KKSS9UNiAbOBLQMMxy6iQISBxw6weRm5nceQGkmxb3JEhjEZCRYxCgxVhq6lRCEZibDMsIhUJIxMcI6AcpAD92qV/PmwKvEL0gVFWgO3a9+KGkagzCUE617vpeYQU6UYZTDtNxPNSSETsgIepYKEoMe5PMnpvjMKiGOpLIlDJ6rvydyEmudxYHtjIkZ62VvJv7n9VITXQ1yJpLUgKCLRVHKsZF4lggOmQJqeGYJoYrZWzEdE0WosbmVbQj+8surpF2v+Re167t6tVEv4iihCjpF58hHl6iBblETtRBFj+gZvaI358l5cd6dj0XrmlPMnKA/cD5/ALKOmBg=</latexit>

norm. to CDM

<latexit sha1_base64="SjT6WZVyyoTimA07y4Vu4WZG2xk=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4CkkR1FuhHrwIFewHtKFstpt26WY37G6EEvo3vHhQxKt/xpv/xk2bg7Y+GHi8N8PMvDDhTBvP+3bW1jc2t7ZLO+Xdvf2Dw8rRcVvLVBHaIpJL1Q2xppwJ2jLMcNpNFMVxyGknnDRyv/NElWZSPJppQoMYjwSLGMHGSn0hVewiI1Hj9n5QqXquNwdaJX5BqlCgOah89YeSpDEVhnCsdc/3EhNkWBlGOJ2V+6mmCSYTPKI9SwWOqQ6y+c0zdG6VIYqksiUMmqu/JzIcaz2NQ9sZYzPWy14u/uf1UhNdBxkTSWqoIItFUcrzJ/MA0JApSgyfWoKJYvZWRMZYYWJsTGUbgr/88ipp11z/0r15qFXrtSKOEpzCGVyAD1dQhztoQgsIJPAMr/DmpM6L8+58LFrXnGLmBP7A+fwBvhaQzQ==</latexit>

[Poulin, Serpico 2016]

(FeynRules+MG5)

Ennio Salvioni 22

Singlet  decaysη



Cosmological history

Y = n/s

<latexit sha1_base64="gDj1ePXg3nZWfuZOiw6fQOSryjk=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCp7pbBPUgFLx4rGC/aJeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjO9mfuuJKs0i+WgmMfUFHkoWMoKNlTrlDrpF8kKX+8WSW3HnQKvEy0gJMtT7xa/eICKJoNIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupxIJqP50fPEVnVhmgMFK2pEFz9fdEioXWExHYToHNSC97M/E/r5uY8NpPmYwTQyVZLAoTjkyEZt+jAVOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdKsVrzLys1DtVSrZnHk4QRO4Rw8uIIa3EMdGkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AGsMI78</latexit>

x = m⇡0/T

<latexit sha1_base64="rTim/A12FNgVdt6UKq6QqiiQTFo=">AAAB+nicbVDLSgMxFM3UV62vqS7dBFvBVZ0pgroQCm5cVugL2nHIpJk2NMkMSUYtYz/FjQtF3Pol7vwb03YW2nrgwuGce7n3niBmVGnH+bZyK6tr6xv5zcLW9s7unl3cb6kokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdjK6nfvueSEUj0dDjmHgcDQQNKUbaSL5dLD/CK8j9tBfTO2dy2ij7dsmpODPAZeJmpAQy1H37q9ePcMKJ0JghpbquE2svRVJTzMik0EsUiREeoQHpGioQJ8pLZ6dP4LFR+jCMpCmh4Uz9PZEirtSYB6aTIz1Ui95U/M/rJjq88FIq4kQTgeeLwoRBHcFpDrBPJcGajQ1BWFJzK8RDJBHWJq2CCcFdfHmZtKoV96xyeVst1apZHHlwCI7ACXDBOaiBG1AHTYDBA3gGr+DNerJerHfrY96as7KZA/AH1ucPH6uSlg==</latexit>

20% mass splitting  . Realized for ≫ T 3→2
fo ∼ mπ /20 m ∼ 2md,s

Ennio Salvioni 23

m⇡0,⇡+,⌘ = 150, 180, 189 MeV

<latexit sha1_base64="GJfGVnNuA4d5HT+ZUZL8zthxshQ=">AAACHXicbVBNSwMxEM36WetX1aOXYBEEpeyWii0iFLx4ESrYD+iWJZtO29Bkd0myQln6R7z4V7x4UMSDF/HfmG170NYHyTzezDAzz484U9q2v62l5ZXVtfXMRnZza3tnN7e331BhLCnUachD2fKJAs4CqGumObQiCUT4HJr+8DrNNx9AKhYG93oUQUeQfsB6jBJtJC9XEl7iRsyzz3AaTk0ATcb4CjvnRnPKk6/iXrqC6IEUyS00xl4ubxfsCfAicWYkj2aoeblPtxvSWECgKSdKtR070p2ESM0oh3HWjRVEhA5JH9qGBkSA6iST68b42Chd3AuleYHGE/V3R0KEUiPhm8p0RzWfS8X/cu1Y98qdhAVRrCGg00G9mGMd4tQq3GUSqOYjQwiVzOyK6YBIQrUxNGtMcOZPXiSNYsEpFSp3pXy1OLMjgw7RETpBDrpAVXSDaqiOKHpEz+gVvVlP1ov1bn1MS5esWc8B+gPr6weiCp6G</latexit>

m⇡0/f⇡ = 8.5

<latexit sha1_base64="nJ4Rh8hYUzISjf7CLbItYxBIuxM=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWwVVMSsW6EApuXFawF2hDmEwn7dDJJMxMhBKCG1/FjQtF3PoU7nwbp2kW2vrDwMd/zuHM+f2YUals+9sorayurW+UNytb2zu7e+b+QUdGicCkjSMWiZ6PJGGUk7aiipFeLAgKfUa6/uRmVu8+ECFpxO/VNCZuiEacBhQjpS3PPAq9dBBTz87gOQxyzuA1bFgXnlm1LTsXXAangCoo1PLMr8EwwklIuMIMSdl37Fi5KRKKYkayyiCRJEZ4gkakr5GjkEg3zU/I4Kl2hjCIhH5cwdz9PZGiUMpp6OvOEKmxXKzNzP9q/UQFDTelPE4U4Xi+KEgYVBGc5QGHVBCs2FQDwoLqv0I8RgJhpVOr6BCcxZOXoVOznLp1dVevNmtFHGVwDE7AGXDAJWiCW9ACbYDBI3gGr+DNeDJejHfjY95aMoqZQ/BHxucPrECVog==</latexit>

YDM

<latexit sha1_base64="eC0fD6cj1sLmqzBcgU+ugXd/V4c=">AAAB83icbVBNSwMxEJ31s9avqkcvwVbwVHaLoN4KevAiVLAf0l1KNs22oUl2SbJCWfo3vHhQxKt/xpv/xrTdg7Y+GHi8N8PMvDDhTBvX/XZWVtfWNzYLW8Xtnd29/dLBYUvHqSK0SWIeq06INeVM0qZhhtNOoigWIaftcHQ99dtPVGkWywczTmgg8ECyiBFsrORXHnuZrwS6uZtUeqWyW3VnQMvEy0kZcjR6pS+/H5NUUGkIx1p3PTcxQYaVYYTTSdFPNU0wGeEB7VoqsaA6yGY3T9CpVfooipUtadBM/T2RYaH1WIS2U2Az1IveVPzP66YmugwyJpPUUEnmi6KUIxOjaQCozxQlho8twUQxeysiQ6wwMTamog3BW3x5mbRqVe+8enVfK9fdPI4CHMMJnIEHF1CHW2hAEwgk8Ayv8Oakzovz7nzMW1ecfOYI/sD5/AHAS5DO</latexit>

time



Cosmological history/1

Y = n/s

<latexit sha1_base64="gDj1ePXg3nZWfuZOiw6fQOSryjk=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCp7pbBPUgFLx4rGC/aJeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjO9mfuuJKs0i+WgmMfUFHkoWMoKNlTrlDrpF8kKX+8WSW3HnQKvEy0gJMtT7xa/eICKJoNIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupxIJqP50fPEVnVhmgMFK2pEFz9fdEioXWExHYToHNSC97M/E/r5uY8NpPmYwTQyVZLAoTjkyEZt+jAVOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdKsVrzLys1DtVSrZnHk4QRO4Rw8uIIa3EMdGkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AGsMI78</latexit>

x = m⇡0/T

<latexit sha1_base64="rTim/A12FNgVdt6UKq6QqiiQTFo=">AAAB+nicbVDLSgMxFM3UV62vqS7dBFvBVZ0pgroQCm5cVugL2nHIpJk2NMkMSUYtYz/FjQtF3Pol7vwb03YW2nrgwuGce7n3niBmVGnH+bZyK6tr6xv5zcLW9s7unl3cb6kokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdjK6nfvueSEUj0dDjmHgcDQQNKUbaSL5dLD/CK8j9tBfTO2dy2ij7dsmpODPAZeJmpAQy1H37q9ePcMKJ0JghpbquE2svRVJTzMik0EsUiREeoQHpGioQJ8pLZ6dP4LFR+jCMpCmh4Uz9PZEirtSYB6aTIz1Ui95U/M/rJjq88FIq4kQTgeeLwoRBHcFpDrBPJcGajQ1BWFJzK8RDJBHWJq2CCcFdfHmZtKoV96xyeVst1apZHHlwCI7ACXDBOaiBG1AHTYDBA3gGr+DNerJerHfrY96as7KZA/AH1ucPH6uSlg==</latexit>

Ennio Salvioni 24

 annihilations freeze out at3 → 2
(neq

⇡0
)2h�v2i3!2 ⇠ H

<latexit sha1_base64="kRzZCSMBntHNq6BghmrfZV9an2g="></latexit>

YDM

<latexit sha1_base64="eC0fD6cj1sLmqzBcgU+ugXd/V4c=">AAAB83icbVBNSwMxEJ31s9avqkcvwVbwVHaLoN4KevAiVLAf0l1KNs22oUl2SbJCWfo3vHhQxKt/xpv/xrTdg7Y+GHi8N8PMvDDhTBvX/XZWVtfWNzYLW8Xtnd29/dLBYUvHqSK0SWIeq06INeVM0qZhhtNOoigWIaftcHQ99dtPVGkWywczTmgg8ECyiBFsrORXHnuZrwS6uZtUeqWyW3VnQMvEy0kZcjR6pS+/H5NUUGkIx1p3PTcxQYaVYYTTSdFPNU0wGeEB7VoqsaA6yGY3T9CpVfooipUtadBM/T2RYaH1WIS2U2Az1IveVPzP66YmugwyJpPUUEnmi6KUIxOjaQCozxQlho8twUQxeysiQ6wwMTamog3BW3x5mbRqVe+8enVfK9fdPI4CHMMJnIEHF1CHW2hAEwgk8Ayv8Oakzovz7nzMW1ecfOYI/sD5/AHAS5DO</latexit>

As long as  is kinem. open, 
  freeze-out remains efficient

π0K0K 0 → π+π−

3 → 2

time

20% mass splitting  . Realized for ≫ T 3→2
fo ∼ mπ /20 m ∼ 2md,s



Cosmological history/2

Y = n/s

<latexit sha1_base64="gDj1ePXg3nZWfuZOiw6fQOSryjk=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCp7pbBPUgFLx4rGC/aJeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjO9mfuuJKs0i+WgmMfUFHkoWMoKNlTrlDrpF8kKX+8WSW3HnQKvEy0gJMtT7xa/eICKJoNIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupxIJqP50fPEVnVhmgMFK2pEFz9fdEioXWExHYToHNSC97M/E/r5uY8NpPmYwTQyVZLAoTjkyEZt+jAVOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdKsVrzLys1DtVSrZnHk4QRO4Rw8uIIa3EMdGkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AGsMI78</latexit>

x = m⇡0/T

<latexit sha1_base64="rTim/A12FNgVdt6UKq6QqiiQTFo=">AAAB+nicbVDLSgMxFM3UV62vqS7dBFvBVZ0pgroQCm5cVugL2nHIpJk2NMkMSUYtYz/FjQtF3Pol7vwb03YW2nrgwuGce7n3niBmVGnH+bZyK6tr6xv5zcLW9s7unl3cb6kokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdjK6nfvueSEUj0dDjmHgcDQQNKUbaSL5dLD/CK8j9tBfTO2dy2ij7dsmpODPAZeJmpAQy1H37q9ePcMKJ0JghpbquE2svRVJTzMik0EsUiREeoQHpGioQJ8pLZ6dP4LFR+jCMpCmh4Uz9PZEirtSYB6aTIz1Ui95U/M/rJjq88FIq4kQTgeeLwoRBHcFpDrBPJcGajQ1BWFJzK8RDJBHWJq2CCcFdfHmZtKoV96xyeVst1apZHHlwCI7ACXDBOaiBG1AHTYDBA3gGr+DNerJerHfrY96as7KZA/AH1ucPH6uSlg==</latexit>

Ennio Salvioni 25

YDM

<latexit sha1_base64="eC0fD6cj1sLmqzBcgU+ugXd/V4c=">AAAB83icbVBNSwMxEJ31s9avqkcvwVbwVHaLoN4KevAiVLAf0l1KNs22oUl2SbJCWfo3vHhQxKt/xpv/xrTdg7Y+GHi8N8PMvDDhTBvX/XZWVtfWNzYLW8Xtnd29/dLBYUvHqSK0SWIeq06INeVM0qZhhtNOoigWIaftcHQ99dtPVGkWywczTmgg8ECyiBFsrORXHnuZrwS6uZtUeqWyW3VnQMvEy0kZcjR6pS+/H5NUUGkIx1p3PTcxQYaVYYTTSdFPNU0wGeEB7VoqsaA6yGY3T9CpVfooipUtadBM/T2RYaH1WIS2U2Az1IveVPzP66YmugwyJpPUUEnmi6KUIxOjaQCozxQlho8twUQxeysiQ6wwMTamog3BW3x5mbRqVe+8enVfK9fdPI4CHMMJnIEHF1CHW2hAEwgk8Ayv8Oakzovz7nzMW1ecfOYI/sD5/AHAS5DO</latexit>

 scattering, e.g. , keeps heavier  

multiplet on

2 → 2 π+π− → π0π0

Y eq
⇡+

Y⇡0

Y eq
⇡0

' Y⇡0 exp
�
� m⇡+ �m⇡0

T

�

<latexit sha1_base64="a2GY/yNR803iBB2AbKBJKNuS1qY="></latexit>



Cosmological history/3

Y = n/s

<latexit sha1_base64="gDj1ePXg3nZWfuZOiw6fQOSryjk=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCp7pbBPUgFLx4rGC/aJeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjO9mfuuJKs0i+WgmMfUFHkoWMoKNlTrlDrpF8kKX+8WSW3HnQKvEy0gJMtT7xa/eICKJoNIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupxIJqP50fPEVnVhmgMFK2pEFz9fdEioXWExHYToHNSC97M/E/r5uY8NpPmYwTQyVZLAoTjkyEZt+jAVOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdKsVrzLys1DtVSrZnHk4QRO4Rw8uIIa3EMdGkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AGsMI78</latexit>

x = m⇡0/T

<latexit sha1_base64="rTim/A12FNgVdt6UKq6QqiiQTFo=">AAAB+nicbVDLSgMxFM3UV62vqS7dBFvBVZ0pgroQCm5cVugL2nHIpJk2NMkMSUYtYz/FjQtF3Pol7vwb03YW2nrgwuGce7n3niBmVGnH+bZyK6tr6xv5zcLW9s7unl3cb6kokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdjK6nfvueSEUj0dDjmHgcDQQNKUbaSL5dLD/CK8j9tBfTO2dy2ij7dsmpODPAZeJmpAQy1H37q9ePcMKJ0JghpbquE2svRVJTzMik0EsUiREeoQHpGioQJ8pLZ6dP4LFR+jCMpCmh4Uz9PZEirtSYB6aTIz1Ui95U/M/rJjq88FIq4kQTgeeLwoRBHcFpDrBPJcGajQ1BWFJzK8RDJBHWJq2CCcFdfHmZtKoV96xyeVst1apZHHlwCI7ACXDBOaiBG1AHTYDBA3gGr+DNerJerHfrY96as7KZA/AH1ucPH6uSlg==</latexit>

Ennio Salvioni 26

YDM

<latexit sha1_base64="eC0fD6cj1sLmqzBcgU+ugXd/V4c=">AAAB83icbVBNSwMxEJ31s9avqkcvwVbwVHaLoN4KevAiVLAf0l1KNs22oUl2SbJCWfo3vHhQxKt/xpv/xrTdg7Y+GHi8N8PMvDDhTBvX/XZWVtfWNzYLW8Xtnd29/dLBYUvHqSK0SWIeq06INeVM0qZhhtNOoigWIaftcHQ99dtPVGkWywczTmgg8ECyiBFsrORXHnuZrwS6uZtUeqWyW3VnQMvEy0kZcjR6pS+/H5NUUGkIx1p3PTcxQYaVYYTTSdFPNU0wGeEB7VoqsaA6yGY3T9CpVfooipUtadBM/T2RYaH1WIS2U2Az1IveVPzP66YmugwyJpPUUEnmi6KUIxOjaQCozxQlho8twUQxeysiQ6wwMTamog3BW3x5mbRqVe+8enVfK9fdPI4CHMMJnIEHF1CHW2hAEwgk8Ayv8Oakzovz7nzMW1ecfOYI/sD5/AHAS5DO</latexit>

  and   become inefficientπ+π− → π0π0 η π0 → π+π−

  makes  density increaseπ+π− → η π0 η

2m⇡+ > m⇡0 +m⌘

<latexit sha1_base64="1nVh781RkJlGQdQWLom+Mlmm5hM=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFEAplphTUjRTcuKxgL9AZh0yatqFJZkgyQhlm6cZXceNCEbc+gjvfxrSdhbb+EPj4zzmcnD+MGVXacb6twsrq2vpGcbO0tb2zu2fvH7RVlEhMWjhikeyGSBFGBWlpqhnpxpIgHjLSCcfX03rngUhFI3GnJzHxORoKOqAYaWMF9nGNB6kX0/tKBq9gzk4GK4Y9olFgl52qMxNcBjeHMs jVDOwvrx/hhBOhMUNK9Vwn1n6KpKaYkazkJYrECI/RkPQMCsSJ8tPZIRk8NU4fDiJpntBw5v6eSBFXasJD08mRHqnF2tT8r9ZL9ODCT6mIE00Eni8aJAzqCE5TgX0qCdZsYgBhSc1fIR4hibA22ZVMCO7iycvQrlXdevXytl5u1PM4iuAInIAz4IJz0AA3oAlaAINH8AxewZv1ZL1Y79bHvLVg5TOH4I+szx+Su5hl</latexit>



