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<latexit sha1_base64="9WHB12HNelVkYD7hiGJng8DLorM=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCCykztaOdXUFElxX6graUTJq2oUlmSDJCHfolblwo4tZPceffmGkrqOiBC4dz7uXee4KIUaUd58PKrKyurW9kN3Nb2zu7eXtvv6nCWGLSwCELZTtAijAqSENTzUg7kgTxgJFWMLlM/dYdkYqGoq6nEelxNBJ0SDHSRurb+at+Uj+FXckhp0rN+nbBKfoVzyuXoFN0HL/snRni+75bcaFrlBQFsEStb793ByGOOREaM6RUx3Ui3UuQ1BQzMst1Y0UihCdoRDqGCsSJ6iXzw2fw2CgDOAylKaHhXP0+kSCu1JQHppMjPVa/vVT8y+vEeljpJVREsSYCLxYNYwZ1CNMU4IBKgjWbGoKwpOZWiMdIIqxNVjkTwten8H/SLBXd86J3Wy5Ur5dxZMEhOAInwAUXoApuQA00AAYxeABP4Nm6tx6tF+t10ZqxljMH4Aest09qZ5L+</latexit>

ET,miss

<latexit sha1_base64="c/ujOHWm4yzdOhuBEAMz6TJpuSE=">AAAB6HicdVDJSgNBEO1xjXGLevTSGARPQ09W5xbwoMcEzALJEHo6NUmbnoXuHiGEfIEXD4p49ZO8+Td2FkFFHxQ83quiqp6fCK40IR/W2vrG5tZ2Zie7u7d/cJg7Om6pOJUMmiwWsez4VIHgETQ11wI6iQQa+gLa/vhq7rfvQSoeR7d6koAX0mHEA86oNlID+rk8sZ2iUyQFTGzXdStu1RBSKJbdEnZsskAerVDv5957g5ilIUSaCapU1yGJ9qZUas4EzLK9VEFC2ZgOoWtoRENQ3nRx6AyfG2WAg1iaijReqN8npjRUahL6pjOkeqR+e3PxL6+b6uDSm/IoSTVEbLkoSAXWMZ5/jQdcAtNiYghlkptbMRtRSZk22WRNCF+f4v9Jq2A7FbvcKOVr16s4MugUnaEL5KAqqqEbVEdNxBCgB/SEnq0769F6sV6XrWvWauYE/YD19glEZ41K</latexit>e

<latexit sha1_base64="I8z0UDLvOA9nvycInVVIToYrRDA=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GmamT3cFF7qsaB/QDiWTZtrQJDMkGaEM/QQ3LhRx6xe582/MtBVU9MCFwzn3cu89Qcyo0o7zYeXW1jc2t/LbhZ3dvf2D4uFRR0WJxKSNIxbJXoAUYVSQtqaakV4sCeIBI91gepn53XsiFY3EnZ7FxOdoLGhIMdJGuh3wZFgsOfZFo+ZVPejYjlP3yrWMePWKV4auUTKUwAqtYfF9MIpwwonQmCGl+q4Taz9FUlPMyLwwSBSJEZ6iMekbKhAnyk8Xp87hmVFGMIykKaHhQv0+kSKu1IwHppMjPVG/vUz8y+snOmz4KRVxoonAy0VhwqCOYPY3HFFJsGYzQxCW1NwK8QRJhLVJp2BC+PoU/k86nu3W7OpNpdS8WsWRByfgFJwDF9RBE1yDFmgDDMbgATyBZ4tZj9aL9bpszVmrmWPwA9bbJ8UIjik=</latexit>µ



Invisible decays of neutral gauge bosons

2
[quoted number of Z→inv branching ratio (BR) includes only additional invisible contribution but not decays to neutrinos]