Cosmological history/4

Y = n/s

<latexit sha1_base64="gDj1ePXg3nZWfuZOiw6fQOSryjk=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCp7pbBPUgFLx4rGC/aJeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjO9mfuuJKs0i+WgmMfUFHkoWMoKNlTrlDrpF8kKX+8WSW3HnQKvEy0gJMtT7xa/eICKJoNIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupxIJqP50fPEVnVhmgMFK2pEFz9fdEioXWExHYToHNSC97M/E/r5uY8NpPmYwTQyVZLAoTjkyEZt+jAVOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdKsVrzLys1DtVSrZnHk4QRO4Rw8uIIa3EMdGkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AGsMI78</latexit>

x = m⇡0/T

<latexit sha1_base64="rTim/A12FNgVdt6UKq6QqiiQTFo=">AAAB+nicbVDLSgMxFM3UV62vqS7dBFvBVZ0pgroQCm5cVugL2nHIpJk2NMkMSUYtYz/FjQtF3Pol7vwb03YW2nrgwuGce7n3niBmVGnH+bZyK6tr6xv5zcLW9s7unl3cb6kokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdjK6nfvueSEUj0dDjmHgcDQQNKUbaSL5dLD/CK8j9tBfTO2dy2ij7dsmpODPAZeJmpAQy1H37q9ePcMKJ0JghpbquE2svRVJTzMik0EsUiREeoQHpGioQJ8pLZ6dP4LFR+jCMpCmh4Uz9PZEirtSYB6aTIz1Ui95U/M/rJjq88FIq4kQTgeeLwoRBHcFpDrBPJcGajQ1BWFJzK8RDJBHWJq2CCcFdfHmZtKoV96xyeVst1apZHHlwCI7ACXDBOaiBG1AHTYDBA3gGr+DNerJerHfrY96as7KZA/AH1ucPH6uSlg==</latexit>

Ennio Salvioni 27

YDM

<latexit sha1_base64="eC0fD6cj1sLmqzBcgU+ugXd/V4c=">AAAB83icbVBNSwMxEJ31s9avqkcvwVbwVHaLoN4KevAiVLAf0l1KNs22oUl2SbJCWfo3vHhQxKt/xpv/xrTdg7Y+GHi8N8PMvDDhTBvX/XZWVtfWNzYLW8Xtnd29/dLBYUvHqSK0SWIeq06INeVM0qZhhtNOoigWIaftcHQ99dtPVGkWywczTmgg8ECyiBFsrORXHnuZrwS6uZtUeqWyW3VnQMvEy0kZcjR6pS+/H5NUUGkIx1p3PTcxQYaVYYTTSdFPNU0wGeEB7VoqsaA6yGY3T9CpVfooipUtadBM/T2RYaH1WIS2U2Az1IveVPzP66YmugwyJpPUUEnmi6KUIxOjaQCozxQlho8twUQxeysiQ6wwMTamog3BW3x5mbRqVe+8enVfK9fdPI4CHMMJnIEHF1CHW2hAEwgk8Ayv8Oakzovz7nzMW1ecfOYI/sD5/AHAS5DO</latexit>

 and  densities settle onη π+

Y⌘

Y⇡+

���
fo
⇠

s
h�vi⇡+⇡�!⌘⇡0

h�vi⌘⌘!⇡+⇡�
⇠ O(1)

<latexit sha1_base64="yuMox8E9d7cIGGfq98ALcDv8vBM="></latexit>

Y fo
⌘

YDM
⇡ 10�11

<latexit sha1_base64="Cyg0DKzznjKWjWVUME4eUGQobPY=">AAACHXicbZDLSsNAFIYnXmu9RV26GSyCG0tGCuquoAs3QgV7kSYNk+mkHTq5MDMRS8iLuPFV3LhQxIUb8W2cpllo6w8DH/85hznn92LOpLKsb2NhcWl5ZbW0Vl7f2NzaNnd2WzJKBKFNEvFIdDwsKWchbSqmOO3EguLA47TtjS4m9fY9FZJF4a0ax9QJ8CBkPiNYacs1a7YvMEnvXJsq3EttEUA/yjJt5Hx5nWXQxnEsogcIkdVLjxHKXLNiVa1ccB5QARVQqOGan3Y/IklAQ0U4lrKLrFg5KRaKEU6zsp1IGmMywgPa1RjigEonza/L4KF2+noroV+oYO7+nkhxIOU48HRngNVQztYm5n+1bqL8MydlYZwoGpLpR37CoYrgJCrYZ4ISxccaMBFM7wrJEOu4lA60rENAsyfPQ+ukimrV85tapW4VcZTAPjgARwCBU1AHV6ABmoCAR/AMXsGb8WS8GO/Gx7R1wShm9sAfGV8/yjqhoQ==</latexit>

✓.CMB



CMB constraints on  decayη

•  lifetime + relic density    exclusion on parameter spaceη →

no bounds for  
splitting  - ≳ 10 20 %

Ennio Salvioni 28

"ê
m2

⇡0

m2
A0

<latexit sha1_base64="w6XUVmcacstT+KQC7csJjmeCnNE=">AAACKXicbVDLSgMxFM3Ud31VXboJFtGFlJlSUHcVNy4r2Fbo1CGT3rGhSWZIMkIZ5nfc+CtuFBR164+YabvwdSBwcs693HtPmHCmjeu+O6W5+YXFpeWV8ura+sZmZWu7o+NUUWjTmMfqOiQaOJPQNsxwuE4UEBFy6Iaj88Lv3oHSLJZXZpxAX5BbySJGibFSUGn6d0RBohmPpT/UCaGQubW6EDn2h8RkkPtH2I8UoZkIMj9hgZ vf1PPic3ZQsKBSdWvuBPgv8WakimZoBZVnfxDTVIA0lBOte56bmH5GlGGUQ172Uw12jRG5hZ6lkgjQ/WxyaY73rTLAUazskwZP1O8dGRFaj0VoKwUxQ/3bK8T/vF5qopN+xmSSGpB0OihKOTYxLmLDA6aAGj62hFDF7K6YDomNxdhwyzYE7/fJf0mnXvMatdPLRrVZn8WxjHbRHjpEHjpGTXSBWqiNKLpHj+gFvToPzpPz5nxMS0vOrGcH/YDz+QWvLady</latexit>

�⇡ =
m⇡+ �m⇡0

m⇡0

<latexit sha1_base64="J3BmOYwQC3m8p1VhD3KWL73b19c=">AAACHXicbZDLSgMxFIYz9VbrbdSlm2ARBLHMlIK6EAq6cFnBXqBThkyaaUOTzJBkhDLMi7jxVdy4UMSFG/FtTNsBtfWHwJf/nENy/iBmVGnH+bIKS8srq2vF9dLG5tb2jr2711JRIjFp4ohFshMgRRgVpKmpZqQTS4J4wEg7GF1N6u17IhWNxJ0ex6TH0UDQkGKkjeXbNe+aMI18L6bwEnqhRDjlfmqu/kkGT2HOTpalP+jbZafiTAUXwc2hDHI1fPvD60c44URozJBSXdeJdS9FUlPMSFbyEkVihEdoQLoGBeJE9dLpdhk8Mk4fhpE0R2g4dX9PpIgrNeaB6eRID9V8bWL+V+smOjzvpVTEiSYCzx4KEwZ1BCdRwT6VBGs2NoCwpOavEA+RSUibQEsmBHd+5UVoVSturXJxWyvXq3kcRXAADsExcMEZqIMb0ABNgMEDeAIv4NV6tJ6tN+t91lqw8pl98EfW5zca8KHu</latexit>



Breaking isospin

• Introduce small breaking of isospin  by  SU(2) ms = md + dm

• Constraints/ future reach on  ? 

Indirect detection bounds are relatively weak for   
“MeV gap” of gamma-ray astronomy

δ
mDM ∼ 100 MeV

⌧⇡0 ⇠ ⌧⌘
�2

<latexit sha1_base64="k4PVvHDZkz8ZaUA24W75Ar9L+iU=">AAACFXicbVDLSgNBEJz1bXxFPXoZDIIHCbsSUG8BLx4VTBSySeid9MbB2QczvUJY9ie8+CtePCjiVfDm3zh5HDSxoKGo6qa7K0iVNOS6387c/MLi0vLKamltfWNzq7y90zRJpgU2RKISfRuAQSVjbJAkhbepRogChTfB/fnQv3lAbWQSX9MgxXYE/ViGUgBZqVs+8gmybu6nsuMW3Dcy4n6oQeQj3UeCIvd7qAg6x0W3XHGr7gh8lngTUmETXHbLX34vEVmEMQkFxrQ8N6V2DpqkUFiU/MxgCuIe+tiyNIYITTsffVXwA6v0eJhoWzHxkfp7IofImEEU2M4I6M5Me0PxP6+VUXjazmWcZoSxGC8KM8Up4cOIeE9qFKQGloDQ0t7KxR3YUMgGWbIheNMvz5LmcdWrVc+uapV6bRLHCttj++yQeeyE1dkFu2QNJtgje2av7M15cl6cd+dj3DrnTGZ22R84nz9EyZ9/</latexit>

[Bartels, Gaggero, Weniger 2017]
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(⇡0,K0,K0)

<latexit sha1_base64="59e6uGQTYi1TAcQ2bfMPtAuN+b8=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahgpQZKVh3BTdCNxXsAzrDkEnTNjSTDElGKEM3bvwVNy4Uces/uPNvzLSz0OqBhMM5997knjBmVGnH+bIKK6tr6xvFzdLW9s7unr1/0FEikZi0sWBC9kKkCKOctDXVjPRiSVAUMtINJ9eZ370nUlHB7/Q0Jn6ERpwOKUbaSIF9XPFiGjjnsJldnjC12ai0OQucs8AuO1VnDviXuDkpgxytwP70BgInEeEaM6RU33Vi7adIaooZmZW8RJEY4Qkakb6hHEVE+el8ixk8NcoADoU0h2s4V392pChSahqFpjJCeqyWvUz8z+snelj3U8rjRBOOFw8NEwa1gFkkcEAlwZpNDUFYUvNXiMdIIqxNcCUTgru88l/Suai6terVba3cqOdxFMEROAEV4IJL0AA3oAXaAIMH8ARewKv1aD1bb9b7orRg5T2H4Besj2/Q0Zbe</latexit>

stable due to residual U(1)decays by mixing with η
⇣ dm

�m
⌘ �

⌘

<latexit sha1_base64="WALJBDmoYV5b4IG15g6wjzygqB8=">AAACFXicbVBNS8NAFNzUr1q/qh69LBahgpREBPUm6sFjBauFJpTN5qVdupvE3Y1QQv+EF/+KFw+KeBW8+W/ctDlo68DCMDOPt2/8hDOlbfvbKs3NLywulZcrK6tr6xvVza1bFaeSQovGPJZtnyjgLIKWZppDO5FAhM/hzh9c5P7dA0jF4uhGDxPwBOlFLGSUaCN1qwfuOevVsRtKQrNAjDL3ErgmWIywC/cpe8BukAt5bL9brdkNeww8S5yC1FCBZrf65QYxTQVEmnKiVMexE+1lRGpGOYwqbqogIXRAetAxNCIClJeNrxrhPaMEOIyleZHGY/X3REaEUkPhm6Qguq+mvVz8z+ukOjzxMhYlqYaIThaFKcc6xnlFOGASqOZDQwiVzPwV0z4xBWlTZMWU4EyfPEtuDxvOUeP0+qh2dljUUUY7aBfVkYOO0Rm6Qk3UQhQ9omf0it6sJ+vFerc+JtGSVcxsoz+wPn8AhS6eZA==</latexit>

DM triplet



This talk 

•  Introduction 

•  Dark mesons at the strong scale 
‣  Mini-review of SIMP dark matter 

‣  Our setup and cosmology 

‣  Constraints and signatures 

•  Dark mesons at the weak scale



Building the full picture

"

<latexit sha1_base64="5tGYtY+DH0CIsNVTcTt4y45Sifc=">AAAB9HicbVDLTgJBEOzFF+IL9ehlI5h4IrvExMeJxItHTARJYENmh16YMDuzzsySEMJ3ePGgMV79GG/+jQPsQcFKOqlUdae7K0w408bzvp3c2vrG5lZ+u7Czu7d/UDw8amqZKooNKrlUrZBo5ExgwzDDsZUoJHHI8TEc3s78xxEqzaR4MOMEg5j0BYsYJcZKQbkzIgoTzbgU5W6x5FW8OdxV4mekBBnq3eJXpydpGqMwlBOt276XmGBClGGU47TQSTUmhA5JH9uWChKjDibzo6fumVV6biSVLWHcufp7YkJircdxaDtjYgZ62ZuJ/3nt1ERXwYSJJDUo6GJRlHLXSHeWgNtjCqnhY0sIVcze6tIBUYQam1PBhuAvv7xKmtWKf1G5vq+WajdZHHk4gVM4Bx8uoQZ3UIcGUHiCZ3iFN2fkvDjvzseiNedkM8fwB87nD3gXkeU=</latexit>

mA0 [GeV]

<latexit sha1_base64="8E05m367yB8nGWHITmrK1V6mSYg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYCt6KkkRrLeKBz1WsB+QxrLZbtqlu5uwu1FKqL/DiwdFvPpfvPlv3LY5aOuDgcd7M8zMC2JGlXacb2tpeWV1bT23kd/c2t7ZLeztN1WUSEwaOGKRbAdIEUYFaWiqGWnHkiAeMNIKhlcTv/VApKKRuNOjmPgc9QUNKUbaSPcl3k0vT8alJ++aNP1uoeiUnSnsReJmpAgZ6t3CV6cX4YQToTFDSnmuE2s/RVJTzMg430kUiREeoj7xDBWIE+Wn06vH9rFRenYYSVNC21P190SKuFIjHphOjvRAzXsT8T/PS3RY9VMq4kQTgWeLwoTZOrInEdg9KgnWbGQIwpKaW208QBJhbYLKmxDc+ZcXSbNSds/KF7eVYq2axZGDQziCU3DhHGpwA3VoAAYJz/AKb9aj9WK9Wx+z1iUrmzmAP7A+fwBDbJGy</latexit>

[Hochberg, Kuflik,  
Murayama 2015]

Ennio Salvioni 30

kinetic equilibrium  
lost before freezeout 
(DM heats up)

annihilation to SM 
still active at  
freezeout

"

m2
A0

= constant

<latexit sha1_base64="GcKVb8QQrwhq5GSi+XoZZuybiSU=">AAACGXicbVDJSgNBEO2JW4zbqEcvjUH0FGZCQD0IihePEUwUMjH0dHq0SS9Dd40QhvkNL/6KFw+KeNSTf2NnObg9KHi8V0VVvTgV3EIQfHqlmdm5+YXyYmVpeWV1zV/faFudGcpaVAttrmJimeCKtYCDYFepYUTGgl3Gg9ORf3nHjOVaXcAwZV1JbhRPOCXgpJ4fRIkhNI/uiGGp5UKrIpe9/GS3uK4X+AhHksCtkTnVygJRUPT8alALxsB/STglVTRFs+e/R31NM8kUUEGs7YRBCt2cGOBUsKISZZalhA7IDes4qohktpuPPyvwjlP6ONHGlQI8Vr9P5ERaO5Sx6xwdan97I/E/r5NBctDNuUozYIpOFiWZwKDxKCbc54ZREENHCDXc3YrpLXFRgQuz4kIIf7/8l7TrtbBROzxvVI/r0zjKaAttoz0Uon10jM5QE7UQRffoET2jF+/Be/JevbdJa8mbzmyiH/A+vgAQ4qGO</latexit>



Building the full picture

"

<latexit sha1_base64="5tGYtY+DH0CIsNVTcTt4y45Sifc=">AAAB9HicbVDLTgJBEOzFF+IL9ehlI5h4IrvExMeJxItHTARJYENmh16YMDuzzsySEMJ3ePGgMV79GG/+jQPsQcFKOqlUdae7K0w408bzvp3c2vrG5lZ+u7Czu7d/UDw8amqZKooNKrlUrZBo5ExgwzDDsZUoJHHI8TEc3s78xxEqzaR4MOMEg5j0BYsYJcZKQbkzIgoTzbgU5W6x5FW8OdxV4mekBBnq3eJXpydpGqMwlBOt276XmGBClGGU47TQSTUmhA5JH9uWChKjDibzo6fumVV6biSVLWHcufp7YkJircdxaDtjYgZ62ZuJ/3nt1ERXwYSJJDUo6GJRlHLXSHeWgNtjCqnhY0sIVcze6tIBUYQam1PBhuAvv7xKmtWKf1G5vq+WajdZHHk4gVM4Bx8uoQZ3UIcGUHiCZ3iFN2fkvDjvzseiNedkM8fwB87nD3gXkeU=</latexit>

mA0 [GeV]

<latexit sha1_base64="8E05m367yB8nGWHITmrK1V6mSYg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYCt6KkkRrLeKBz1WsB+QxrLZbtqlu5uwu1FKqL/DiwdFvPpfvPlv3LY5aOuDgcd7M8zMC2JGlXacb2tpeWV1bT23kd/c2t7ZLeztN1WUSEwaOGKRbAdIEUYFaWiqGWnHkiAeMNIKhlcTv/VApKKRuNOjmPgc9QUNKUbaSPcl3k0vT8alJ++aNP1uoeiUnSnsReJmpAgZ6t3CV6cX4YQToTFDSnmuE2s/RVJTzMg430kUiREeoj7xDBWIE+Wn06vH9rFRenYYSVNC21P190SKuFIjHphOjvRAzXsT8T/PS3RY9VMq4kQTgWeLwoTZOrInEdg9KgnWbGQIwpKaW208QBJhbYLKmxDc+ZcXSbNSds/KF7eVYq2axZGDQziCU3DhHGpwA3VoAAYJz/AKb9aj9WK9Wx+z1iUrmzmAP7A+fwBDbJGy</latexit>

Ennio Salvioni 31

would be ruled out by CMB anisotropies, 
if mesons were more degenerate

⌘

<latexit sha1_base64="ubmn1ZthoZsFU1eRScRVR1fBryM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFhPBU9gNgvEW8OIxgnlAsoTZSW8yZnZmmZkVQsg/ePGgiFf/x5t/4yTZgyYWNBRV3XR3hQln2njet5Pb2Nza3snvFvb2Dw6PiscnLS1TRbFJJZeqExKNnAlsGmY4dhKFJA45tsPx7dxvP6HSTIoHM0kwiMlQsIhRYqzUKvfQkHK/WPIq3gLuOvEzUoIMjX7xqzeQNI1RGMqJ1l3fS0wwJcowynFW6KUaE0LHZIhdSwWJUQfTxbUz98IqAzeSypYw7kL9PTElsdaTOLSdMTEjverNxf+8bmqiWjBlIkkNCrpcFKXcNdKdv+4OmEJq+MQSQhWzt7p0RBShxgZUsCH4qy+vk1a14l9Vbu6rpXotiyMPZ3AOl+DDNdThDhrQBAqP8Ayv8OZI58V5dz6WrTknmzmFP3A+fwDCYI6U</latexit>



Dark matter decays
⇡0

<latexit sha1_base64="R9VaNWHNPQ+6GGObr+FETcWA5jM=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CbaCp7JbBOut4MVjBfsB7VqyabYNzWZDkhXK0h/hxYMiXv093vw3Zts9aOuDgcd7M8zMCyRn2rjut1PY2Nza3inulvb2Dw6PyscnHR0nitA2iXmsegHWlDNB24YZTntSURwFnHaD6W3md5+o0iwWD2YmqR/hsWAhI9hYqVsdSPboVofliltzF0DrxMtJBXK0huWvwSgmSUSFIRxr3fdcafwUK8MIp/PSINFUYjLFY9q3VOCIaj9dnDtHF1YZoTBWtoRBC/X3RIojrWdRYDsjbCZ61cvE/7x+YsKGnzIhE0MFWS4KE45MjLLf0YgpSgyfWYKJYvZWRCZYYWJsQiUbgrf68jrp1GveVe3mvl5pNvI4inAG53AJHlxDE+6gBW0gMIVneIU3RzovzrvzsWwtOPnMKfyB8/kDLYCOyw==</latexit>

⌘

<latexit sha1_base64="ubmn1ZthoZsFU1eRScRVR1fBryM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFhPBU9gNgvEW8OIxgnlAsoTZSW8yZnZmmZkVQsg/ePGgiFf/x5t/4yTZgyYWNBRV3XR3hQln2njet5Pb2Nza3snvFvb2Dw6PiscnLS1TRbFJJZeqExKNnAlsGmY4dhKFJA45tsPx7dxvP6HSTIoHM0kwiMlQsIhRYqzUKvfQkHK/WPIq3gLuOvEzUoIMjX7xqzeQNI1RGMqJ1l3fS0wwJcowynFW6KUaE0LHZIhdSwWJUQfTxbUz98IqAzeSypYw7kL9PTElsdaTOLSdMTEjverNxf+8bmqiWjBlIkkNCrpcFKXcNdKdv+4OmEJq+MQSQhWzt7p0RBShxgZUsCH4qy+vk1a14l9Vbu6rpXotiyMPZ3AOl+DDNdThDhrQBAqP8Ayv8OZI58V5dz6WrTknmzmFP3A+fwDCYI6U</latexit>

X
δ

~ 1/3 of DM in Milky Way halo decays. Final state radiation produces gamma rays

COMPTEL on Compton Observatory (1990s)

[Essig, Kuflik, McDermott,  
Volansky, Zurek 2013]

Proposed new observatory 
Improve sensitivity to MeV gammas by factor 20-50

[McEnery et al. 2019]
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⌧ (anomaly)
⇡0!4e ⇡ 1.6⇥ 1025 s

⇣10�6

�

⌘2⇣10�5

"

⌘4⇣ mA0

0.3 GeV

⌘8

<latexit sha1_base64="A/31Q3azYnCVsnQgOO3/NaxDq/k="></latexit>



"

<latexit sha1_base64="5tGYtY+DH0CIsNVTcTt4y45Sifc=">AAAB9HicbVDLTgJBEOzFF+IL9ehlI5h4IrvExMeJxItHTARJYENmh16YMDuzzsySEMJ3ePGgMV79GG/+jQPsQcFKOqlUdae7K0w408bzvp3c2vrG5lZ+u7Czu7d/UDw8amqZKooNKrlUrZBo5ExgwzDDsZUoJHHI8TEc3s78xxEqzaR4MOMEg5j0BYsYJcZKQbkzIgoTzbgU5W6x5FW8OdxV4mekBBnq3eJXpydpGqMwlBOt276XmGBClGGU47TQSTUmhA5JH9uWChKjDibzo6fumVV6biSVLWHcufp7YkJircdxaDtjYgZ62ZuJ/3nt1ERXwYSJJDUo6GJRlHLXSHeWgNtjCqnhY0sIVcze6tIBUYQam1PBhuAvv7xKmtWKf1G5vq+WajdZHHk4gVM4Bx8uoQZ3UIcGUHiCZ3iFN2fkvDjvzseiNedkM8fwB87nD3gXkeU=</latexit>

mA0 [GeV]

<latexit sha1_base64="8E05m367yB8nGWHITmrK1V6mSYg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYCt6KkkRrLeKBz1WsB+QxrLZbtqlu5uwu1FKqL/DiwdFvPpfvPlv3LY5aOuDgcd7M8zMC2JGlXacb2tpeWV1bT23kd/c2t7ZLeztN1WUSEwaOGKRbAdIEUYFaWiqGWnHkiAeMNIKhlcTv/VApKKRuNOjmPgc9QUNKUbaSPcl3k0vT8alJ++aNP1uoeiUnSnsReJmpAgZ6t3CV6cX4YQToTFDSnmuE2s/RVJTzMg430kUiREeoj7xDBWIE+Wn06vH9rFRenYYSVNC21P190SKuFIjHphOjvRAzXsT8T/PS3RY9VMq4kQTgWeLwoTZOrInEdg9KgnWbGQIwpKaW208QBJhbYLKmxDc+ZcXSbNSds/KF7eVYq2axZGDQziCU3DhHGpwA3VoAAYJz/AKb9aj9WK9Wx+z1iUrmzmAP7A+fwBDbJGy</latexit>

DM indirect detection (gammas)
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COMPTEL

AMEGO 
(our estimate)

⌧ (anomaly)
⇡0!4e ⇡ 1.6⇥ 1025 s

⇣10�6

�

⌘2⇣10�5

"

⌘4⇣ mA0

0.3 GeV

⌘8

<latexit sha1_base64="A/31Q3azYnCVsnQgOO3/NaxDq/k="></latexit>

Dark matter decays
⇡0

<latexit sha1_base64="R9VaNWHNPQ+6GGObr+FETcWA5jM=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CbaCp7JbBOut4MVjBfsB7VqyabYNzWZDkhXK0h/hxYMiXv093vw3Zts9aOuDgcd7M8zMCyRn2rjut1PY2Nza3inulvb2Dw6PyscnHR0nitA2iXmsegHWlDNB24YZTntSURwFnHaD6W3md5+o0iwWD2YmqR/hsWAhI9hYqVsdSPboVofliltzF0DrxMtJBXK0huWvwSgmSUSFIRxr3fdcafwUK8MIp/PSINFUYjLFY9q3VOCIaj9dnDtHF1YZoTBWtoRBC/X3RIojrWdRYDsjbCZ61cvE/7x+YsKGnzIhE0MFWS4KE45MjLLf0YgpSgyfWYKJYvZWRCZYYWJsQiUbgrf68jrp1GveVe3mvl5pNvI4inAG53AJHlxDE+6gBW0gMIVneIU3RzovzrvzsWwtOPnMKfyB8/kDLYCOyw==</latexit>

⌘

<latexit sha1_base64="ubmn1ZthoZsFU1eRScRVR1fBryM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFhPBU9gNgvEW8OIxgnlAsoTZSW8yZnZmmZkVQsg/ePGgiFf/x5t/4yTZgyYWNBRV3XR3hQln2njet5Pb2Nza3snvFvb2Dw6PiscnLS1TRbFJJZeqExKNnAlsGmY4dhKFJA45tsPx7dxvP6HSTIoHM0kwiMlQsIhRYqzUKvfQkHK/WPIq3gLuOvEzUoIMjX7xqzeQNI1RGMqJ1l3fS0wwJcowynFW6KUaE0LHZIhdSwWJUQfTxbUz98IqAzeSypYw7kL9PTElsdaTOLSdMTEjverNxf+8bmqiWjBlIkkNCrpcFKXcNdKdv+4OmEJq+MQSQhWzt7p0RBShxgZUsCH4qy+vk1a14l9Vbu6rpXotiyMPZ3AOl+DDNdThDhrQBAqP8Ayv8OZI58V5dz6WrTknmzmFP3A+fwDCYI6U</latexit>

X
δ

[Katz, Salvioni, Shakya, to appear]



•  with sub-GeV energies are shielded by solar magnetic field,  
   do not reach observatories orbiting Earth 

• However, Voyager1 (launched 1977!) 
is traveling in interstellar space 
since 2012 

complementary probe, subject to  
very different systematic uncertainties 
(CR propagation) 

e±

NASA[Boudaud, Lavalle, Salati 2016]
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⌧ (anomaly)
⇡0!4e ⇡ 1.6⇥ 1025 s

⇣10�6

�

⌘2⇣10�5

"

⌘4⇣ mA0

0.3 GeV

⌘8

<latexit sha1_base64="A/31Q3azYnCVsnQgOO3/NaxDq/k="></latexit>

Dark matter decays/2
⇡0

<latexit sha1_base64="R9VaNWHNPQ+6GGObr+FETcWA5jM=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CbaCp7JbBOut4MVjBfsB7VqyabYNzWZDkhXK0h/hxYMiXv093vw3Zts9aOuDgcd7M8zMCyRn2rjut1PY2Nza3inulvb2Dw6PyscnHR0nitA2iXmsegHWlDNB24YZTntSURwFnHaD6W3md5+o0iwWD2YmqR/hsWAhI9hYqVsdSPboVofliltzF0DrxMtJBXK0huWvwSgmSUSFIRxr3fdcafwUK8MIp/PSINFUYjLFY9q3VOCIaj9dnDtHF1YZoTBWtoRBC/X3RIojrWdRYDsjbCZ61cvE/7x+YsKGnzIhE0MFWS4KE45MjLLf0YgpSgyfWYKJYvZWRCZYYWJsQiUbgrf68jrp1GveVe3mvl5pNvI4inAG53AJHlxDE+6gBW0gMIVneIU3RzovzrvzsWwtOPnMKfyB8/kDLYCOyw==</latexit>

⌘

<latexit sha1_base64="ubmn1ZthoZsFU1eRScRVR1fBryM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFhPBU9gNgvEW8OIxgnlAsoTZSW8yZnZmmZkVQsg/ePGgiFf/x5t/4yTZgyYWNBRV3XR3hQln2njet5Pb2Nza3snvFvb2Dw6PiscnLS1TRbFJJZeqExKNnAlsGmY4dhKFJA45tsPx7dxvP6HSTIoHM0kwiMlQsIhRYqzUKvfQkHK/WPIq3gLuOvEzUoIMjX7xqzeQNI1RGMqJ1l3fS0wwJcowynFW6KUaE0LHZIhdSwWJUQfTxbUz98IqAzeSypYw7kL9PTElsdaTOLSdMTEjverNxf+8bmqiWjBlIkkNCrpcFKXcNdKdv+4OmEJq+MQSQhWzt7p0RBShxgZUsCH4qy+vk1a14l9Vbu6rpXotiyMPZ3AOl+DDNdThDhrQBAqP8Ayv8OZI58V5dz6WrTknmzmFP3A+fwDCYI6U</latexit>

X
δ



"

<latexit sha1_base64="5tGYtY+DH0CIsNVTcTt4y45Sifc=">AAAB9HicbVDLTgJBEOzFF+IL9ehlI5h4IrvExMeJxItHTARJYENmh16YMDuzzsySEMJ3ePGgMV79GG/+jQPsQcFKOqlUdae7K0w408bzvp3c2vrG5lZ+u7Czu7d/UDw8amqZKooNKrlUrZBo5ExgwzDDsZUoJHHI8TEc3s78xxEqzaR4MOMEg5j0BYsYJcZKQbkzIgoTzbgU5W6x5FW8OdxV4mekBBnq3eJXpydpGqMwlBOt276XmGBClGGU47TQSTUmhA5JH9uWChKjDibzo6fumVV6biSVLWHcufp7YkJircdxaDtjYgZ62ZuJ/3nt1ERXwYSJJDUo6GJRlHLXSHeWgNtjCqnhY0sIVcze6tIBUYQam1PBhuAvv7xKmtWKf1G5vq+WajdZHHk4gVM4Bx8uoQZ3UIcGUHiCZ3iFN2fkvDjvzseiNedkM8fwB87nD3gXkeU=</latexit>

mA0 [GeV]

<latexit sha1_base64="8E05m367yB8nGWHITmrK1V6mSYg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYCt6KkkRrLeKBz1WsB+QxrLZbtqlu5uwu1FKqL/DiwdFvPpfvPlv3LY5aOuDgcd7M8zMC2JGlXacb2tpeWV1bT23kd/c2t7ZLeztN1WUSEwaOGKRbAdIEUYFaWiqGWnHkiAeMNIKhlcTv/VApKKRuNOjmPgc9QUNKUbaSPcl3k0vT8alJ++aNP1uoeiUnSnsReJmpAgZ6t3CV6cX4YQToTFDSnmuE2s/RVJTzMg430kUiREeoj7xDBWIE+Wn06vH9rFRenYYSVNC21P190SKuFIjHphOjvRAzXsT8T/PS3RY9VMq4kQTgWeLwoTZOrInEdg9KgnWbGQIwpKaW208QBJhbYLKmxDc+ZcXSbNSds/KF7eVYq2axZGDQziCU3DhHGpwA3VoAAYJz/AKb9aj9WK9Wx+z1iUrmzmAP7A+fwBDbJGy</latexit>

DM indirect detection (electrons/positrons)

Ennio Salvioni 35

⌧ (anomaly)
⇡0!4e ⇡ 1.6⇥ 1025 s

⇣10�6

�

⌘2⇣10�5

"

⌘4⇣ mA0

0.3 GeV

⌘8

<latexit sha1_base64="A/31Q3azYnCVsnQgOO3/NaxDq/k="></latexit>

Dark matter decays/2
⇡0

<latexit sha1_base64="R9VaNWHNPQ+6GGObr+FETcWA5jM=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CbaCp7JbBOut4MVjBfsB7VqyabYNzWZDkhXK0h/hxYMiXv093vw3Zts9aOuDgcd7M8zMCyRn2rjut1PY2Nza3inulvb2Dw6PyscnHR0nitA2iXmsegHWlDNB24YZTntSURwFnHaD6W3md5+o0iwWD2YmqR/hsWAhI9hYqVsdSPboVofliltzF0DrxMtJBXK0huWvwSgmSUSFIRxr3fdcafwUK8MIp/PSINFUYjLFY9q3VOCIaj9dnDtHF1YZoTBWtoRBC/X3RIojrWdRYDsjbCZ61cvE/7x+YsKGnzIhE0MFWS4KE45MjLLf0YgpSgyfWYKJYvZWRCZYYWJsQiUbgrf68jrp1GveVe3mvl5pNvI4inAG53AJHlxDE+6gBW0gMIVneIU3RzovzrvzsWwtOPnMKfyB8/kDLYCOyw==</latexit>

⌘

<latexit sha1_base64="ubmn1ZthoZsFU1eRScRVR1fBryM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFhPBU9gNgvEW8OIxgnlAsoTZSW8yZnZmmZkVQsg/ePGgiFf/x5t/4yTZgyYWNBRV3XR3hQln2njet5Pb2Nza3snvFvb2Dw6PiscnLS1TRbFJJZeqExKNnAlsGmY4dhKFJA45tsPx7dxvP6HSTIoHM0kwiMlQsIhRYqzUKvfQkHK/WPIq3gLuOvEzUoIMjX7xqzeQNI1RGMqJ1l3fS0wwJcowynFW6KUaE0LHZIhdSwWJUQfTxbUz98IqAzeSypYw7kL9PTElsdaTOLSdMTEjverNxf+8bmqiWjBlIkkNCrpcFKXcNdKdv+4OmEJq+MQSQhWzt7p0RBShxgZUsCH4qy+vk1a14l9Vbu6rpXotiyMPZ3AOl+DDNdThDhrQBAqP8Ayv8OZI58V5dz6WrTknmzmFP3A+fwDCYI6U</latexit>

X
δ

Voyager1



Dark photon at lab experiments

•  Dark photon has  coupling to SM electromagnetic current, 

•  Dominant decay mode is invisible (dark quarks/hadrons,                 ) 

•  Mass range 

ε

100 MeV ≲ mA′ � ≲ 100 GeV

"ecwQf f̄�
µfA0

µ

<latexit sha1_base64="zPKKf102/bf63Y5lVYCR9RgDB8E="></latexit>

↵̂ � ↵ "2

<latexit sha1_base64="k5qEQGLUmb7wgy8f0wL2sXO4NN8=">AAACEHicbZDLSgMxFIYzXmu9VV26CRbRhZSZUlB3BTcuK9gLdGo5k6ad0EwyJJlCGfoIbnwVNy4UcevSnW9j2s5CW38IfPznHE7OH8ScaeO6387K6tr6xmZuK7+9s7u3Xzg4bGiZKELrRHKpWgFoypmgdcMMp61YUYgCTpvB8GZab46o0kyKezOOaSeCgWB9RsBYq1s480MwqQ88DmGC/cEAz9m/wP4IFI0141I8lLuFoltyZ8LL4GVQRJlq3cKX35MkiagwhIPWbc+NTScFZRjhdJL3E01jIEMY0LZFARHVnXR20ASfWqeH+1LZJwyeub8nUoi0HkeB7YzAhHqxNjX/q7UT07/qpEzEiaGCzBf1E46NxNN0cI8pSgwfWwCimP0rJiEoIMZmmLcheIsnL0OjXPIqpeu7SrFayeLIoWN0gs6Rhy5RFd2iGqojgh7RM3pFb86T8+K8Ox/z1hUnmzlCf+R8/gBe85zF</latexit>

• Monophoton @  colliders (BaBar, Belle II, LEP) 

• Electroweak precision tests 

• Monojet @ hadron colliders 

• Fixed-target experiments (NA64, LDMX)

e+e−

[Izaguirre et al., Essig et al. 2013] 
[Fox, Harnik, Kopp, Tsai 2011] 

[Shoemaker, Vecchi 2011] 
[Curtin, Essig, Gori, Shelton 2014] 

[LDMX 2018] 
…

Ennio Salvioni 36



Summary[Katz, Salvioni, Shakya, to appear]

Ennio Salvioni 37
mA0 [GeV]

<latexit sha1_base64="8E05m367yB8nGWHITmrK1V6mSYg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYCt6KkkRrLeKBz1WsB+QxrLZbtqlu5uwu1FKqL/DiwdFvPpfvPlv3LY5aOuDgcd7M8zMC2JGlXacb2tpeWV1bT23kd/c2t7ZLeztN1WUSEwaOGKRbAdIEUYFaWiqGWnHkiAeMNIKhlcTv/VApKKRuNOjmPgc9QUNKUbaSPcl3k0vT8alJ++aNP1uoeiUnSnsReJmpAgZ6t3CV6cX4YQToTFDSnmuE2s/RVJTzMg430kUiREeoj7xDBWIE+Wn06vH9rFRenYYSVNC21P190SKuFIjHphOjvRAzXsT8T/PS3RY9VMq4kQTgWeLwoTZOrInEdg9KgnWbGQIwpKaW208QBJhbYLKmxDc+ZcXSbNSds/KF7eVYq2axZGDQziCU3DhHGpwA3VoAAYJz/AKb9aj9WK9Wx+z1iUrmzmAP7A+fwBDbJGy</latexit>

"

<latexit sha1_base64="5tGYtY+DH0CIsNVTcTt4y45Sifc=">AAAB9HicbVDLTgJBEOzFF+IL9ehlI5h4IrvExMeJxItHTARJYENmh16YMDuzzsySEMJ3ePGgMV79GG/+jQPsQcFKOqlUdae7K0w408bzvp3c2vrG5lZ+u7Czu7d/UDw8amqZKooNKrlUrZBo5ExgwzDDsZUoJHHI8TEc3s78xxEqzaR4MOMEg5j0BYsYJcZKQbkzIgoTzbgU5W6x5FW8OdxV4mekBBnq3eJXpydpGqMwlBOt276XmGBClGGU47TQSTUmhA5JH9uWChKjDibzo6fumVV6biSVLWHcufp7YkJircdxaDtjYgZ62ZuJ/3nt1ERXwYSJJDUo6GJRlHLXSHeWgNtjCqnhY0sIVcze6tIBUYQam1PBhuAvv7xKmtWKf1G5vq+WajdZHHk4gVM4Bx8uoQZ3UIcGUHiCZ3iFN2fkvDjvzseiNedkM8fwB87nD3gXkeU=</latexit>