<latexit sha1_base64="9HO4iSUX3Lmi4koyWGLDLJpH8lM=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFkPAKtxJUAuLgI12EcwHJEfY2+wla/Z2j909IRz5DzYWitj6f+z8N+4lV2jig4HHezPMzAtizrRx3W+nsLa+sblV3C7t7O7tH5QPj9paJorQFpFcqm6ANeVM0JZhhtNurCiOAk47weQm8ztPVGkmxYOZxtSP8EiwkBFsrNS+Rp7Xrw7KFbfmzoFWiZeTCuRoDspf/aEkSUSFIRxr3fPc2PgpVoYRTmelfqJpjMkEj2jPUoEjqv10fu0MVa0yRKFUtoRBc/X3RIojradRYDsjbMZ62cvE/7xeYsIrP2UiTgwVZLEoTDgyEmWvoyFTlBg+tQQTxeytiIyxwsTYgEo2BG/55VXSPq95F7X6fb3SuMvjKMIJnMIZeHAJDbiFJrSAwCM8wyu8OdJ5cd6dj0VrwclnjuEPnM8f1IGOBQ==</latexit>

< 11%

<latexit sha1_base64="s5EIF19MnGzaXOYSnRzHVK/o8YE=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CZaCp7IrRetFCl70VsF+QLuUbJptY7PJkmSFsvQ/ePGgiFf/jzf/jWm7B219MPB4b4aZeUHMmTau++3k1tY3Nrfy24Wd3b39g+LhUUvLRBHaJJJL1QmwppwJ2jTMcNqJFcVRwGk7GN/M/PYTVZpJ8WAmMfUjPBQsZAQbK7WuUe2qV+4XS27FnQOtEi8jJcjQ6Be/egNJkogKQzjWuuu5sfFTrAwjnE4LvUTTGJMxHtKupQJHVPvp/NopKltlgEKpbAmD5urviRRHWk+iwHZG2Iz0sjcT//O6iQlrfspEnBgqyGJRmHBkJJq9jgZMUWL4xBJMFLO3IjLCChNjAyrYELzll1dJ67ziXVSq99VS/S6LIw8ncApn4MEl1OEWGtAEAo/wDK/w5kjnxXl3PhatOSebOYY/cD5/AO50jhY=</latexit>

> 89%

<latexit sha1_base64="7+ZyWFqghrhE1Clcp2wfw5PUw/8=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARPJVdKeqx4EVvFewHdJeSTdM2NMkuSbZQl/4SLx4U8epP8ea/MW33oK0PBh7vzTAzL0o408bzvp3CxubW9k5xt7S3f3BYdo+OWzpOFaFNEvNYdSKsKWeSNg0znHYSRbGIOG1H49u5355QpVksH800oaHAQ8kGjGBjpZ5bHqHAxCgLlEATpmc9t+JVvQXQOvFzUoEcjZ77FfRjkgoqDeFY667vJSbMsDKMcDorBammCSZjPKRdSyUWVIfZ4vAZOrdKHw1iZUsatFB/T2RYaD0Vke0U2Iz0qjcX//O6qRnchBmTSWqoJMtFg5Qj++o8BdRnihLDp5Zgopi9FZERVpgYm1XJhuCvvrxOWpdV/6pae6hV6vd5HEU4hTO4AB+uoQ530IAmEEjhGV7hzXlyXpx352PZWnDymRP4A+fzBz98kt0=</latexit>

h ! vis

<latexit sha1_base64="THhvUkMR5U6rmG6X25MI0vC7E9A=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARPJVdKeqx4EVvFewHdJeSTdM2NMkuSbZQl/4SLx4U8epP8ea/MW33oK0PBh7vzTAzL0o408bzvp3CxubW9k5xt7S3f3BYdo+OWzpOFaFNEvNYdSKsKWeSNg0znHYSRbGIOG1H49u5355QpVksH800oaHAQ8kGjGBjpZ5bHqHAxCgLlEBMTmY9t+JVvQXQOvFzUoEcjZ77FfRjkgoqDeFY667vJSbMsDKMcDorBammCSZjPKRdSyUWVIfZ4vAZOrdKHw1iZUsatFB/T2RYaD0Vke0U2Iz0qjcX//O6qRnchBmTSWqoJMtFg5Qj++o8BdRnihLDp5Zgopi9FZERVpgYm1XJhuCvvrxOWpdV/6pae6hV6vd5HEU4hTO4AB+uoQ530IAmEEjhGV7hzXlyXpx352PZWnDymRP4A+fzBzfOktg=</latexit>

h ! inv
<latexit sha1_base64="qUM5afmd7pxM6uEOIkh1cd0s+bY=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSRS1GPBi94q2A9sQ9lsN+3SzSbsTool9J948aCIV/+JN/+N2zYHbR0YeLw3w8x7QSK4Rtf9tgpr6xubW8Xt0s7u3v6BfXjU1HGqKGvQWMSqHRDNBJesgRwFayeKkSgQrBWMbmZ6a8yU5rF8wEnC/IgMJA85JWionm0/Ol2MTbMnzLgcT3t22a2483JWgZeDMuRV79lf3X5M04hJpIJo3fHcBP2MKORUsGmpm2qWEDoiA9YxUJKIaT+bfz51zgzTd8JYmZbozNnfGxmJtJ5EgZmMCA71sjYj/9M6KYbXvjGUpMgkXRwKU+EYr7MYnD5XjKKYGECo4uZXhw6JIhRNWCUTgrdseRU0LyreZaV6Xy3X7vI4inACp3AOHlxBDW6hDg2gMIZneIU3K7NerHfrYzFasPKdY/hT1ucPeeeTmg==</latexit>

Z ! inv

<latexit sha1_base64="8chY1VPNJzuHmsB/z034p75kHOc=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSRS1GPBi94q2A9sQ9lsN+3SzSbsTool9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5QSK4Rtf9tgpr6xubW8Xt0s7u3v6BfXjU1HGqKGvQWMSqHRDNBJesgRwFayeKkSgQrBWMbmZ+a8yU5rF8wEnC/IgMJA85JWiknm0/Ol2MTbEnzMZcT3t22a24czirxMtJGXLUe/ZXtx/TNGISqSBadzw3QT8jCjkVbFrqppolhI7IgHUMlSRi2s/ml0+dM6P0nTBWpiQ6c/X3REYirSdRYDojgkO97M3E/7xOiuG1n3GZpMgkXSwKU+GYX2cxOH2uGEUxMYRQxc2tDh0SRSiasEomBG/55VXSvKh4l5XqfbVcu8vjKMIJnMI5eHAFNbiFOjSAwhie4RXerMx6sd6tj0VrwcpnjuEPrM8fgZWTnw==</latexit>

Z ! vis

<latexit sha1_base64="Rt2EGH5sVUxczIaa44bxOiDP2PM=">AAAB8HicbVBNTwIxEJ3FL8Qv1KOXRkLiabNLiMrFkHjRGyaCGNiQbulCQ9vdtF0TQvgVXjxojFd/jjf/jQX2oOBLJnl5byYz88KEM20879vJra1vbG7ltws7u3v7B8XDo5aOU0Vok8Q8Vu0Qa8qZpE3DDKftRFEsQk4fwtH1zH94okqzWN6bcUIDgQeSRYxgY6XHK1SrubVKt9wrljzXmwOtEj8jJcjQ6BW/uv2YpIJKQzjWuuN7iQkmWBlGOJ0WuqmmCSYjPKAdSyUWVAeT+cFTVLZKH0WxsiUNmqu/JyZYaD0Woe0U2Az1sjcT//M6qYkugwmTSWqoJItFUcqRidHse9RnihLDx5Zgopi9FZEhVpgYm1HBhuAvv7xKWhXXP3erd9VS/TaLIw8ncApn4MMF1OEGGtAEAgKe4RXeHOW8OO/Ox6I152Qzx/AHzucPSwSOzg==</latexit>