Summary

m2
A0 = s� 2

p
sE⇤

�

<latexit sha1_base64="Fjxt98mbx8LDXqcM2qKpa0ij7E8=">AAACEnicbVDLSgNBEJz1bXxFPXoZDKKCht0gPg6CIoJHBRMD2bj0TiZxcGZ3nekVwpJv8OKvePGgiFdP3vwbJ4+DRgsaiqpuurvCRAqDrvvljIyOjU9MTk3nZmbn5hfyi0sVE6ea8TKLZayrIRguRcTLKFDyaqI5qFDyq/D2pOtf3XNtRBxdYjvhdQWtSDQFA7RSkN9UQXa83rku0UNq6DYtUd/cacxMx9+ip4HfAqXg2geDQb7gFt0e6F/iDUiBDHAe5D/9RsxSxSNkEoypeW6C9Qw0CiZ5J+enhifAbqHFa5ZGoLipZ72XOnTNKg3ajLWtCGlP/TmRgTKmrULbqQBvzLDXFf/zaik29+uZiJIUecT6i5qppBjTbj60ITRnKNuWANPC3krZDWhgaFPM2RC84Zf/kkqp6O0UDy52Cke7gzimyApZJRvEI3vkiJyRc1ImjDyQJ/JCXp1H59l5c977rSPOYGaZ/ILz8Q0qX5vu</latexit>

[Katz, Salvioni, Shakya, to appear]

Ennio Salvioni 38
mA0 [GeV]

<latexit sha1_base64="8E05m367yB8nGWHITmrK1V6mSYg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYCt6KkkRrLeKBz1WsB+QxrLZbtqlu5uwu1FKqL/DiwdFvPpfvPlv3LY5aOuDgcd7M8zMC2JGlXacb2tpeWV1bT23kd/c2t7ZLeztN1WUSEwaOGKRbAdIEUYFaWiqGWnHkiAeMNIKhlcTv/VApKKRuNOjmPgc9QUNKUbaSPcl3k0vT8alJ++aNP1uoeiUnSnsReJmpAgZ6t3CV6cX4YQToTFDSnmuE2s/RVJTzMg430kUiREeoj7xDBWIE+Wn06vH9rFRenYYSVNC21P190SKuFIjHphOjvRAzXsT8T/PS3RY9VMq4kQTgWeLwoTZOrInEdg9KgnWbGQIwpKaW208QBJhbYLKmxDc+ZcXSbNSds/KF7eVYq2axZGDQziCU3DhHGpwA3VoAAYJz/AKb9aj9WK9Wx+z1iUrmzmAP7A+fwBDbJGy</latexit>

"

<latexit sha1_base64="5tGYtY+DH0CIsNVTcTt4y45Sifc=">AAAB9HicbVDLTgJBEOzFF+IL9ehlI5h4IrvExMeJxItHTARJYENmh16YMDuzzsySEMJ3ePGgMV79GG/+jQPsQcFKOqlUdae7K0w408bzvp3c2vrG5lZ+u7Czu7d/UDw8amqZKooNKrlUrZBo5ExgwzDDsZUoJHHI8TEc3s78xxEqzaR4MOMEg5j0BYsYJcZKQbkzIgoTzbgU5W6x5FW8OdxV4mekBBnq3eJXpydpGqMwlBOt276XmGBClGGU47TQSTUmhA5JH9uWChKjDibzo6fumVV6biSVLWHcufp7YkJircdxaDtjYgZ62ZuJ/3nt1ERXwYSJJDUo6GJRlHLXSHeWgNtjCqnhY0sIVcze6tIBUYQam1PBhuAvv7xKmtWKf1G5vq+WajdZHHk4gVM4Bx8uoQZ3UIcGUHiCZ3iFN2fkvDjvzseiNedkM8fwB87nD3gXkeU=</latexit>

p
s ⇠ 10 GeV, E⇤

� & 1.8 GeV

<latexit sha1_base64="Hgsq9eQGT2swNdeCbIOpCuRjZso="></latexit>

e�

<latexit sha1_base64="Rsx9zkr2q2U70bCQzQcVbstKvPg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbAuot4MVjRPOAZA2zk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWP5YMYJ+hEdSB5yRo2V7vHxolcsuWV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjlT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0K2WvWr6+q5ZqlSyOPJzAKZyDB5dQg1uoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4A5iqNhA==</latexit>

e+

<latexit sha1_base64="FxvoQcvkxtz7RSCfEssMgAvPlQs=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGE3BNRbwIvHiOYByRpmJ73JkNnZZWZWCCGf4MWDIl79Im/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupn5rSdUmsfywYwT9CM6kDzkjBor3ePjRa9YcsvuHGSVeBkpQYZ6r/jV7ccsjVAaJqjWHc9NjD+hynAmcFrophoTykZ0gB1LJY1Q+5P5qVNyZpU+CWNlSxoyV39PTGik9TgKbGdEzVAvezPxP6+TmvDKn3CZpAYlWywKU0FMTGZ/kz5XyIwYW0KZ4vZWwoZUUWZsOgUbgrf88ippVspetXx9Vy3VKlkceTiBUzgHDy6hBrdQhwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwB4yKNgg==</latexit>



[Katz, Salvioni, Shakya, to appear]

Ennio Salvioni 39
mA0 [GeV]

<latexit sha1_base64="8E05m367yB8nGWHITmrK1V6mSYg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYCt6KkkRrLeKBz1WsB+QxrLZbtqlu5uwu1FKqL/DiwdFvPpfvPlv3LY5aOuDgcd7M8zMC2JGlXacb2tpeWV1bT23kd/c2t7ZLeztN1WUSEwaOGKRbAdIEUYFaWiqGWnHkiAeMNIKhlcTv/VApKKRuNOjmPgc9QUNKUbaSPcl3k0vT8alJ++aNP1uoeiUnSnsReJmpAgZ6t3CV6cX4YQToTFDSnmuE2s/RVJTzMg430kUiREeoj7xDBWIE+Wn06vH9rFRenYYSVNC21P190SKuFIjHphOjvRAzXsT8T/PS3RY9VMq4kQTgWeLwoTZOrInEdg9KgnWbGQIwpKaW208QBJhbYLKmxDc+ZcXSbNSds/KF7eVYq2axZGDQziCU3DhHGpwA3VoAAYJz/AKb9aj9WK9Wx+z1iUrmzmAP7A+fwBDbJGy</latexit>

"

<latexit sha1_base64="5tGYtY+DH0CIsNVTcTt4y45Sifc=">AAAB9HicbVDLTgJBEOzFF+IL9ehlI5h4IrvExMeJxItHTARJYENmh16YMDuzzsySEMJ3ePGgMV79GG/+jQPsQcFKOqlUdae7K0w408bzvp3c2vrG5lZ+u7Czu7d/UDw8amqZKooNKrlUrZBo5ExgwzDDsZUoJHHI8TEc3s78xxEqzaR4MOMEg5j0BYsYJcZKQbkzIgoTzbgU5W6x5FW8OdxV4mekBBnq3eJXpydpGqMwlBOt276XmGBClGGU47TQSTUmhA5JH9uWChKjDibzo6fumVV6biSVLWHcufp7YkJircdxaDtjYgZ62ZuJ/3nt1ERXwYSJJDUo6GJRlHLXSHeWgNtjCqnhY0sIVcze6tIBUYQam1PBhuAvv7xKmtWKf1G5vq+WajdZHHk4gVM4Bx8uoQZ3UIcGUHiCZ3iFN2fkvDjvzseiNedkM8fwB87nD3gXkeU=</latexit>

fixed-target experiments

Summary



Summary[Katz, Salvioni, Shakya, to appear]

Ennio Salvioni 40
mA0 [GeV]

<latexit sha1_base64="8E05m367yB8nGWHITmrK1V6mSYg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYCt6KkkRrLeKBz1WsB+QxrLZbtqlu5uwu1FKqL/DiwdFvPpfvPlv3LY5aOuDgcd7M8zMC2JGlXacb2tpeWV1bT23kd/c2t7ZLeztN1WUSEwaOGKRbAdIEUYFaWiqGWnHkiAeMNIKhlcTv/VApKKRuNOjmPgc9QUNKUbaSPcl3k0vT8alJ++aNP1uoeiUnSnsReJmpAgZ6t3CV6cX4YQToTFDSnmuE2s/RVJTzMg430kUiREeoj7xDBWIE+Wn06vH9rFRenYYSVNC21P190SKuFIjHphOjvRAzXsT8T/PS3RY9VMq4kQTgWeLwoTZOrInEdg9KgnWbGQIwpKaW208QBJhbYLKmxDc+ZcXSbNSds/KF7eVYq2axZGDQziCU3DhHGpwA3VoAAYJz/AKb9aj9WK9Wx+z1iUrmzmAP7A+fwBDbJGy</latexit>

"

<latexit sha1_base64="5tGYtY+DH0CIsNVTcTt4y45Sifc=">AAAB9HicbVDLTgJBEOzFF+IL9ehlI5h4IrvExMeJxItHTARJYENmh16YMDuzzsySEMJ3ePGgMV79GG/+jQPsQcFKOqlUdae7K0w408bzvp3c2vrG5lZ+u7Czu7d/UDw8amqZKooNKrlUrZBo5ExgwzDDsZUoJHHI8TEc3s78xxEqzaR4MOMEg5j0BYsYJcZKQbkzIgoTzbgU5W6x5FW8OdxV4mekBBnq3eJXpydpGqMwlBOt276XmGBClGGU47TQSTUmhA5JH9uWChKjDibzo6fumVV6biSVLWHcufp7YkJircdxaDtjYgZ62ZuJ/3nt1ERXwYSJJDUo6GJRlHLXSHeWgNtjCqnhY0sIVcze6tIBUYQam1PBhuAvv7xKmtWKf1G5vq+WajdZHHk4gVM4Bx8uoQZ3UIcGUHiCZ3iFN2fkvDjvzseiNedkM8fwB87nD3gXkeU=</latexit>

m2
Z ≈ m2

Z0(1 + ε2 sin2 θw)Z-pole observables



Summary[Katz, Salvioni, Shakya, to appear]

Ennio Salvioni 41
mA0 [GeV]

<latexit sha1_base64="8E05m367yB8nGWHITmrK1V6mSYg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYCt6KkkRrLeKBz1WsB+QxrLZbtqlu5uwu1FKqL/DiwdFvPpfvPlv3LY5aOuDgcd7M8zMC2JGlXacb2tpeWV1bT23kd/c2t7ZLeztN1WUSEwaOGKRbAdIEUYFaWiqGWnHkiAeMNIKhlcTv/VApKKRuNOjmPgc9QUNKUbaSPcl3k0vT8alJ++aNP1uoeiUnSnsReJmpAgZ6t3CV6cX4YQToTFDSnmuE2s/RVJTzMg430kUiREeoj7xDBWIE+Wn06vH9rFRenYYSVNC21P190SKuFIjHphOjvRAzXsT8T/PS3RY9VMq4kQTgWeLwoTZOrInEdg9KgnWbGQIwpKaW208QBJhbYLKmxDc+ZcXSbNSds/KF7eVYq2axZGDQziCU3DhHGpwA3VoAAYJz/AKb9aj9WK9Wx+z1iUrmzmAP7A+fwBDbJGy</latexit>

"

<latexit sha1_base64="5tGYtY+DH0CIsNVTcTt4y45Sifc=">AAAB9HicbVDLTgJBEOzFF+IL9ehlI5h4IrvExMeJxItHTARJYENmh16YMDuzzsySEMJ3ePGgMV79GG/+jQPsQcFKOqlUdae7K0w408bzvp3c2vrG5lZ+u7Czu7d/UDw8amqZKooNKrlUrZBo5ExgwzDDsZUoJHHI8TEc3s78xxEqzaR4MOMEg5j0BYsYJcZKQbkzIgoTzbgU5W6x5FW8OdxV4mekBBnq3eJXpydpGqMwlBOt276XmGBClGGU47TQSTUmhA5JH9uWChKjDibzo6fumVV6biSVLWHcufp7YkJircdxaDtjYgZ62ZuJ/3nt1ERXwYSJJDUo6GJRlHLXSHeWgNtjCqnhY0sIVcze6tIBUYQam1PBhuAvv7xKmtWKf1G5vq+WajdZHHk4gVM4Bx8uoQZ3UIcGUHiCZ3iFN2fkvDjvzseiNedkM8fwB87nD3gXkeU=</latexit>

current ATLAS/CMS monojet bounds  
are weaker than CDF

searches for visible decays  
@ hadron colliders



DM self-interactions

•  DM self-scattering 

• For our parameters, 2 to 6   

Right size for “puzzles” on small scales (e.g. dwarf galaxies) 

• In some tension with limits from Bullet cluster/halo shapes,  

• If  and  masses are split by , dark matter is only made of   
& cross section ~ 8 times smaller  

But here requires , ruled out by DM decay. Open question

cm2/g

O(1) cm2/g

π0 K0 ΔK ≳ v2
0 π0

δ ≳ 10−2

kinetic term

mass term

[Hochberg, Kuflik, Murayama 
Volansky, Wacker 2014]
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[Randall et al. 2007] 
[Rocha et al. 2012] 
[Peter, Rocha, Bullock, 
Kaplinghat 2012]

�average =
m2

⇡

256f4
⇡

c2 + r2/9

2N2
⇡

<latexit sha1_base64="KpacKs9nh7yfOjVkRifUcxE92F4="></latexit>

�average

m⇡0

⇡ 4.2
cm2

g

⇣200 MeV

m⇡0

⌘3⇣m⇡0/f⇡
9.5

⌘4

<latexit sha1_base64="OdASs/+rGXGrYEGQAtKbVvzFHEw="></latexit>



Wrap up

•  DM as a triplet of dark mesons, with mass ~ SM pions 

  

•  One heavier meson is unstable, but cosmologically viable  

 for sizable mass splittings.  freezeout remains effective 

• Phenomenology: no DM direct or indirect detection, 

but plenty of astrophysical and laboratory probes. 

Interesting “holes” in coverage exist 

• Theory: new insight on viable spectra and required accuracy  

of symmetry stabilizing DM

3 → 2
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This talk 

•  Introduction 

•  Dark mesons at the strong scale 
‣  Mini-review of SIMP dark matter 

‣  Our setup and cosmology 

‣  Constraints and signatures 

•  Dark mesons at the weak scale



Vanilla WIMP
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• The tension with WIMPs, 
   in a nutshell

L 3 �|H|2|�|2
<latexit sha1_base64="tL/8fw1WFuhy+U6U0PPN7iDvYrk=">AAACEXicbZC7TgJBFIZnvSLeUEubiWBCRXZppCSxobDARC4Ji+Ts7CxMmJ3dzMyakIVXsPFVbCw0xtbOzrdxgC0U/JNJvvznnMw5vxdzprRtf1sbm1vbO7u5vfz+weHRceHktK2iRBLaIhGPZNcDRTkTtKWZ5rQbSwqhx2nHG1/P650HKhWLxJ2exLQfwlCwgBHQxhoUyiU3BD0iwNObGXYFwy430z7gaWN6X8VTl4yYgdKgULQr9kJ4HZwMiihTc1D4cv2IJCEVmnBQqufYse6nIDUjnM7ybqJoDGQMQ9ozKCCkqp8uLprhS+P4OIikeULjhft7IoVQqUnomc75+mq1Njf/q/USHdT6KRNxoqkgy4+ChGMd4Xk82GeSEs0nBoBIZnbFZAQSiDYh5k0IzurJ69CuVhzDt9VivZbFkUPn6AKVkYOuUB01UBO1EEGP6Bm9ojfryXqx3q2PZeuGlc2coT+yPn8AxhycSQ==</latexit><latexit sha1_base64="tL/8fw1WFuhy+U6U0PPN7iDvYrk=">AAACEXicbZC7TgJBFIZnvSLeUEubiWBCRXZppCSxobDARC4Ji+Ts7CxMmJ3dzMyakIVXsPFVbCw0xtbOzrdxgC0U/JNJvvznnMw5vxdzprRtf1sbm1vbO7u5vfz+weHRceHktK2iRBLaIhGPZNcDRTkTtKWZ5rQbSwqhx2nHG1/P650HKhWLxJ2exLQfwlCwgBHQxhoUyiU3BD0iwNObGXYFwy430z7gaWN6X8VTl4yYgdKgULQr9kJ4HZwMiihTc1D4cv2IJCEVmnBQqufYse6nIDUjnM7ybqJoDGQMQ9ozKCCkqp8uLprhS+P4OIikeULjhft7IoVQqUnomc75+mq1Njf/q/USHdT6KRNxoqkgy4+ChGMd4Xk82GeSEs0nBoBIZnbFZAQSiDYh5k0IzurJ69CuVhzDt9VivZbFkUPn6AKVkYOuUB01UBO1EEGP6Bm9ojfryXqx3q2PZeuGlc2coT+yPn8AxhycSQ==</latexit><latexit sha1_base64="tL/8fw1WFuhy+U6U0PPN7iDvYrk=">AAACEXicbZC7TgJBFIZnvSLeUEubiWBCRXZppCSxobDARC4Ji+Ts7CxMmJ3dzMyakIVXsPFVbCw0xtbOzrdxgC0U/JNJvvznnMw5vxdzprRtf1sbm1vbO7u5vfz+weHRceHktK2iRBLaIhGPZNcDRTkTtKWZ5rQbSwqhx2nHG1/P650HKhWLxJ2exLQfwlCwgBHQxhoUyiU3BD0iwNObGXYFwy430z7gaWN6X8VTl4yYgdKgULQr9kJ4HZwMiihTc1D4cv2IJCEVmnBQqufYse6nIDUjnM7ybqJoDGQMQ9ozKCCkqp8uLprhS+P4OIikeULjhft7IoVQqUnomc75+mq1Njf/q/USHdT6KRNxoqkgy4+ChGMd4Xk82GeSEs0nBoBIZnbFZAQSiDYh5k0IzurJ69CuVhzDt9VivZbFkUPn6AKVkYOuUB01UBO1EEGP6Bm9ojfryXqx3q2PZeuGlc2coT+yPn8AxhycSQ==</latexit><latexit sha1_base64="tL/8fw1WFuhy+U6U0PPN7iDvYrk=">AAACEXicbZC7TgJBFIZnvSLeUEubiWBCRXZppCSxobDARC4Ji+Ts7CxMmJ3dzMyakIVXsPFVbCw0xtbOzrdxgC0U/JNJvvznnMw5vxdzprRtf1sbm1vbO7u5vfz+weHRceHktK2iRBLaIhGPZNcDRTkTtKWZ5rQbSwqhx2nHG1/P650HKhWLxJ2exLQfwlCwgBHQxhoUyiU3BD0iwNObGXYFwy430z7gaWN6X8VTl4yYgdKgULQr9kJ4HZwMiihTc1D4cv2IJCEVmnBQqufYse6nIDUjnM7ybqJoDGQMQ9ozKCCkqp8uLprhS+P4OIikeULjhft7IoVQqUnomc75+mq1Njf/q/USHdT6KRNxoqkgy4+ChGMd4Xk82GeSEs0nBoBIZnbFZAQSiDYh5k0IzurJ69CuVhzDt9VivZbFkUPn6AKVkYOuUB01UBO1EEGP6Bm9ojfryXqx3q2PZeuGlc2coT+yPn8AxhycSQ==</latexit>

“Higgs portal dark matter”

m� ⇠ 100 GeV

<latexit sha1_base64="VKY21ZMfRycn6S4ayS5ci7s9gIY=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclYwUVNwUXOiygn1AZxgyadqGJpkhyQhl6MqNv+LGhSJu/QZ3/o2ZdhbaeuDC4Zx7ufeeKOFMG4S+naXlldW19dJGeXNre2fX3dtv6ThVhDZJzGPVibCmnEnaNMxw2kkUxSLitB2NrnO//UCVZrG8N+OEBgIPJOszgo2VQvdIhD4ZMuhrJqCHkH/lC2yGSmQ3tDUJ3QqqoingIvEKUgEFGqH75fdikgoqDeFY666HEhNkWBlGOJ2U/VTTBJMRHtCupRILqoNs+sYEnlilB/uxsiUNnKq/JzIstB6LyHbmN+p5Lxf/87qp6V8EGZNJaqgks0X9lEMTwzwT2GOKEsPHlmCimL0VkiFWmBibXNmG4M2/vEhaZ1WvVr28q1XqqIijBA7BMTgFHjgHdXALGqAJCHgEz+AVvDlPzovz7nzMWpecYuYA/IHz+QPWG5gP</latexit>



Pseudo-Goldstone WIMP
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• The tension with WIMPs, 
   in a nutshell

m� ⇠ 100 GeV

<latexit sha1_base64="VKY21ZMfRycn6S4ayS5ci7s9gIY=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclYwUVNwUXOiygn1AZxgyadqGJpkhyQhl6MqNv+LGhSJu/QZ3/o2ZdhbaeuDC4Zx7ufeeKOFMG4S+naXlldW19dJGeXNre2fX3dtv6ThVhDZJzGPVibCmnEnaNMxw2kkUxSLitB2NrnO//UCVZrG8N+OEBgIPJOszgo2VQvdIhD4ZMuhrJqCHkH/lC2yGSmQ3tDUJ3QqqoingIvEKUgEFGqH75fdikgoqDeFY666HEhNkWBlGOJ2U/VTTBJMRHtCupRILqoNs+sYEnlilB/uxsiUNnKq/JzIstB6LyHbmN+p5Lxf/87qp6V8EGZNJaqgks0X9lEMTwzwT2GOKEsPHlmCimL0VkiFWmBibXNmG4M2/vEhaZ1WvVr28q1XqqIijBA7BMTgFHjgHdXALGqAJCHgEz+AVvDlPzovz7nzMWpecYuYA/IHz+QPWG5gP</latexit>

@2

f2

L 3 1
f2 @µ|H|2@µ|�|2

<latexit sha1_base64="juh7XTxzjrVY6utCHIJx7ufr5cc="></latexit><latexit sha1_base64="juh7XTxzjrVY6utCHIJx7ufr5cc="></latexit><latexit sha1_base64="juh7XTxzjrVY6utCHIJx7ufr5cc="></latexit><latexit sha1_base64="juh7XTxzjrVY6utCHIJx7ufr5cc="></latexit>

leading coupling
� ! �+ ✏

<latexit sha1_base64="QBN+gvciDU9FSpXzeOB2y6DWTfo=">AAACA3icbZDNSsNAFIVv6l+tf1F3uhlsBUEoSTe6cFFw47KCrYUmlMl00g6dTMLMRCih4MZXceNCEbe+hDvfxmmahbYeGPg4917u3BMknCntON9WaWV1bX2jvFnZ2t7Z3bP3DzoqTiWhbRLzWHYDrChngrY105x2E0lxFHB6H4yvZ/X7ByoVi8WdniTUj/BQsJARrI3Vt49qHhkx5OkY5XCOPJooxmNR69tVp+7kQsvgFlCFQq2+/eUNYpJGVGjCsVI910m0n2GpGeF0WvFSRRNMxnhIewYFjqjys/yGKTo1zgCFsTRPaJS7vycyHCk1iQLTGWE9Uou1mflfrZfq8NLPmEhSTQWZLwpTjszFs0DQgElKNJ8YwEQy81dERlhiok1sFROCu3jyMnQaddfwbaPavCriKMMxnMAZuHABTbiBFrSBwCM8wyu8WU/Wi/VufcxbS1Yxcwh/ZH3+AMyJlk8=</latexit><latexit sha1_base64="QBN+gvciDU9FSpXzeOB2y6DWTfo=">AAACA3icbZDNSsNAFIVv6l+tf1F3uhlsBUEoSTe6cFFw47KCrYUmlMl00g6dTMLMRCih4MZXceNCEbe+hDvfxmmahbYeGPg4917u3BMknCntON9WaWV1bX2jvFnZ2t7Z3bP3DzoqTiWhbRLzWHYDrChngrY105x2E0lxFHB6H4yvZ/X7ByoVi8WdniTUj/BQsJARrI3Vt49qHhkx5OkY5XCOPJooxmNR69tVp+7kQsvgFlCFQq2+/eUNYpJGVGjCsVI910m0n2GpGeF0WvFSRRNMxnhIewYFjqjys/yGKTo1zgCFsTRPaJS7vycyHCk1iQLTGWE9Uou1mflfrZfq8NLPmEhSTQWZLwpTjszFs0DQgElKNJ8YwEQy81dERlhiok1sFROCu3jyMnQaddfwbaPavCriKMMxnMAZuHABTbiBFrSBwCM8wyu8WU/Wi/VufcxbS1Yxcwh/ZH3+AMyJlk8=</latexit><latexit sha1_base64="QBN+gvciDU9FSpXzeOB2y6DWTfo=">AAACA3icbZDNSsNAFIVv6l+tf1F3uhlsBUEoSTe6cFFw47KCrYUmlMl00g6dTMLMRCih4MZXceNCEbe+hDvfxmmahbYeGPg4917u3BMknCntON9WaWV1bX2jvFnZ2t7Z3bP3DzoqTiWhbRLzWHYDrChngrY105x2E0lxFHB6H4yvZ/X7ByoVi8WdniTUj/BQsJARrI3Vt49qHhkx5OkY5XCOPJooxmNR69tVp+7kQsvgFlCFQq2+/eUNYpJGVGjCsVI910m0n2GpGeF0WvFSRRNMxnhIewYFjqjys/yGKTo1zgCFsTRPaJS7vycyHCk1iQLTGWE9Uou1mflfrZfq8NLPmEhSTQWZLwpTjszFs0DQgElKNJ8YwEQy81dERlhiok1sFROCu3jyMnQaddfwbaPavCriKMMxnMAZuHABTbiBFrSBwCM8wyu8WU/Wi/VufcxbS1Yxcwh/ZH3+AMyJlk8=</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="aBgjIOasBlPlpGJVTBXt2MQuLqs=">AAAB+HicbZDNSgMxFIXv1L9aq1aXugm2giCUGTe6FNy4rGBboTOUTHqnDc1khiQjlKHgxldx40IRn8Sdb2M67UJbLwQ+zkm4OSdMBdfGdb+d0tr6xuZWebuyU93d268dVDs6yRTDNktEoh5CqlFwiW3DjcCHVCGNQ4HdcHwz87uPqDRP5L2ZpBjEdCh5xBk1VurXjho+G3Him4QUcE58TDUXiWz0a3W36RZDVsFbQB0W0+rXvvxBwrIYpWGCat3z3NQEOVWGM4HTip9pTCkb0yH2LEoaow7yIsOUnFplQKJE2SMNKdTfL3Iaaz2JQ3szpmakl72Z+J/Xy0x0FeRcpplByeaLokwQm3hWCBlwhcyIiQXKFLd/JWxEFWXG1laxJXjLkVehc9H0LN+5UIZjOIEz8OASruEWWtAGBk/wAm/w7jw7r87HvK6Ss+jtEP6M8/kDWEKU6Q==</latexit><latexit sha1_base64="aBgjIOasBlPlpGJVTBXt2MQuLqs=">AAAB+HicbZDNSgMxFIXv1L9aq1aXugm2giCUGTe6FNy4rGBboTOUTHqnDc1khiQjlKHgxldx40IRn8Sdb2M67UJbLwQ+zkm4OSdMBdfGdb+d0tr6xuZWebuyU93d268dVDs6yRTDNktEoh5CqlFwiW3DjcCHVCGNQ4HdcHwz87uPqDRP5L2ZpBjEdCh5xBk1VurXjho+G3Him4QUcE58TDUXiWz0a3W36RZDVsFbQB0W0+rXvvxBwrIYpWGCat3z3NQEOVWGM4HTip9pTCkb0yH2LEoaow7yIsOUnFplQKJE2SMNKdTfL3Iaaz2JQ3szpmakl72Z+J/Xy0x0FeRcpplByeaLokwQm3hWCBlwhcyIiQXKFLd/JWxEFWXG1laxJXjLkVehc9H0LN+5UIZjOIEz8OASruEWWtAGBk/wAm/w7jw7r87HvK6Ss+jtEP6M8/kDWEKU6Q==</latexit><latexit sha1_base64="jQXCaUOhQTpjgxZeTgxeEuZ9P40=">AAACA3icbZDLSsNAFIZP6q3WW9SdbgZbQRBK4kYXLgpuXFawF2hCmUwn7dDJJMxMhBIKbnwVNy4UcetLuPNtnKZZaOsPAx//OYcz5w8SzpR2nG+rtLK6tr5R3qxsbe/s7tn7B20Vp5LQFol5LLsBVpQzQVuaaU67iaQ4CjjtBOObWb3zQKVisbjXk4T6ER4KFjKCtbH69lHNIyOGPB2jHM6RRxPFeCxqfbvq1J1caBncAqpQqNm3v7xBTNKICk04VqrnOon2Myw1I5xOK16qaILJGA9pz6DAEVV+lt8wRafGGaAwluYJjXL390SGI6UmUWA6I6xHarE2M/+r9VIdXvkZE0mqqSDzRWHKkbl4FggaMEmJ5hMDmEhm/orICEtMtImtYkJwF09ehvZF3TV851Qb10UcZTiGEzgDFy6hAbfQhBYQeIRneIU368l6sd6tj3lrySpmDuGPrM8fy+mWTQ==</latexit><latexit sha1_base64="QBN+gvciDU9FSpXzeOB2y6DWTfo=">AAACA3icbZDNSsNAFIVv6l+tf1F3uhlsBUEoSTe6cFFw47KCrYUmlMl00g6dTMLMRCih4MZXceNCEbe+hDvfxmmahbYeGPg4917u3BMknCntON9WaWV1bX2jvFnZ2t7Z3bP3DzoqTiWhbRLzWHYDrChngrY105x2E0lxFHB6H4yvZ/X7ByoVi8WdniTUj/BQsJARrI3Vt49qHhkx5OkY5XCOPJooxmNR69tVp+7kQsvgFlCFQq2+/eUNYpJGVGjCsVI910m0n2GpGeF0WvFSRRNMxnhIewYFjqjys/yGKTo1zgCFsTRPaJS7vycyHCk1iQLTGWE9Uou1mflfrZfq8NLPmEhSTQWZLwpTjszFs0DQgElKNJ8YwEQy81dERlhiok1sFROCu3jyMnQaddfwbaPavCriKMMxnMAZuHABTbiBFrSBwCM8wyu8WU/Wi/VufcxbS1Yxcwh/ZH3+AMyJlk8=</latexit><latexit sha1_base64="QBN+gvciDU9FSpXzeOB2y6DWTfo=">AAACA3icbZDNSsNAFIVv6l+tf1F3uhlsBUEoSTe6cFFw47KCrYUmlMl00g6dTMLMRCih4MZXceNCEbe+hDvfxmmahbYeGPg4917u3BMknCntON9WaWV1bX2jvFnZ2t7Z3bP3DzoqTiWhbRLzWHYDrChngrY105x2E0lxFHB6H4yvZ/X7ByoVi8WdniTUj/BQsJARrI3Vt49qHhkx5OkY5XCOPJooxmNR69tVp+7kQsvgFlCFQq2+/eUNYpJGVGjCsVI910m0n2GpGeF0WvFSRRNMxnhIewYFjqjys/yGKTo1zgCFsTRPaJS7vycyHCk1iQLTGWE9Uou1mflfrZfq8NLPmEhSTQWZLwpTjszFs0DQgElKNJ8YwEQy81dERlhiok1sFROCu3jyMnQaddfwbaPavCriKMMxnMAZuHABTbiBFrSBwCM8wyu8WU/Wi/VufcxbS1Yxcwh/ZH3+AMyJlk8=</latexit><latexit sha1_base64="QBN+gvciDU9FSpXzeOB2y6DWTfo=">AAACA3icbZDNSsNAFIVv6l+tf1F3uhlsBUEoSTe6cFFw47KCrYUmlMl00g6dTMLMRCih4MZXceNCEbe+hDvfxmmahbYeGPg4917u3BMknCntON9WaWV1bX2jvFnZ2t7Z3bP3DzoqTiWhbRLzWHYDrChngrY105x2E0lxFHB6H4yvZ/X7ByoVi8WdniTUj/BQsJARrI3Vt49qHhkx5OkY5XCOPJooxmNR69tVp+7kQsvgFlCFQq2+/eUNYpJGVGjCsVI910m0n2GpGeF0WvFSRRNMxnhIewYFjqjys/yGKTo1zgCFsTRPaJS7vycyHCk1iQLTGWE9Uou1mflfrZfq8NLPmEhSTQWZLwpTjszFs0DQgElKNJ8YwEQy81dERlhiok1sFROCu3jyMnQaddfwbaPavCriKMMxnMAZuHABTbiBFrSBwCM8wyu8WU/Wi/VufcxbS1Yxcwh/ZH3+AMyJlk8=</latexit><latexit sha1_base64="QBN+gvciDU9FSpXzeOB2y6DWTfo=">AAACA3icbZDNSsNAFIVv6l+tf1F3uhlsBUEoSTe6cFFw47KCrYUmlMl00g6dTMLMRCih4MZXceNCEbe+hDvfxmmahbYeGPg4917u3BMknCntON9WaWV1bX2jvFnZ2t7Z3bP3DzoqTiWhbRLzWHYDrChngrY105x2E0lxFHB6H4yvZ/X7ByoVi8WdniTUj/BQsJARrI3Vt49qHhkx5OkY5XCOPJooxmNR69tVp+7kQsvgFlCFQq2+/eUNYpJGVGjCsVI910m0n2GpGeF0WvFSRRNMxnhIewYFjqjys/yGKTo1zgCFsTRPaJS7vycyHCk1iQLTGWE9Uou1mflfrZfq8NLPmEhSTQWZLwpTjszFs0DQgElKNJ8YwEQy81dERlhiok1sFROCu3jyMnQaddfwbaPavCriKMMxnMAZuHABTbiBFrSBwCM8wyu8WU/Wi/VufcxbS1Yxcwh/ZH3+AMyJlk8=</latexit><latexit sha1_base64="QBN+gvciDU9FSpXzeOB2y6DWTfo=">AAACA3icbZDNSsNAFIVv6l+tf1F3uhlsBUEoSTe6cFFw47KCrYUmlMl00g6dTMLMRCih4MZXceNCEbe+hDvfxmmahbYeGPg4917u3BMknCntON9WaWV1bX2jvFnZ2t7Z3bP3DzoqTiWhbRLzWHYDrChngrY105x2E0lxFHB6H4yvZ/X7ByoVi8WdniTUj/BQsJARrI3Vt49qHhkx5OkY5XCOPJooxmNR69tVp+7kQsvgFlCFQq2+/eUNYpJGVGjCsVI910m0n2GpGeF0WvFSRRNMxnhIewYFjqjys/yGKTo1zgCFsTRPaJS7vycyHCk1iQLTGWE9Uou1mflfrZfq8NLPmEhSTQWZLwpTjszFs0DQgElKNJ8YwEQy81dERlhiok1sFROCu3jyMnQaddfwbaPavCriKMMxnMAZuHABTbiBFrSBwCM8wyu8WU/Wi/VufcxbS1Yxcwh/ZH3+AMyJlk8=</latexit><latexit sha1_base64="QBN+gvciDU9FSpXzeOB2y6DWTfo=">AAACA3icbZDNSsNAFIVv6l+tf1F3uhlsBUEoSTe6cFFw47KCrYUmlMl00g6dTMLMRCih4MZXceNCEbe+hDvfxmmahbYeGPg4917u3BMknCntON9WaWV1bX2jvFnZ2t7Z3bP3DzoqTiWhbRLzWHYDrChngrY105x2E0lxFHB6H4yvZ/X7ByoVi8WdniTUj/BQsJARrI3Vt49qHhkx5OkY5XCOPJooxmNR69tVp+7kQsvgFlCFQq2+/eUNYpJGVGjCsVI910m0n2GpGeF0WvFSRRNMxnhIewYFjqjys/yGKTo1zgCFsTRPaJS7vycyHCk1iQLTGWE9Uou1mflfrZfq8NLPmEhSTQWZLwpTjszFs0DQgElKNJ8YwEQy81dERlhiok1sFROCu3jyMnQaddfwbaPavCriKMMxnMAZuHABTbiBFrSBwCM8wyu8WU/Wi/VufcxbS1Yxcwh/ZH3+AMyJlk8=</latexit>

Goldstone shift symmetry

[Frigerio, Pomarol, Riva, Urbano 2012] 
[Bruggisser, Urbano, Riva 2016]

p2

f2

<latexit sha1_base64="Dpi3HpgGS8rr68PryVeZr4YLWq4=">AAACFnicbVDLSsNAFJ3UV62vqDvdBIvgqiSloO4KblxWsA9oY5lMbtqhk0mYmQglBPwMv8CtfoE7cevWD/A/nKZZ2NYDMxzOPffB8WJGpbLtb6O0tr6xuVXeruzs7u0fmIdHHRklgkCbRCwSPQ9LYJRDW1HFoBcLwKHHoOtNbmb17iMISSN+r6YxuCEecRpQgpWWhubJIJ+RCvCzQSAwSeOHepYG+huaVbtm57BWiVOQKirQGpo/Az8iSQhcEYal7Dt2rNwUC0UJg6wySCTEmEzwCPqachyCdNN8f2ada8W3gkjox5WVq387UhxKOQ097QyxGsuF2nzGsn3m+8/eT1Rw5aaUx4kCTua7g4RZKrJmGVk+FUAUm2qCiaD6fIuMsQ5H6SQrOhdnOYVV0qnXnEbt+q5RbdaLhMroFJ2hC+SgS9REt6iF2oigJ/SCXtGb8Wy8Gx/G59xaMoqeY7QA4+sXDt+gPw==</latexit>



pNGB Dark Matter
•  Scalar DM candidate 

LBSM = |@µ�|2 + 1
f2 @µ|�|2@µ|H|2 �m

2
�|�|2 � �|�|2|H|2 + . . .