> 99.92%

<latexit sha1_base64="Fm42UZf6mObjFQZ5lD/GnF2WviU=">AAAB73icbZA9TwJBEIbn8AvxC7W02UhIrMidIUphQWKjHSaCJHAhe8sebNjbO3fnTAjhT9hYaIytf8fOf+MCVyj4Jps8eWcmO/MGiRQGXffbya2tb2xu5bcLO7t7+wfFw6OWiVPNeJPFMtbtgBouheJNFCh5O9GcRoHkD8HoelZ/eOLaiFjd4zjhfkQHSoSCUbRW+4q4FbfWLfeKJQtzkVXwMihBpkav+NXtxyyNuEImqTEdz03Qn1CNgkk+LXRTwxPKRnTAOxYVjbjxJ/N9p6RsnT4JY22fQjJ3f09MaGTMOApsZ0RxaJZrM/O/WifFsOZPhEpS5IotPgpTSTAms+NJX2jOUI4tUKaF3ZWwIdWUoY2oYEPwlk9ehdZ5xbuoVO+qpfptFkceTuAUzsCDS6jDDTSgCQwkPMMrvDmPzovz7nwsWnNONnMMf+R8/gC4aY59</latexit>

< 0.08%



So why Higgs lens & not Z lens?
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<latexit sha1_base64="CNdeM7zFw06+wOpMsR8mApy7FY8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL+IpAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6je9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3P4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD5m3jNc=</latexit>

B

<latexit sha1_base64="uK17zqDrdaqShfaDSpt0nfCcIaE=">AAAB73icbVBNSwMxEJ2tX7V+rXr0EiyCp7IrRT0W9CCCUMF+QLuUbJptQ5PsmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeWHCmTae9+0UVlbX1jeKm6Wt7Z3dPXf/oKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqa+q0nqjSL5YMZJzQQeCBZxAg2VmpnXSXQ9d2k55a9ijcDWiZ+TsqQo95zv7r9mKSCSkM41rrje4kJMqwMI5xOSt1U0wSTER7QjqUSC6qDbHbvBJ1YpY+iWNmSBs3U3xMZFlqPRWg7BTZDvehNxf+8TmqiyyBjMkkNlWS+KEo5MjGaPo/6TFFi+NgSTBSztyIyxAoTYyMq2RD8xZeXSfOs4p9XqvfVcu02j6MIR3AMp+DDBdTgBurQAAIcnuEV3pxH58V5dz7mrQUnnzmEP3A+fwCkmI+/</latexit>

DM

<latexit sha1_base64="uK17zqDrdaqShfaDSpt0nfCcIaE=">AAAB73icbVBNSwMxEJ2tX7V+rXr0EiyCp7IrRT0W9CCCUMF+QLuUbJptQ5PsmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeWHCmTae9+0UVlbX1jeKm6Wt7Z3dPXf/oKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqa+q0nqjSL5YMZJzQQeCBZxAg2VmpnXSXQ9d2k55a9ijcDWiZ+TsqQo95zv7r9mKSCSkM41rrje4kJMqwMI5xOSt1U0wSTER7QjqUSC6qDbHbvBJ1YpY+iWNmSBs3U3xMZFlqPRWg7BTZDvehNxf+8TmqiyyBjMkkNlWS+KEo5MjGaPo/6TFFi+NgSTBSztyIyxAoTYyMq2RD8xZeXSfOs4p9XqvfVcu02j6MIR3AMp+DDBdTgBurQAAIcnuEV3pxH58V5dz7mrQUnnzmEP3A+fwCkmI+/</latexit>

DM

<latexit sha1_base64="TudDh6Rox1k5EH9peBo8so2p8Lw="></latexit>

�(B ! DMDM) ' g2B
16⇡

mB
<latexit sha1_base64="rx2lPLLNgqKtj6+kxLoLN7hC6Ps=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHgRTxVsR+QhrLZbtqlm92wO1FK6c/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737RRWVtfWN4qbpa3tnd298v5B06hMU9agSijdjohhgkvWQI6CtVPNSBIJ1oqG11O/9ci04Uo+4ChlYUL6ksecErRS0Lnn/QESrdVTt1zxqt4M7jLxc1KBHPVu+avTUzRLmEQqiDGB76UYjolGTgWblDqZYSmhQ9JngaWSJMyE49nJE/fEKj03VtqWRHem/p4Yk8SYURLZzoTgwCx6U/E/L8gwvgrHXKYZMknni+JMuKjc6f9uj2tGUYwsIVRze6tLB0QTijalkg3BX3x5mTTPqv5F9fzuvFK7zeMowhEcwyn4cAk1uIE6NICCgmd4hTcHnRfn3fmYtxacfOYQ/sD5/AGWcZF+</latexit>)