<latexit sha1_base64="htoVBz9CpKAoyBjtwogYaXD7i/g="></latexit><latexit sha1_base64="htoVBz9CpKAoyBjtwogYaXD7i/g="></latexit><latexit sha1_base64="htoVBz9CpKAoyBjtwogYaXD7i/g="></latexit><latexit sha1_base64="htoVBz9CpKAoyBjtwogYaXD7i/g="></latexit>

�
<latexit sha1_base64="NskKthkvtyreQKo0YSCC02UlcPQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCozXajLghuXFewF2qFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCxubW9k5xt7S3f3B4VD4+aRuVaspaVAmluyExTHDJWpZbwbqJZiQOBeuEk9t5vfPEtOFKPthpwoKYjCSPOCXWWe1qn455dVCueDVvIbwOfg4VyNUclL/6Q0XTmElLBTGm53uJDTKiLaeCzUr91LCE0AkZsZ5DSWJmgmyx7QxfOGeII6XdkxYv3N8TGYmNmcah64yJHZvV2tz8r9ZLbXQTZFwmqWWSLj+KUoGtwvPT8ZBrRq2YOiBUc7crpmOiCbUuoJILwV89eR3a9Zrv+L5eaVzlcRThDM7hEny4hgbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/Qp8/tLqOgA==</latexit><latexit sha1_base64="NskKthkvtyreQKo0YSCC02UlcPQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCozXajLghuXFewF2qFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCxubW9k5xt7S3f3B4VD4+aRuVaspaVAmluyExTHDJWpZbwbqJZiQOBeuEk9t5vfPEtOFKPthpwoKYjCSPOCXWWe1qn455dVCueDVvIbwOfg4VyNUclL/6Q0XTmElLBTGm53uJDTKiLaeCzUr91LCE0AkZsZ5DSWJmgmyx7QxfOGeII6XdkxYv3N8TGYmNmcah64yJHZvV2tz8r9ZLbXQTZFwmqWWSLj+KUoGtwvPT8ZBrRq2YOiBUc7crpmOiCbUuoJILwV89eR3a9Zrv+L5eaVzlcRThDM7hEny4hgbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/Qp8/tLqOgA==</latexit><latexit sha1_base64="NskKthkvtyreQKo0YSCC02UlcPQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCozXajLghuXFewF2qFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCxubW9k5xt7S3f3B4VD4+aRuVaspaVAmluyExTHDJWpZbwbqJZiQOBeuEk9t5vfPEtOFKPthpwoKYjCSPOCXWWe1qn455dVCueDVvIbwOfg4VyNUclL/6Q0XTmElLBTGm53uJDTKiLaeCzUr91LCE0AkZsZ5DSWJmgmyx7QxfOGeII6XdkxYv3N8TGYmNmcah64yJHZvV2tz8r9ZLbXQTZFwmqWWSLj+KUoGtwvPT8ZBrRq2YOiBUc7crpmOiCbUuoJILwV89eR3a9Zrv+L5eaVzlcRThDM7hEny4hgbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/Qp8/tLqOgA==</latexit><latexit sha1_base64="NskKthkvtyreQKo0YSCC02UlcPQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCozXajLghuXFewF2qFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCxubW9k5xt7S3f3B4VD4+aRuVaspaVAmluyExTHDJWpZbwbqJZiQOBeuEk9t5vfPEtOFKPthpwoKYjCSPOCXWWe1qn455dVCueDVvIbwOfg4VyNUclL/6Q0XTmElLBTGm53uJDTKiLaeCzUr91LCE0AkZsZ5DSWJmgmyx7QxfOGeII6XdkxYv3N8TGYmNmcah64yJHZvV2tz8r9ZLbXQTZFwmqWWSLj+KUoGtwvPT8ZBrRq2YOiBUc7crpmOiCbUuoJILwV89eR3a9Zrv+L5eaVzlcRThDM7hEny4hgbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/Qp8/tLqOgA==</latexit>

46Ennio Salvioni



pNGB Dark Matter
•  Scalar DM candidate 

•  Freeze-out reproduces relic density for                    and

LBSM = |@µ�|2 + 1
f2 @µ|�|2@µ|H|2 �m

2
�|�|2 � �|�|2|H|2 + . . .

<latexit sha1_base64="htoVBz9CpKAoyBjtwogYaXD7i/g="></latexit><latexit sha1_base64="htoVBz9CpKAoyBjtwogYaXD7i/g="></latexit><latexit sha1_base64="htoVBz9CpKAoyBjtwogYaXD7i/g="></latexit><latexit sha1_base64="htoVBz9CpKAoyBjtwogYaXD7i/g="></latexit>

m� ⇠ mh
<latexit sha1_base64="6/1xpQu6n2LUrXm90KI4dhDShu8=">AAAB+3icbZC9TsMwFIVvyl8pf6GMLBYtElOVdADGSiyMRaItUhNFjus0Vu0ksh1EFfVVWBhAiJUXYeNtcNsM0HIkS5/OvVf3+oQZZ0o7zrdV2djc2t6p7tb29g8Oj+zjel+luSS0R1KeyocQK8pZQnuaaU4fMkmxCDkdhJObeX3wSKViaXKvpxn1BR4nLGIEa2MFdr0pAo/EDHmKCSSCuIkCu+G0nIXQOrglNKBUN7C/vFFKckETTThWaug6mfYLLDUjnM5qXq5ohskEj+nQYIIFVX6xuH2Gzo0zQlEqzUs0Wri/JwoslJqK0HQKrGO1Wpub/9WGuY6u/YIlWa5pQpaLopwjnaJ5EGjEJCWaTw1gIpm5FZEYS0y0iatmQnBXv7wO/XbLNXzXbnQuyziqcApncAEuXEEHbqELPSDwBM/wCm/WzHqx3q2PZWvFKmdO4I+szx8wKpMu</latexit><latexit sha1_base64="6/1xpQu6n2LUrXm90KI4dhDShu8=">AAAB+3icbZC9TsMwFIVvyl8pf6GMLBYtElOVdADGSiyMRaItUhNFjus0Vu0ksh1EFfVVWBhAiJUXYeNtcNsM0HIkS5/OvVf3+oQZZ0o7zrdV2djc2t6p7tb29g8Oj+zjel+luSS0R1KeyocQK8pZQnuaaU4fMkmxCDkdhJObeX3wSKViaXKvpxn1BR4nLGIEa2MFdr0pAo/EDHmKCSSCuIkCu+G0nIXQOrglNKBUN7C/vFFKckETTThWaug6mfYLLDUjnM5qXq5ohskEj+nQYIIFVX6xuH2Gzo0zQlEqzUs0Wri/JwoslJqK0HQKrGO1Wpub/9WGuY6u/YIlWa5pQpaLopwjnaJ5EGjEJCWaTw1gIpm5FZEYS0y0iatmQnBXv7wO/XbLNXzXbnQuyziqcApncAEuXEEHbqELPSDwBM/wCm/WzHqx3q2PZWvFKmdO4I+szx8wKpMu</latexit><latexit sha1_base64="6/1xpQu6n2LUrXm90KI4dhDShu8=">AAAB+3icbZC9TsMwFIVvyl8pf6GMLBYtElOVdADGSiyMRaItUhNFjus0Vu0ksh1EFfVVWBhAiJUXYeNtcNsM0HIkS5/OvVf3+oQZZ0o7zrdV2djc2t6p7tb29g8Oj+zjel+luSS0R1KeyocQK8pZQnuaaU4fMkmxCDkdhJObeX3wSKViaXKvpxn1BR4nLGIEa2MFdr0pAo/EDHmKCSSCuIkCu+G0nIXQOrglNKBUN7C/vFFKckETTThWaug6mfYLLDUjnM5qXq5ohskEj+nQYIIFVX6xuH2Gzo0zQlEqzUs0Wri/JwoslJqK0HQKrGO1Wpub/9WGuY6u/YIlWa5pQpaLopwjnaJ5EGjEJCWaTw1gIpm5FZEYS0y0iatmQnBXv7wO/XbLNXzXbnQuyziqcApncAEuXEEHbqELPSDwBM/wCm/WzHqx3q2PZWvFKmdO4I+szx8wKpMu</latexit><latexit sha1_base64="6/1xpQu6n2LUrXm90KI4dhDShu8=">AAAB+3icbZC9TsMwFIVvyl8pf6GMLBYtElOVdADGSiyMRaItUhNFjus0Vu0ksh1EFfVVWBhAiJUXYeNtcNsM0HIkS5/OvVf3+oQZZ0o7zrdV2djc2t6p7tb29g8Oj+zjel+luSS0R1KeyocQK8pZQnuaaU4fMkmxCDkdhJObeX3wSKViaXKvpxn1BR4nLGIEa2MFdr0pAo/EDHmKCSSCuIkCu+G0nIXQOrglNKBUN7C/vFFKckETTThWaug6mfYLLDUjnM5qXq5ohskEj+nQYIIFVX6xuH2Gzo0zQlEqzUs0Wri/JwoslJqK0HQKrGO1Wpub/9WGuY6u/YIlWa5pQpaLopwjnaJ5EGjEJCWaTw1gIpm5FZEYS0y0iatmQnBXv7wO/XbLNXzXbnQuyziqcApncAEuXEEHbqELPSDwBM/wCm/WzHqx3q2PZWvFKmdO4I+szx8wKpMu</latexit>

f ⇠ TeV
<latexit sha1_base64="gm0ROgw7YSCPoL5pzMfjWm0v1lA=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM9gKrkrShbosuHFZoS9oQplMb9qhM0mYmQglFPwVNy4Ucet3uPNvnLRZaOuBgcM593LPnCDhTGnH+bZKG5tb2zvl3cre/sHhkX180lVxKil0aMxj2Q+IAs4i6GimOfQTCUQEHHrB9C73e48gFYujtp4l4AsyjljIKNFGGtpntdBTTGBPED2RImtDd17DQ7vq1J0F8DpxC1JFBVpD+8sbxTQVEGnKiVID10m0nxGpGeUwr3ipgoTQKRnDwNCICFB+tog/x5dGGeEwluZFGi/U3xsZEUrNRGAm85Rq1cvF/7xBqsNbP2NRkmqI6PJQmHKsY5x3gUdMAtV8ZgihkpmsmE6IJFSbxiqmBHf1y+uk26i7hj80qs3roo4yOkcX6Aq56AY10T1qoQ6iKEPP6BW9WU/Wi/VufSxHS1axc4r+wPr8ATFPlO4=</latexit><latexit sha1_base64="gm0ROgw7YSCPoL5pzMfjWm0v1lA=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM9gKrkrShbosuHFZoS9oQplMb9qhM0mYmQglFPwVNy4Ucet3uPNvnLRZaOuBgcM593LPnCDhTGnH+bZKG5tb2zvl3cre/sHhkX180lVxKil0aMxj2Q+IAs4i6GimOfQTCUQEHHrB9C73e48gFYujtp4l4AsyjljIKNFGGtpntdBTTGBPED2RImtDd17DQ7vq1J0F8DpxC1JFBVpD+8sbxTQVEGnKiVID10m0nxGpGeUwr3ipgoTQKRnDwNCICFB+tog/x5dGGeEwluZFGi/U3xsZEUrNRGAm85Rq1cvF/7xBqsNbP2NRkmqI6PJQmHKsY5x3gUdMAtV8ZgihkpmsmE6IJFSbxiqmBHf1y+uk26i7hj80qs3roo4yOkcX6Aq56AY10T1qoQ6iKEPP6BW9WU/Wi/VufSxHS1axc4r+wPr8ATFPlO4=</latexit><latexit sha1_base64="gm0ROgw7YSCPoL5pzMfjWm0v1lA=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM9gKrkrShbosuHFZoS9oQplMb9qhM0mYmQglFPwVNy4Ucet3uPNvnLRZaOuBgcM593LPnCDhTGnH+bZKG5tb2zvl3cre/sHhkX180lVxKil0aMxj2Q+IAs4i6GimOfQTCUQEHHrB9C73e48gFYujtp4l4AsyjljIKNFGGtpntdBTTGBPED2RImtDd17DQ7vq1J0F8DpxC1JFBVpD+8sbxTQVEGnKiVID10m0nxGpGeUwr3ipgoTQKRnDwNCICFB+tog/x5dGGeEwluZFGi/U3xsZEUrNRGAm85Rq1cvF/7xBqsNbP2NRkmqI6PJQmHKsY5x3gUdMAtV8ZgihkpmsmE6IJFSbxiqmBHf1y+uk26i7hj80qs3roo4yOkcX6Aq56AY10T1qoQ6iKEPP6BW9WU/Wi/VufSxHS1axc4r+wPr8ATFPlO4=</latexit><latexit sha1_base64="gm0ROgw7YSCPoL5pzMfjWm0v1lA=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM9gKrkrShbosuHFZoS9oQplMb9qhM0mYmQglFPwVNy4Ucet3uPNvnLRZaOuBgcM593LPnCDhTGnH+bZKG5tb2zvl3cre/sHhkX180lVxKil0aMxj2Q+IAs4i6GimOfQTCUQEHHrB9C73e48gFYujtp4l4AsyjljIKNFGGtpntdBTTGBPED2RImtDd17DQ7vq1J0F8DpxC1JFBVpD+8sbxTQVEGnKiVID10m0nxGpGeUwr3ipgoTQKRnDwNCICFB+tog/x5dGGeEwluZFGi/U3xsZEUrNRGAm85Rq1cvF/7xBqsNbP2NRkmqI6PJQmHKsY5x3gUdMAtV8ZgihkpmsmE6IJFSbxiqmBHf1y+uk26i7hj80qs3roo4yOkcX6Aq56AY10T1qoQ6iKEPP6BW9WU/Wi/VufSxHS1axc4r+wPr8ATFPlO4=</latexit>

h�vi ' m2
�

⇡f4 ! f ' 1.1 TeV
� m�

130 GeV

�1/2
<latexit sha1_base64="7bT8EcnX5IDbj9hw+0UU0EE9FWY="></latexit><latexit sha1_base64="7bT8EcnX5IDbj9hw+0UU0EE9FWY="></latexit><latexit sha1_base64="7bT8EcnX5IDbj9hw+0UU0EE9FWY="></latexit><latexit sha1_base64="7bT8EcnX5IDbj9hw+0UU0EE9FWY="></latexit>

h�vi ' m2
�

⇡f4 ! f ' 1.1 TeV
� m�

130 GeV

�1/2
<latexit sha1_base64="7bT8EcnX5IDbj9hw+0UU0EE9FWY="></latexit><latexit sha1_base64="7bT8EcnX5IDbj9hw+0UU0EE9FWY="></latexit><latexit sha1_base64="7bT8EcnX5IDbj9hw+0UU0EE9FWY="></latexit><latexit sha1_base64="7bT8EcnX5IDbj9hw+0UU0EE9FWY="></latexit>

f
<latexit sha1_base64="lNmXd37wrUZ5dZxY55aGrhvwkDk=">AAACDXicbVDLSsNAFJ3UV42vqks3wVZwUUpSBF0W3LisaGuhDWUyuUmHTiZhZiKUkE8Qd/ol7sSt3+CHuHeaZqGtBwYO59zLPXO8hFGpbPvLqKytb2xuVbfNnd29/YPa4VFfxqkg0CMxi8XAwxIY5dBTVDEYJAJw5DF48KbXc//hEYSkMb9XswTcCIecBpRgpaW7RtAY1+p2yy5grRKnJHVUojuufY/8mKQRcEUYlnLo2IlyMywUJQxyc5RKSDCZ4hCGmnIcgXSzImpunWnFt4JY6MeVVai/NzIcSTmLPD0ZYTWRy95c/M8bpiq4cjPKk1QBJ4tDQcosFVvzf1s+FUAUm2mCiaA6q0UmWGCidDvmyIdAN1jEyWKBeQh5JkIvz5ym3bpo2rmpe3KWW1kl/XbL0fy2Xe+0y8aq6ASdonPkoEvUQTeoi3qIoBA9oRf0ajwbb8a78bEYrRjlzjH6A+PzBxLcmuA=</latexit><latexit sha1_base64="lNmXd37wrUZ5dZxY55aGrhvwkDk=">AAACDXicbVDLSsNAFJ3UV42vqks3wVZwUUpSBF0W3LisaGuhDWUyuUmHTiZhZiKUkE8Qd/ol7sSt3+CHuHeaZqGtBwYO59zLPXO8hFGpbPvLqKytb2xuVbfNnd29/YPa4VFfxqkg0CMxi8XAwxIY5dBTVDEYJAJw5DF48KbXc//hEYSkMb9XswTcCIecBpRgpaW7RtAY1+p2yy5grRKnJHVUojuufY/8mKQRcEUYlnLo2IlyMywUJQxyc5RKSDCZ4hCGmnIcgXSzImpunWnFt4JY6MeVVai/NzIcSTmLPD0ZYTWRy95c/M8bpiq4cjPKk1QBJ4tDQcosFVvzf1s+FUAUm2mCiaA6q0UmWGCidDvmyIdAN1jEyWKBeQh5JkIvz5ym3bpo2rmpe3KWW1kl/XbL0fy2Xe+0y8aq6ASdonPkoEvUQTeoi3qIoBA9oRf0ajwbb8a78bEYrRjlzjH6A+PzBxLcmuA=</latexit><latexit sha1_base64="lNmXd37wrUZ5dZxY55aGrhvwkDk=">AAACDXicbVDLSsNAFJ3UV42vqks3wVZwUUpSBF0W3LisaGuhDWUyuUmHTiZhZiKUkE8Qd/ol7sSt3+CHuHeaZqGtBwYO59zLPXO8hFGpbPvLqKytb2xuVbfNnd29/YPa4VFfxqkg0CMxi8XAwxIY5dBTVDEYJAJw5DF48KbXc//hEYSkMb9XswTcCIecBpRgpaW7RtAY1+p2yy5grRKnJHVUojuufY/8mKQRcEUYlnLo2IlyMywUJQxyc5RKSDCZ4hCGmnIcgXSzImpunWnFt4JY6MeVVai/NzIcSTmLPD0ZYTWRy95c/M8bpiq4cjPKk1QBJ4tDQcosFVvzf1s+FUAUm2mCiaA6q0UmWGCidDvmyIdAN1jEyWKBeQh5JkIvz5ym3bpo2rmpe3KWW1kl/XbL0fy2Xe+0y8aq6ASdonPkoEvUQTeoi3qIoBA9oRf0ajwbb8a78bEYrRjlzjH6A+PzBxLcmuA=</latexit><latexit sha1_base64="lNmXd37wrUZ5dZxY55aGrhvwkDk=">AAACDXicbVDLSsNAFJ3UV42vqks3wVZwUUpSBF0W3LisaGuhDWUyuUmHTiZhZiKUkE8Qd/ol7sSt3+CHuHeaZqGtBwYO59zLPXO8hFGpbPvLqKytb2xuVbfNnd29/YPa4VFfxqkg0CMxi8XAwxIY5dBTVDEYJAJw5DF48KbXc//hEYSkMb9XswTcCIecBpRgpaW7RtAY1+p2yy5grRKnJHVUojuufY/8mKQRcEUYlnLo2IlyMywUJQxyc5RKSDCZ4hCGmnIcgXSzImpunWnFt4JY6MeVVai/NzIcSTmLPD0ZYTWRy95c/M8bpiq4cjPKk1QBJ4tDQcosFVvzf1s+FUAUm2mCiaA6q0UmWGCidDvmyIdAN1jEyWKBeQh5JkIvz5ym3bpo2rmpe3KWW1kl/XbL0fy2Xe+0y8aq6ASdonPkoEvUQTeoi3qIoBA9oRf0ajwbb8a78bEYrRjlzjH6A+PzBxLcmuA=</latexit>