<latexit sha1_base64="7YfEcSzfI8X3i9QZTXcifjwIinw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi3iqaD+gDWWz3aRLN5uwOxFK6U/w4kERr/4ib/4bt20O2vpg4PHeDDPzglQKg6777RRWVtfWN4qbpa3tnd298v5B0ySZZrzBEpnodkANl0LxBgqUvJ1qTuNA8lYwvJn6rSeujUjUI45S7sc0UiIUjKKVHqLeda9ccavuDGSZeDmpQI56r/zV7Scsi7lCJqkxHc9N0R9TjYJJPil1M8NTyoY04h1LFY258cezUyfkxCp9EibalkIyU39PjGlszCgObGdMcWAWvan4n9fJMLzyx0KlGXLF5ovCTBJMyPRv0heaM5QjSyjTwt5K2IBqytCmU7IheIsvL5PmWdW7qJ7fn1dqd3kcRTiCYzgFDy6hBrdQhwYwiOAZXuHNkc6L8+58zFsLTj5zCH/gfP4AEOSNsQ==</latexit>gB

<latexit sha1_base64="JfHdaAACA1wNpcUJHSHE+lTBfcA="></latexit>

BR(B ! DMDM) ' �(B ! DMDM)

�SM
B



So why Higgs lens & not Z lens?

4

<latexit sha1_base64="CNdeM7zFw06+wOpMsR8mApy7FY8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL+IpAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6je9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3P4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD5m3jNc=</latexit>

B

<latexit sha1_base64="uK17zqDrdaqShfaDSpt0nfCcIaE=">AAAB73icbVBNSwMxEJ2tX7V+rXr0EiyCp7IrRT0W9CCCUMF+QLuUbJptQ5PsmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeWHCmTae9+0UVlbX1jeKm6Wt7Z3dPXf/oKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqa+q0nqjSL5YMZJzQQeCBZxAg2VmpnXSXQ9d2k55a9ijcDWiZ+TsqQo95zv7r9mKSCSkM41rrje4kJMqwMI5xOSt1U0wSTER7QjqUSC6qDbHbvBJ1YpY+iWNmSBs3U3xMZFlqPRWg7BTZDvehNxf+8TmqiyyBjMkkNlWS+KEo5MjGaPo/6TFFi+NgSTBSztyIyxAoTYyMq2RD8xZeXSfOs4p9XqvfVcu02j6MIR3AMp+DDBdTgBurQAAIcnuEV3pxH58V5dz7mrQUnnzmEP3A+fwCkmI+/</latexit>

DM

<latexit sha1_base64="uK17zqDrdaqShfaDSpt0nfCcIaE=">AAAB73icbVBNSwMxEJ2tX7V+rXr0EiyCp7IrRT0W9CCCUMF+QLuUbJptQ5PsmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeWHCmTae9+0UVlbX1jeKm6Wt7Z3dPXf/oKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqa+q0nqjSL5YMZJzQQeCBZxAg2VmpnXSXQ9d2k55a9ijcDWiZ+TsqQo95zv7r9mKSCSkM41rrje4kJMqwMI5xOSt1U0wSTER7QjqUSC6qDbHbvBJ1YpY+iWNmSBs3U3xMZFlqPRWg7BTZDvehNxf+8TmqiyyBjMkkNlWS+KEo5MjGaPo/6TFFi+NgSTBSztyIyxAoTYyMq2RD8xZeXSfOs4p9XqvfVcu02j6MIR3AMp+DDBdTgBurQAAIcnuEV3pxH58V5dz7mrQUnnzmEP3A+fwCkmI+/</latexit>