[TeV]
<latexit sha1_base64="pibDMh7HiHNzJDSK4B3FF0xFsGI=">AAACD3icbVDLSsNAFJ3UV42vqks3wSK4KCUpgi4LblxWaFohDWUyuWmHTiZhZiKUkG8Qd/ol7sStn+CHuHeaZqGtBwYO59zLPXOClFGpbPvLqG1sbm3v1HfNvf2Dw6PG8clAJpkg4JKEJeIhwBIY5eAqqhg8pAJwHDAYBrPbhT98BCFpwvtqnoIf4wmnESVYacn1+jDwx42m3bZLWOvEqUgTVeiNG9+jMCFZDFwRhqX0HDtVfo6FooRBYY4yCSkmMzwBT1OOY5B+XoYtrAuthFaUCP24skr190aOYynncaAnY6ymctVbiP95XqaiGz+nPM0UcLI8FGXMUom1+LkVUgFEsbkmmAiqs1pkigUmSvdjjkKIdIdlnDwRmE+gyMUkKHKnZbevWnZh6p6c1VbWyaDTdjS/7zS7raqxOjpD5+gSOegaddEd6iEXEUTRE3pBr8az8Wa8Gx/L0ZpR7ZyiPzA+fwAubZwH</latexit><latexit sha1_base64="pibDMh7HiHNzJDSK4B3FF0xFsGI=">AAACD3icbVDLSsNAFJ3UV42vqks3wSK4KCUpgi4LblxWaFohDWUyuWmHTiZhZiKUkG8Qd/ol7sStn+CHuHeaZqGtBwYO59zLPXOClFGpbPvLqG1sbm3v1HfNvf2Dw6PG8clAJpkg4JKEJeIhwBIY5eAqqhg8pAJwHDAYBrPbhT98BCFpwvtqnoIf4wmnESVYacn1+jDwx42m3bZLWOvEqUgTVeiNG9+jMCFZDFwRhqX0HDtVfo6FooRBYY4yCSkmMzwBT1OOY5B+XoYtrAuthFaUCP24skr190aOYynncaAnY6ymctVbiP95XqaiGz+nPM0UcLI8FGXMUom1+LkVUgFEsbkmmAiqs1pkigUmSvdjjkKIdIdlnDwRmE+gyMUkKHKnZbevWnZh6p6c1VbWyaDTdjS/7zS7raqxOjpD5+gSOegaddEd6iEXEUTRE3pBr8az8Wa8Gx/L0ZpR7ZyiPzA+fwAubZwH</latexit><latexit sha1_base64="pibDMh7HiHNzJDSK4B3FF0xFsGI=">AAACD3icbVDLSsNAFJ3UV42vqks3wSK4KCUpgi4LblxWaFohDWUyuWmHTiZhZiKUkG8Qd/ol7sStn+CHuHeaZqGtBwYO59zLPXOClFGpbPvLqG1sbm3v1HfNvf2Dw6PG8clAJpkg4JKEJeIhwBIY5eAqqhg8pAJwHDAYBrPbhT98BCFpwvtqnoIf4wmnESVYacn1+jDwx42m3bZLWOvEqUgTVeiNG9+jMCFZDFwRhqX0HDtVfo6FooRBYY4yCSkmMzwBT1OOY5B+XoYtrAuthFaUCP24skr190aOYynncaAnY6ymctVbiP95XqaiGz+nPM0UcLI8FGXMUom1+LkVUgFEsbkmmAiqs1pkigUmSvdjjkKIdIdlnDwRmE+gyMUkKHKnZbevWnZh6p6c1VbWyaDTdjS/7zS7raqxOjpD5+gSOegaddEd6iEXEUTRE3pBr8az8Wa8Gx/L0ZpR7ZyiPzA+fwAubZwH</latexit><latexit sha1_base64="pibDMh7HiHNzJDSK4B3FF0xFsGI=">AAACD3icbVDLSsNAFJ3UV42vqks3wSK4KCUpgi4LblxWaFohDWUyuWmHTiZhZiKUkG8Qd/ol7sStn+CHuHeaZqGtBwYO59zLPXOClFGpbPvLqG1sbm3v1HfNvf2Dw6PG8clAJpkg4JKEJeIhwBIY5eAqqhg8pAJwHDAYBrPbhT98BCFpwvtqnoIf4wmnESVYacn1+jDwx42m3bZLWOvEqUgTVeiNG9+jMCFZDFwRhqX0HDtVfo6FooRBYY4yCSkmMzwBT1OOY5B+XoYtrAuthFaUCP24skr190aOYynncaAnY6ymctVbiP95XqaiGz+nPM0UcLI8FGXMUom1+LkVUgFEsbkmmAiqs1pkigUmSvdjjkKIdIdlnDwRmE+gyMUkKHKnZbevWnZh6p6c1VbWyaDTdjS/7zS7raqxOjpD5+gSOegaddEd6iEXEUTRE3pBr8az8Wa8Gx/L0ZpR7ZyiPzA+fwAubZwH</latexit>

full Boltzmann solution
approximate

�
<latexit sha1_base64="NskKthkvtyreQKo0YSCC02UlcPQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCozXajLghuXFewF2qFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCxubW9k5xt7S3f3B4VD4+aRuVaspaVAmluyExTHDJWpZbwbqJZiQOBeuEk9t5vfPEtOFKPthpwoKYjCSPOCXWWe1qn455dVCueDVvIbwOfg4VyNUclL/6Q0XTmElLBTGm53uJDTKiLaeCzUr91LCE0AkZsZ5DSWJmgmyx7QxfOGeII6XdkxYv3N8TGYmNmcah64yJHZvV2tz8r9ZLbXQTZFwmqWWSLj+KUoGtwvPT8ZBrRq2YOiBUc7crpmOiCbUuoJILwV89eR3a9Zrv+L5eaVzlcRThDM7hEny4hgbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/Qp8/tLqOgA==</latexit><latexit sha1_base64="NskKthkvtyreQKo0YSCC02UlcPQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCozXajLghuXFewF2qFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCxubW9k5xt7S3f3B4VD4+aRuVaspaVAmluyExTHDJWpZbwbqJZiQOBeuEk9t5vfPEtOFKPthpwoKYjCSPOCXWWe1qn455dVCueDVvIbwOfg4VyNUclL/6Q0XTmElLBTGm53uJDTKiLaeCzUr91LCE0AkZsZ5DSWJmgmyx7QxfOGeII6XdkxYv3N8TGYmNmcah64yJHZvV2tz8r9ZLbXQTZFwmqWWSLj+KUoGtwvPT8ZBrRq2YOiBUc7crpmOiCbUuoJILwV89eR3a9Zrv+L5eaVzlcRThDM7hEny4hgbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/Qp8/tLqOgA==</latexit><latexit sha1_base64="NskKthkvtyreQKo0YSCC02UlcPQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCozXajLghuXFewF2qFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCxubW9k5xt7S3f3B4VD4+aRuVaspaVAmluyExTHDJWpZbwbqJZiQOBeuEk9t5vfPEtOFKPthpwoKYjCSPOCXWWe1qn455dVCueDVvIbwOfg4VyNUclL/6Q0XTmElLBTGm53uJDTKiLaeCzUr91LCE0AkZsZ5DSWJmgmyx7QxfOGeII6XdkxYv3N8TGYmNmcah64yJHZvV2tz8r9ZLbXQTZFwmqWWSLj+KUoGtwvPT8ZBrRq2YOiBUc7crpmOiCbUuoJILwV89eR3a9Zrv+L5eaVzlcRThDM7hEny4hgbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/Qp8/tLqOgA==</latexit><latexit sha1_base64="NskKthkvtyreQKo0YSCC02UlcPQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCozXajLghuXFewF2qFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCxubW9k5xt7S3f3B4VD4+aRuVaspaVAmluyExTHDJWpZbwbqJZiQOBeuEk9t5vfPEtOFKPthpwoKYjCSPOCXWWe1qn455dVCueDVvIbwOfg4VyNUclL/6Q0XTmElLBTGm53uJDTKiLaeCzUr91LCE0AkZsZ5DSWJmgmyx7QxfOGeII6XdkxYv3N8TGYmNmcah64yJHZvV2tz8r9ZLbXQTZFwmqWWSLj+KUoGtwvPT8ZBrRq2YOiBUc7crpmOiCbUuoJILwV89eR3a9Zrv+L5eaVzlcRThDM7hEny4hgbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/Qp8/tLqOgA==</latexit>

[Balkin, Ruhdorfer, Salvioni, Weiler 2018]
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pNGB Dark Matter
•  Scalar DM candidate 

• Direct detection extremely suppressed (below “neutrino floor”)

LBSM = |@µ�|2 + 1
f2 @µ|�|2@µ|H|2 �m

2
�|�|2 � �|�|2|H|2 + . . .

<latexit sha1_base64="htoVBz9CpKAoyBjtwogYaXD7i/g="></latexit><latexit sha1_base64="htoVBz9CpKAoyBjtwogYaXD7i/g="></latexit><latexit sha1_base64="htoVBz9CpKAoyBjtwogYaXD7i/g="></latexit><latexit sha1_base64="htoVBz9CpKAoyBjtwogYaXD7i/g="></latexit>

/ (pin�pout)
2

f2 = q2

f2 ⇠ m2
�v

2
DM

f2 ⇠ 10�8
<latexit sha1_base64="gy6rWNgrAr7N8YIaMqSeZx1zxsY="></latexit>

(vDM ⇠ 10�3)
<latexit sha1_base64="3eyeWcGyBR1W8uyKPU+ewqMlUXw=">AAACBHicbVDLSsNAFJ3UV62vqMtuBluhLixJK+iyoAs3QgX7gCaGyXTSDp1JwsykUEIWbvwVNy4UcetHuPNvnD4WWj1w4XDOvdx7jx8zKpVlfRm5ldW19Y38ZmFre2d3z9w/aMsoEZi0cMQi0fWRJIyGpKWoYqQbC4K4z0jHH11O/c6YCEmj8E5NYuJyNAhpQDFSWvLMYrky9lJHcHh1k0FHUg5t6z49rWcnZc8sWVVrBviX2AtSAgs0PfPT6Uc44SRUmCEpe7YVKzdFQlHMSFZwEklihEdoQHqahogT6aazJzJ4rJU+DCKhK1Rwpv6cSBGXcsJ93cmRGsplbyr+5/USFVy4KQ3jRJEQzxcFCYMqgtNEYJ8KghWbaIKwoPpWiIdIIKx0bgUdgr388l/SrlXterV2Wys1zhZx5EERHIEKsME5aIBr0AQtgMEDeAIv4NV4NJ6NN+N93pozFjOH4BeMj29vqJX7</latexit>

�
<latexit sha1_base64="NskKthkvtyreQKo0YSCC02UlcPQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCozXajLghuXFewF2qFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCxubW9k5xt7S3f3B4VD4+aRuVaspaVAmluyExTHDJWpZbwbqJZiQOBeuEk9t5vfPEtOFKPthpwoKYjCSPOCXWWe1qn455dVCueDVvIbwOfg4VyNUclL/6Q0XTmElLBTGm53uJDTKiLaeCzUr91LCE0AkZsZ5DSWJmgmyx7QxfOGeII6XdkxYv3N8TGYmNmcah64yJHZvV2tz8r9ZLbXQTZFwmqWWSLj+KUoGtwvPT8ZBrRq2YOiBUc7crpmOiCbUuoJILwV89eR3a9Zrv+L5eaVzlcRThDM7hEny4hgbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/Qp8/tLqOgA==</latexit><latexit sha1_base64="NskKthkvtyreQKo0YSCC02UlcPQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCozXajLghuXFewF2qFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCxubW9k5xt7S3f3B4VD4+aRuVaspaVAmluyExTHDJWpZbwbqJZiQOBeuEk9t5vfPEtOFKPthpwoKYjCSPOCXWWe1qn455dVCueDVvIbwOfg4VyNUclL/6Q0XTmElLBTGm53uJDTKiLaeCzUr91LCE0AkZsZ5DSWJmgmyx7QxfOGeII6XdkxYv3N8TGYmNmcah64yJHZvV2tz8r9ZLbXQTZFwmqWWSLj+KUoGtwvPT8ZBrRq2YOiBUc7crpmOiCbUuoJILwV89eR3a9Zrv+L5eaVzlcRThDM7hEny4hgbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/Qp8/tLqOgA==</latexit><latexit sha1_base64="NskKthkvtyreQKo0YSCC02UlcPQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCozXajLghuXFewF2qFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCxubW9k5xt7S3f3B4VD4+aRuVaspaVAmluyExTHDJWpZbwbqJZiQOBeuEk9t5vfPEtOFKPthpwoKYjCSPOCXWWe1qn455dVCueDVvIbwOfg4VyNUclL/6Q0XTmElLBTGm53uJDTKiLaeCzUr91LCE0AkZsZ5DSWJmgmyx7QxfOGeII6XdkxYv3N8TGYmNmcah64yJHZvV2tz8r9ZLbXQTZFwmqWWSLj+KUoGtwvPT8ZBrRq2YOiBUc7crpmOiCbUuoJILwV89eR3a9Zrv+L5eaVzlcRThDM7hEny4hgbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/Qp8/tLqOgA==</latexit><latexit sha1_base64="NskKthkvtyreQKo0YSCC02UlcPQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCozXajLghuXFewF2qFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCxubW9k5xt7S3f3B4VD4+aRuVaspaVAmluyExTHDJWpZbwbqJZiQOBeuEk9t5vfPEtOFKPthpwoKYjCSPOCXWWe1qn455dVCueDVvIbwOfg4VyNUclL/6Q0XTmElLBTGm53uJDTKiLaeCzUr91LCE0AkZsZ5DSWJmgmyx7QxfOGeII6XdkxYv3N8TGYmNmcah64yJHZvV2tz8r9ZLbXQTZFwmqWWSLj+KUoGtwvPT8ZBrRq2YOiBUc7crpmOiCbUuoJILwV89eR3a9Zrv+L5eaVzlcRThDM7hEny4hgbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/Qp8/tLqOgA==</latexit>
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pNGB Dark Matter
• This picture can arise if both Higgs and DM 

are composite pNGBs,  
with decay constant 

• Appealing solution to Higgs naturalness problem 

• Dark matter stabilized by discrete or continuous symmetry 

• Naturally light (and weakly coupled) at low energies

f ⇠ TeV
<latexit sha1_base64="gm0ROgw7YSCPoL5pzMfjWm0v1lA=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM9gKrkrShbosuHFZoS9oQplMb9qhM0mYmQglFPwVNy4Ucet3uPNvnLRZaOuBgcM593LPnCDhTGnH+bZKG5tb2zvl3cre/sHhkX180lVxKil0aMxj2Q+IAs4i6GimOfQTCUQEHHrB9C73e48gFYujtp4l4AsyjljIKNFGGtpntdBTTGBPED2RImtDd17DQ7vq1J0F8DpxC1JFBVpD+8sbxTQVEGnKiVID10m0nxGpGeUwr3ipgoTQKRnDwNCICFB+tog/x5dGGeEwluZFGi/U3xsZEUrNRGAm85Rq1cvF/7xBqsNbP2NRkmqI6PJQmHKsY5x3gUdMAtV8ZgihkpmsmE6IJFSbxiqmBHf1y+uk26i7hj80qs3roo4yOkcX6Aq56AY10T1qoQ6iKEPP6BW9WU/Wi/VufSxHS1axc4r+wPr8ATFPlO4=</latexit><latexit sha1_base64="gm0ROgw7YSCPoL5pzMfjWm0v1lA=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM9gKrkrShbosuHFZoS9oQplMb9qhM0mYmQglFPwVNy4Ucet3uPNvnLRZaOuBgcM593LPnCDhTGnH+bZKG5tb2zvl3cre/sHhkX180lVxKil0aMxj2Q+IAs4i6GimOfQTCUQEHHrB9C73e48gFYujtp4l4AsyjljIKNFGGtpntdBTTGBPED2RImtDd17DQ7vq1J0F8DpxC1JFBVpD+8sbxTQVEGnKiVID10m0nxGpGeUwr3ipgoTQKRnDwNCICFB+tog/x5dGGeEwluZFGi/U3xsZEUrNRGAm85Rq1cvF/7xBqsNbP2NRkmqI6PJQmHKsY5x3gUdMAtV8ZgihkpmsmE6IJFSbxiqmBHf1y+uk26i7hj80qs3roo4yOkcX6Aq56AY10T1qoQ6iKEPP6BW9WU/Wi/VufSxHS1axc4r+wPr8ATFPlO4=</latexit><latexit sha1_base64="gm0ROgw7YSCPoL5pzMfjWm0v1lA=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM9gKrkrShbosuHFZoS9oQplMb9qhM0mYmQglFPwVNy4Ucet3uPNvnLRZaOuBgcM593LPnCDhTGnH+bZKG5tb2zvl3cre/sHhkX180lVxKil0aMxj2Q+IAs4i6GimOfQTCUQEHHrB9C73e48gFYujtp4l4AsyjljIKNFGGtpntdBTTGBPED2RImtDd17DQ7vq1J0F8DpxC1JFBVpD+8sbxTQVEGnKiVID10m0nxGpGeUwr3ipgoTQKRnDwNCICFB+tog/x5dGGeEwluZFGi/U3xsZEUrNRGAm85Rq1cvF/7xBqsNbP2NRkmqI6PJQmHKsY5x3gUdMAtV8ZgihkpmsmE6IJFSbxiqmBHf1y+uk26i7hj80qs3roo4yOkcX6Aq56AY10T1qoQ6iKEPP6BW9WU/Wi/VufSxHS1axc4r+wPr8ATFPlO4=</latexit><latexit sha1_base64="gm0ROgw7YSCPoL5pzMfjWm0v1lA=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM9gKrkrShbosuHFZoS9oQplMb9qhM0mYmQglFPwVNy4Ucet3uPNvnLRZaOuBgcM593LPnCDhTGnH+bZKG5tb2zvl3cre/sHhkX180lVxKil0aMxj2Q+IAs4i6GimOfQTCUQEHHrB9C73e48gFYujtp4l4AsyjljIKNFGGtpntdBTTGBPED2RImtDd17DQ7vq1J0F8DpxC1JFBVpD+8sbxTQVEGnKiVID10m0nxGpGeUwr3ipgoTQKRnDwNCICFB+tog/x5dGGeEwluZFGi/U3xsZEUrNRGAm85Rq1cvF/7xBqsNbP2NRkmqI6PJQmHKsY5x3gUdMAtV8ZgihkpmsmE6IJFSbxiqmBHf1y+uk26i7hj80qs3roo4yOkcX6Aq56AY10T1qoQ6iKEPP6BW9WU/Wi/VufSxHS1axc4r+wPr8ATFPlO4=</latexit>