DM

<latexit sha1_base64="TudDh6Rox1k5EH9peBo8so2p8Lw="></latexit>

�(B ! DMDM) ' g2B
16⇡

mB
<latexit sha1_base64="rx2lPLLNgqKtj6+kxLoLN7hC6Ps=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHgRTxVsR+QhrLZbtqlm92wO1FK6c/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737RRWVtfWN4qbpa3tnd298v5B06hMU9agSijdjohhgkvWQI6CtVPNSBIJ1oqG11O/9ci04Uo+4ChlYUL6ksecErRS0Lnn/QESrdVTt1zxqt4M7jLxc1KBHPVu+avTUzRLmEQqiDGB76UYjolGTgWblDqZYSmhQ9JngaWSJMyE49nJE/fEKj03VtqWRHem/p4Yk8SYURLZzoTgwCx6U/E/L8gwvgrHXKYZMknni+JMuKjc6f9uj2tGUYwsIVRze6tLB0QTijalkg3BX3x5mTTPqv5F9fzuvFK7zeMowhEcwyn4cAk1uIE6NICCgmd4hTcHnRfn3fmYtxacfOYQ/sD5/AGWcZF+</latexit>)

<latexit sha1_base64="7YfEcSzfI8X3i9QZTXcifjwIinw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi3iqaD+gDWWz3aRLN5uwOxFK6U/w4kERr/4ib/4bt20O2vpg4PHeDDPzglQKg6777RRWVtfWN4qbpa3tnd298v5B0ySZZrzBEpnodkANl0LxBgqUvJ1qTuNA8lYwvJn6rSeujUjUI45S7sc0UiIUjKKVHqLeda9ccavuDGSZeDmpQI56r/zV7Scsi7lCJqkxHc9N0R9TjYJJPil1M8NTyoY04h1LFY258cezUyfkxCp9EibalkIyU39PjGlszCgObGdMcWAWvan4n9fJMLzyx0KlGXLF5ovCTBJMyPRv0heaM5QjSyjTwt5K2IBqytCmU7IheIsvL5PmWdW7qJ7fn1dqd3kcRTiCYzgFDy6hBrdQhwYwiOAZXuHNkc6L8+58zFsLTj5zCH/gfP4AEOSNsQ==</latexit>gB

<latexit sha1_base64="JfHdaAACA1wNpcUJHSHE+lTBfcA="></latexit>

BR(B ! DMDM) ' �(B ! DMDM)

�SM
B

<latexit sha1_base64="+HwWdJnEVY+b3xG2qolsaDVSgjQ="></latexit>

�SM
Z ' 2.5GeV , �(Z ! DMDM) . 2MeV

<latexit sha1_base64="rx2lPLLNgqKtj6+kxLoLN7hC6Ps=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHgRTxVsR+QhrLZbtqlm92wO1FK6c/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737RRWVtfWN4qbpa3tnd298v5B06hMU9agSijdjohhgkvWQI6CtVPNSBIJ1oqG11O/9ci04Uo+4ChlYUL6ksecErRS0Lnn/QESrdVTt1zxqt4M7jLxc1KBHPVu+avTUzRLmEQqiDGB76UYjolGTgWblDqZYSmhQ9JngaWSJMyE49nJE/fEKj03VtqWRHem/p4Yk8SYURLZzoTgwCx6U/E/L8gwvgrHXKYZMknni+JMuKjc6f9uj2tGUYwsIVRze6tLB0QTijalkg3BX3x5mTTPqv5F9fzuvFK7zeMowhEcwyn4cAk1uIE6NICCgmd4hTcHnRfn3fmYtxacfOYQ/sD5/AGWcZF+</latexit>)
<latexit sha1_base64="gMmriYt4at9ZeLt1bXzpm3JHq94=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRa1GXBjbiqYB/YhjCZ3rRDZ5IwM1FK7Ke4caGIW7/EnX/jtM1CWw9c7uGce5k7J0g4U9pxvq3Cyura+kZxs7S1vbO7Z5f3WypOJYUmjXksOwFRwFkETc00h04igYiAQzsYXU399gNIxeLoTo8T8AQZRCxklGgj+XZ54N/jHgelFBPYqTpnvl0xbQa8TNycVFCOhm9/9foxTQVEmnKiVNd1Eu1lRGpGOUxKvVRBQuiIDKBraEQEKC+bnT7Bx0bp4zCWpiKNZ+rvjYwIpcYiMJOC6KFa9Kbif1431eGll7EoSTVEdP5QmHKsYzzNAfeZBKr52BBCJTO3YjokklBt0iqZENzFLy+T1mnVPa/WbmuV+k0eRxEdoiN0glx0geroGjVQE1H0iJ7RK3qznqwX6936mI8WrHznAP2B9fkDf1mS4w==</latexit>