[Frigerio, Pomarol, Riva, Urbano 2012] 
[Balkin, Ruhdorfer, Salvioni, Weiler 2017]
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pNGB Dark Matter
• This picture can arise if both Higgs and DM 

are composite pNGBs,  
with decay constant 

• Appealing solution to Higgs naturalness problem 

• Dark matter stabilized by discrete or continuous symmetry 

• Naturally light (and weakly coupled) at low energies

f ⇠ TeV
<latexit sha1_base64="gm0ROgw7YSCPoL5pzMfjWm0v1lA=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM9gKrkrShbosuHFZoS9oQplMb9qhM0mYmQglFPwVNy4Ucet3uPNvnLRZaOuBgcM593LPnCDhTGnH+bZKG5tb2zvl3cre/sHhkX180lVxKil0aMxj2Q+IAs4i6GimOfQTCUQEHHrB9C73e48gFYujtp4l4AsyjljIKNFGGtpntdBTTGBPED2RImtDd17DQ7vq1J0F8DpxC1JFBVpD+8sbxTQVEGnKiVID10m0nxGpGeUwr3ipgoTQKRnDwNCICFB+tog/x5dGGeEwluZFGi/U3xsZEUrNRGAm85Rq1cvF/7xBqsNbP2NRkmqI6PJQmHKsY5x3gUdMAtV8ZgihkpmsmE6IJFSbxiqmBHf1y+uk26i7hj80qs3roo4yOkcX6Aq56AY10T1qoQ6iKEPP6BW9WU/Wi/VufSxHS1axc4r+wPr8ATFPlO4=</latexit><latexit sha1_base64="gm0ROgw7YSCPoL5pzMfjWm0v1lA=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM9gKrkrShbosuHFZoS9oQplMb9qhM0mYmQglFPwVNy4Ucet3uPNvnLRZaOuBgcM593LPnCDhTGnH+bZKG5tb2zvl3cre/sHhkX180lVxKil0aMxj2Q+IAs4i6GimOfQTCUQEHHrB9C73e48gFYujtp4l4AsyjljIKNFGGtpntdBTTGBPED2RImtDd17DQ7vq1J0F8DpxC1JFBVpD+8sbxTQVEGnKiVID10m0nxGpGeUwr3ipgoTQKRnDwNCICFB+tog/x5dGGeEwluZFGi/U3xsZEUrNRGAm85Rq1cvF/7xBqsNbP2NRkmqI6PJQmHKsY5x3gUdMAtV8ZgihkpmsmE6IJFSbxiqmBHf1y+uk26i7hj80qs3roo4yOkcX6Aq56AY10T1qoQ6iKEPP6BW9WU/Wi/VufSxHS1axc4r+wPr8ATFPlO4=</latexit><latexit sha1_base64="gm0ROgw7YSCPoL5pzMfjWm0v1lA=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM9gKrkrShbosuHFZoS9oQplMb9qhM0mYmQglFPwVNy4Ucet3uPNvnLRZaOuBgcM593LPnCDhTGnH+bZKG5tb2zvl3cre/sHhkX180lVxKil0aMxj2Q+IAs4i6GimOfQTCUQEHHrB9C73e48gFYujtp4l4AsyjljIKNFGGtpntdBTTGBPED2RImtDd17DQ7vq1J0F8DpxC1JFBVpD+8sbxTQVEGnKiVID10m0nxGpGeUwr3ipgoTQKRnDwNCICFB+tog/x5dGGeEwluZFGi/U3xsZEUrNRGAm85Rq1cvF/7xBqsNbP2NRkmqI6PJQmHKsY5x3gUdMAtV8ZgihkpmsmE6IJFSbxiqmBHf1y+uk26i7hj80qs3roo4yOkcX6Aq56AY10T1qoQ6iKEPP6BW9WU/Wi/VufSxHS1axc4r+wPr8ATFPlO4=</latexit><latexit sha1_base64="gm0ROgw7YSCPoL5pzMfjWm0v1lA=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM9gKrkrShbosuHFZoS9oQplMb9qhM0mYmQglFPwVNy4Ucet3uPNvnLRZaOuBgcM593LPnCDhTGnH+bZKG5tb2zvl3cre/sHhkX180lVxKil0aMxj2Q+IAs4i6GimOfQTCUQEHHrB9C73e48gFYujtp4l4AsyjljIKNFGGtpntdBTTGBPED2RImtDd17DQ7vq1J0F8DpxC1JFBVpD+8sbxTQVEGnKiVID10m0nxGpGeUwr3ipgoTQKRnDwNCICFB+tog/x5dGGeEwluZFGi/U3xsZEUrNRGAm85Rq1cvF/7xBqsNbP2NRkmqI6PJQmHKsY5x3gUdMAtV8ZgihkpmsmE6IJFSbxiqmBHf1y+uk26i7hj80qs3roo4yOkcX6Aq56AY10T1qoQ6iKEPP6BW9WU/Wi/VufSxHS1axc4r+wPr8ATFPlO4=</latexit>

•      is dangerous even @1 loop. Generate         without spoiling picture? 

• Which other probes? Reach at colliders? 

m�
<latexit sha1_base64="ISJLL9TTJ4yabciNQMpNPButqY8=">AAACAnicbVDLSgMxFL3js9ZX1aWbYCu4KjMtaN0V3LisYB/QDiWTZtrQJDMkGaGU7vwCt/oF7sStP+IH+B+m00Gs9cCFwzn3cC8niDnTxnU/nbX1jc2t7dxOfndv/+CwcHTc0lGiCG2SiEeqE2BNOZO0aZjhtBMrikXAaTsY38z99gNVmkXy3kxi6gs8lCxkBBsrdUqi3yMjVuoXim7ZTYFWiZeRImRo9AtfvUFEEkGlIRxr3fXc2PhTrAwjnM7yvUTTGJMxHtKupRILqv1p+u8MnVtlgMJI2ZEGpervRLa3JGGh9UQENiywGem/3lz8z+smJqz5UybjxFBJFrfDhCMToXkfaMAUJYZPLMFEMfs+IiOsMDG2tXzay/Uclz8trJJWpexVy9W7SrFeyxrKwSmcwQV4cAV1uIUGNIEAhyd4hhfn0Xl13pz3xeqak2VOYAnOxzcEgJeh</latexit>

�
<latexit sha1_base64="/+/vCDC2P7SsrynvFlEow9DorLM=">AAACA3icbVDLSgMxFL1TX7W+qi7dDLaCqzJtQeuu4MZlBfuQdiiZTKYNTTJDkhFK6dIvcKtf4E7c+iF+gP9hZjqItR4IHM6DXI4XMaq043xaubX1jc2t/HZhZ3dv/6B4eNRRYSwxaeOQhbLnIUUYFaStqWakF0mCuMdI15tcJ373gUhFQ3GnpxFxORoJGlCMtJHuywNmsj4qD4slp+KksFdJNSMlyNAaFr8GfohjToTGDCnVrzqRdmdIaooZmRcGsSIRwhM0In1DBeJEubP04Ll9ZhTfDkJpntB2qv5uZLklCXGlptwzZY70WP31EvE/rx/roOHOqIhiTQRe/B3EzNahnQxi+1QSrNnUEIQlNefbeIwkwtrMVkh3uUpw8bPCKunUKtV6pX5bKzUb2UJ5OIFTOIcqXEITbqAFbcDA4Qme4cV6tF6tN+t9Ec1ZWecYlmB9fAPGmZgM</latexit>

[Balkin, Ruhdorfer, Salvioni, Weiler 2017, 2018]
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Origin of dark matter mass
•  Higgs doublet + complex scalar DM as pNGBs of  

•  DM mass arises from largest breaking of its shift symmetry 

✓  Top quark couplings: already ruled out by XENON1T 

✓  Bottom quark couplings: signal @LZ (next generation direct detection) 

✓  Dark sector couplings: gauge U(1) symmetry that stabilizes     ,

SO(7)/SO(6)

��N
SI ⇡ 1.0 – 5.6⇥ 10�47 cm2

⇣
1 TeV

f

⌘4⇣
100 GeV

m�

⌘2

<latexit sha1_base64="zueNVEg1bbAkhR1kd464gLVhqUY="></latexit>

�

<latexit sha1_base64="HH3rI+qle8hG0HgxUnmLIiNNcAQ=">AAAB/nicbVDLSsNAFL1TX7W+qi7dDBbBVUlEfOwKblxWsA9oQ5lMJ83QySTMTIQSCn6BW/0Cd+LWX/ED/A8nbRa29cCFw7nnPjh+Irg2jvONSmvrG5tb5e3Kzu7e/kH18Kit41RR1qKxiFXXJ5oJLlnLcCNYN1GMRL5gHX98l/c7T0xpHstHM0mYF5GR5AGnxORSn4Z8UK05dWcGvErcgtSgQHNQ/ekPY5pGTBoqiNY910mMlxFlOBVsWumnmiWEjsmI9SyVJGLay2a/TvGZVYY4iJUtafBM/TuRkUjrSeRbZ0RMqBd68x3L9tz3n72XmuDGy7hMUsMknd8OUoFNjPMs8JArRo2YWEKo4vZ9TEOiCDU2sYrNxV1OYZW0L+ruZf324bLWuCoSKsMJnMI5uHANDbiHJrSAQggv8Apv6Bm9ow/0ObeWUDFzDAtAX7+XF5Y6</latexit>

�D
<latexit sha1_base64="dS5yTDJBkHO+puWmmE0PU35FlWY="></latexit><latexit sha1_base64="dS5yTDJBkHO+puWmmE0PU35FlWY="></latexit><latexit sha1_base64="dS5yTDJBkHO+puWmmE0PU35FlWY="></latexit><latexit sha1_base64="dS5yTDJBkHO+puWmmE0PU35FlWY="></latexit> m� '

q
3↵D
2⇡ m⇢ ⇡ 100 GeV

�
↵D
10�3

�1/2 � m⇢

5 TeV

�
<latexit sha1_base64="D4uGDKqAcIFaiSPBmVrR7Yx0oXc="></latexit><latexit sha1_base64="D4uGDKqAcIFaiSPBmVrR7Yx0oXc="></latexit><latexit sha1_base64="D4uGDKqAcIFaiSPBmVrR7Yx0oXc="></latexit><latexit sha1_base64="D4uGDKqAcIFaiSPBmVrR7Yx0oXc="></latexit>

�|H|2|�|2
<latexit sha1_base64="CQkxTRk6qmYglXJ13N6ujzNZdPA="></latexit><latexit sha1_base64="CQkxTRk6qmYglXJ13N6ujzNZdPA="></latexit><latexit sha1_base64="CQkxTRk6qmYglXJ13N6ujzNZdPA="></latexit><latexit sha1_base64="CQkxTRk6qmYglXJ13N6ujzNZdPA="></latexit>

@2 loops, below neutrino floor
[Balkin, Ruhdorfer, Salvioni, Weiler 2018]
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h⇤
<latexit sha1_base64="a/JDAMYekN2bfj2xpppK46dwzzs=">AAAB73icbVDLTgJBEOzFF+IL9ehlIph4IruYqEcSLx4xkUcCK5kdZmHC7Ow602tCCD/hxYPGePV3vPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2J1j+OE+xEdKBEKRtFK7fLwoUsNlnvFkltx5yCrxMtICTLUe8Wvbj9macQVMkmN6Xhugv6EahRM8mmhmxqeUDaiA96xVNGIG38yv3dKzqzSJ2GsbSkkc/X3xIRGxoyjwHZGFIdm2ZuJ/3mdFMNrfyJUkiJXbLEoTCXBmMyeJ32hOUM5toQyLeythA2ppgxtRAUbgrf88ippViveRaV6Vy3VLrM48nACp3AOHlxBDW6hDg1gIOEZXuHNeXRenHfnY9Gac7KZY/gD5/MHTxOPcg==</latexit>

�
<latexit sha1_base64="j4Pr33yl9hboO2FI7oSGfUoCj1A=">AAACAHicbVDLSsNAFL2pr1pfVZduBlvBVUlaqLoruHFZwT6gDWUynbRjJ5MwMxFK6cYvcKtf4E7c+id+gP/hJA1irQcuHM65h3s5XsSZ0rb9aeXW1jc2t/LbhZ3dvf2D4uFRW4WxJLRFQh7KrocV5UzQlmaa024kKQ48Tjve5DrxOw9UKhaKOz2NqBvgkWA+I1gbqV3ukzErD4olu2KnQKvEyUgJMjQHxa/+MCRxQIUmHCvVc+xIuzMsNSOczgv9WNEIkwke0Z6hAgdUubP02zk6M8oQ+aE0IzRK1d+JbG9JwoFS08Az4QDrsfrrJeJ/Xi/W/qU7YyKKNRVkcduPOdIhStpAQyYp0XxqCCaSmfcRGWOJiTadFdJerhLUf1pYJe1qxalVarfVUqOeNZSHEziFc3DgAhpwA01oAYF7eIJneLEerVfrzXpfrOasLHMMS7A+vgFwv5a/</latexit>

q/`
<latexit sha1_base64="GeSVaypzxu5EGoryeKdyP0YidjE=">AAACAnicbVDLTsJAFJ3iC/GFunQzEUxcYQsJ6o7EjUtMBEmgIdPhFiZMp3VmakIIO7/ArX6BO+PWH/ED/A+npTEinuQmJ+fck3tzvIgzpW3708qtrK6tb+Q3C1vbO7t7xf2DtgpjSaFFQx7KjkcUcCagpZnm0IkkkMDjcOeNrxL/7gGkYqG41ZMI3IAMBfMZJdpInfL9WQ84L/eLJbtip8DLxMlICWVo9otfvUFI4wCEppwo1XXsSLtTIjWjHGaFXqwgInRMhtA1VJAAlDtN/53hE6MMsB9KM0LjVP2dyPYWJBIoNQk8Ew6IHqm/XiL+53Vj7V+4UyaiWIOg89t+zLEOcdIHHjAJVPOJIYRKZt7HdEQkodq0Vkh7uUxQ/2lhmbSrFadWqd1US4161lAeHaFjdIocdI4a6Bo1UQtRxNETekYv1qP1ar1Z7/PVnJVlDtECrI9vy2uXfA==</latexit>

q/`
<latexit sha1_base64="GeSVaypzxu5EGoryeKdyP0YidjE=">AAACAnicbVDLTsJAFJ3iC/GFunQzEUxcYQsJ6o7EjUtMBEmgIdPhFiZMp3VmakIIO7/ArX6BO+PWH/ED/A+npTEinuQmJ+fck3tzvIgzpW3708qtrK6tb+Q3C1vbO7t7xf2DtgpjSaFFQx7KjkcUcCagpZnm0IkkkMDjcOeNrxL/7gGkYqG41ZMI3IAMBfMZJdpInfL9WQ84L/eLJbtip8DLxMlICWVo9otfvUFI4wCEppwo1XXsSLtTIjWjHGaFXqwgInRMhtA1VJAAlDtN/53hE6MMsB9KM0LjVP2dyPYWJBIoNQk8Ew6IHqm/XiL+53Vj7V+4UyaiWIOg89t+zLEOcdIHHjAJVPOJIYRKZt7HdEQkodq0Vkh7uUxQ/2lhmbSrFadWqd1US4161lAeHaFjdIocdI4a6Bo1UQtRxNETekYv1qP1ar1Z7/PVnJVlDtECrI9vy2uXfA==</latexit>

m� [GeV]
<latexit sha1_base64="xXIFfhPS9NF2Yzoigvo8eADHAAc=">AAACCHicbVDLSsNAFL2pr1pfVZduBlvBVUlaqLoruNBlBVsLaSyT6aQdOjMJMxOhlP6AX+BWv8CduPUv/AD/wzQNYq0HLhzOuYd7OX7EmTa2/WnlVlbX1jfym4Wt7Z3dveL+QVuHsSK0RUIeqo6PNeVM0pZhhtNOpCgWPqd3/uhy5t89UKVZKG/NOKKewAPJAkawSaT7suh1yZCVkXtF216vWLIrdgq0TJyMlCBDs1f86vZDEgsqDeFYa9exI+NNsDKMcDotdGNNI0xGeEDdhEosqPYm6ddTdJIofRSEKhlpUKr+TmR7CxIWWo+Fn4QFNkP915uJ/3lubIJzb8JkFBsqyfx2EHNkQjRrBfWZosTwcUIwUSx5H5EhVpiYpLtC2svFDPWfFpZJu1pxapXaTbXUqGcN5eEIjuEUHDiDBlxDE1pAQMETPMOL9Wi9Wm/W+3w1Z2WZQ1iA9fEN576ZtQ==</latexit>

f
<latexit sha1_base64="5W0gHQWCUCPl25PUarmwX/qk6Xw=">AAAB/XicbVDLSsNAFL2pr1pfVZduBlvBVUlaqLoruHFZ0T6gDWUynbRDJ5MwMxFKKX6BW/0Cd+LWb/ED/A8naRBrPXDhcM493MvxIs6Utu1PK7e2vrG5ld8u7Ozu7R8UD4/aKowloS0S8lB2PawoZ4K2NNOcdiNJceBx2vEm14nfeaBSsVDc62lE3QCPBPMZwdpId2W/PCiW7IqdAq0SJyMlyNAcFL/6w5DEARWacKxUz7Ej7c6w1IxwOi/0Y0UjTCZ4RHuGChxQ5c7SV+fozChD5IfSjNAoVX8nsr0lCQdKTQPPhAOsx+qvl4j/eb1Y+5fujIko1lSQxW0/5kiHKKkCDZmkRPOpIZhIZt5HZIwlJtoUVkh7uUpQ/2lhlbSrFadWqd1WS4161lAeTuAUzsGBC2jADTShBQRG8ATP8GI9Wq/Wm/W+WM1ZWeYYlmB9fAMkDJV3</latexit>

[GeV]
<latexit sha1_base64="Gwt3fEg+Xto1N/Be2GHCu0WBJDQ=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiSt+NgVXOiygmkLbSiT6aQdOpmEmYlQShd+gVv9Anfi1k/xA/wPJ2kQaz1w4XDOPdzL8WPOlLbtT6uwsrq2vlHcLG1t7+zulfcPWipKJKEuiXgkOz5WlDNBXc00p51YUhz6nLb98XXqtx+oVCwS93oSUy/EQ8ECRrA2ktu9oS2vX67YVTsDWiZOTiqQo9kvf/UGEUlCKjThWKmuY8fam2KpGeF0VuolisaYjPGQdg0VOKTKm2bPztCJUQYoiKQZoVGm/k7kewsSDpWahL4Jh1iP1F8vFf/zuokOLr0pE3GiqSDz20HCkY5QWgYaMEmJ5hNDMJHMvI/ICEtMtKmslPVyleL8p4Vl0qpVnXq1flerNM7yhopwBMdwCg5cQANuoQkuEGDwBM/wYj1ar9ab9T5fLVh55hAWYH18AxpPlpU=</latexit>

Vector boson fusion

Ennio Salvioni

Indirect & laboratory probes

[Ruhdorfer, Salvioni, Weiler 2019]

1
f2 @µ|�|2@µ|H|2

<latexit sha1_base64="QWLa6BIVkVhacXzH2UwMFSkYb1g="></latexit>

•  Indirect detection similar to “vanilla” WIMPs (s-wave annihilation) 

•  Collider sensitivity is being explored

Off-shell Higgs production

�
<latexit sha1_base64="j4Pr33yl9hboO2FI7oSGfUoCj1A=">AAACAHicbVDLSsNAFL2pr1pfVZduBlvBVUlaqLoruHFZwT6gDWUynbRjJ5MwMxFK6cYvcKtf4E7c+id+gP/hJA1irQcuHM65h3s5XsSZ0rb9aeXW1jc2t/LbhZ3dvf2D4uFRW4WxJLRFQh7KrocV5UzQlmaa024kKQ48Tjve5DrxOw9UKhaKOz2NqBvgkWA+I1gbqV3ukzErD4olu2KnQKvEyUgJMjQHxa/+MCRxQIUmHCvVc+xIuzMsNSOczgv9WNEIkwke0Z6hAgdUubP02zk6M8oQ+aE0IzRK1d+JbG9JwoFS08Az4QDrsfrrJeJ/Xi/W/qU7YyKKNRVkcduPOdIhStpAQyYp0XxqCCaSmfcRGWOJiTadFdJerhLUf1pYJe1qxalVarfVUqOeNZSHEziFc3DgAhpwA01oAYF7eIJneLEerVfrzXpfrOasLHMMS7A+vgFwv5a/</latexit>

[Haisch, Ruhdorfer, Salvioni, 
Venturini, Weiler, in progress]
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