gZ . 0.03



So why Higgs lens & not Z lens?

5

<latexit sha1_base64="CNdeM7zFw06+wOpMsR8mApy7FY8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL+IpAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6je9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3P4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD5m3jNc=</latexit>

B

<latexit sha1_base64="uK17zqDrdaqShfaDSpt0nfCcIaE=">AAAB73icbVBNSwMxEJ2tX7V+rXr0EiyCp7IrRT0W9CCCUMF+QLuUbJptQ5PsmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeWHCmTae9+0UVlbX1jeKm6Wt7Z3dPXf/oKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqa+q0nqjSL5YMZJzQQeCBZxAg2VmpnXSXQ9d2k55a9ijcDWiZ+TsqQo95zv7r9mKSCSkM41rrje4kJMqwMI5xOSt1U0wSTER7QjqUSC6qDbHbvBJ1YpY+iWNmSBs3U3xMZFlqPRWg7BTZDvehNxf+8TmqiyyBjMkkNlWS+KEo5MjGaPo/6TFFi+NgSTBSztyIyxAoTYyMq2RD8xZeXSfOs4p9XqvfVcu02j6MIR3AMp+DDBdTgBurQAAIcnuEV3pxH58V5dz7mrQUnnzmEP3A+fwCkmI+/</latexit>

DM

<latexit sha1_base64="uK17zqDrdaqShfaDSpt0nfCcIaE=">AAAB73icbVBNSwMxEJ2tX7V+rXr0EiyCp7IrRT0W9CCCUMF+QLuUbJptQ5PsmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeWHCmTae9+0UVlbX1jeKm6Wt7Z3dPXf/oKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqa+q0nqjSL5YMZJzQQeCBZxAg2VmpnXSXQ9d2k55a9ijcDWiZ+TsqQo95zv7r9mKSCSkM41rrje4kJMqwMI5xOSt1U0wSTER7QjqUSC6qDbHbvBJ1YpY+iWNmSBs3U3xMZFlqPRWg7BTZDvehNxf+8TmqiyyBjMkkNlWS+KEo5MjGaPo/6TFFi+NgSTBSztyIyxAoTYyMq2RD8xZeXSfOs4p9XqvfVcu02j6MIR3AMp+DDBdTgBurQAAIcnuEV3pxH58V5dz7mrQUnnzmEP3A+fwCkmI+/</latexit>

DM

<latexit sha1_base64="TudDh6Rox1k5EH9peBo8so2p8Lw="></latexit>

�(B ! DMDM) ' g2B
16⇡

mB
<latexit sha1_base64="rx2lPLLNgqKtj6+kxLoLN7hC6Ps=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHgRTxVsR+QhrLZbtqlm92wO1FK6c/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737RRWVtfWN4qbpa3tnd298v5B06hMU9agSijdjohhgkvWQI6CtVPNSBIJ1oqG11O/9ci04Uo+4ChlYUL6ksecErRS0Lnn/QESrdVTt1zxqt4M7jLxc1KBHPVu+avTUzRLmEQqiDGB76UYjolGTgWblDqZYSmhQ9JngaWSJMyE49nJE/fEKj03VtqWRHem/p4Yk8SYURLZzoTgwCx6U/E/L8gwvgrHXKYZMknni+JMuKjc6f9uj2tGUYwsIVRze6tLB0QTijalkg3BX3x5mTTPqv5F9fzuvFK7zeMowhEcwyn4cAk1uIE6NICCgmd4hTcHnRfn3fmYtxacfOYQ/sD5/AGWcZF+</latexit>)

<latexit sha1_base64="7YfEcSzfI8X3i9QZTXcifjwIinw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi3iqaD+gDWWz3aRLN5uwOxFK6U/w4kERr/4ib/4bt20O2vpg4PHeDDPzglQKg6777RRWVtfWN4qbpa3tnd298v5B0ySZZrzBEpnodkANl0LxBgqUvJ1qTuNA8lYwvJn6rSeujUjUI45S7sc0UiIUjKKVHqLeda9ccavuDGSZeDmpQI56r/zV7Scsi7lCJqkxHc9N0R9TjYJJPil1M8NTyoY04h1LFY258cezUyfkxCp9EibalkIyU39PjGlszCgObGdMcWAWvan4n9fJMLzyx0KlGXLF5ovCTBJMyPRv0heaM5QjSyjTwt5K2IBqytCmU7IheIsvL5PmWdW7qJ7fn1dqd3kcRTiCYzgFDy6hBrdQhwYwiOAZXuHNkc6L8+58zFsLTj5zCH/gfP4AEOSNsQ==</latexit>gB

<latexit sha1_base64="JfHdaAACA1wNpcUJHSHE+lTBfcA="></latexit>

BR(B ! DMDM) ' �(B ! DMDM)

�SM
B

<latexit sha1_base64="mg8TNF3T4dZVKnz0jKz4bWMfx6w=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyyCqzIjRV0W3IirCvYB7TBk0kwbmmSGJKOU2k9x40IRt36JO//GtJ2Fth643MM595KbE6WcaeN5305hbX1jc6u4XdrZ3ds/cMuHLZ1kitAmSXiiOhHWlDNJm4YZTjupolhEnLaj0fXMbz9QpVki7804pYHAA8liRrCxUuiWB+EQ9TjVWjOBvKrnh27FtjnQKvFzUoEcjdD96vUTkgkqDeFY667vpSaYYGUY4XRa6mWappiM8IB2LZVYUB1M5qdP0alV+ihOlC1p0Fz9vTHBQuuxiOykwGaol72Z+J/XzUx8FUyYTDNDJVk8FGccmQTNckB9pigxfGwJJorZWxEZYoWJsWmVbAj+8pdXSeu86l9Ua3e1Sv02j6MIx3ACZ+DDJdThBhrQBAKP8Ayv8OY8OS/Ou/OxGC04+c4R/IHz+QOSTZLv</latexit>

gh . 0.01
<latexit sha1_base64="LCHbvHAIz3eNM7sHci89QQHDQaQ="></latexit>

�SM
h ' 4.1MeV , �(h ! DMDM) . 0.5MeV

<latexit sha1_base64="rx2lPLLNgqKtj6+kxLoLN7hC6Ps=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHgRTxVsR+QhrLZbtqlm92wO1FK6c/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737RRWVtfWN4qbpa3tnd298v5B06hMU9agSijdjohhgkvWQI6CtVPNSBIJ1oqG11O/9ci04Uo+4ChlYUL6ksecErRS0Lnn/QESrdVTt1zxqt4M7jLxc1KBHPVu+avTUzRLmEQqiDGB76UYjolGTgWblDqZYSmhQ9JngaWSJMyE49nJE/fEKj03VtqWRHem/p4Yk8SYURLZzoTgwCx6U/E/L8gwvgrHXKYZMknni+JMuKjc6f9uj2tGUYwsIVRze6tLB0QTijalkg3BX3x5mTTPqv5F9fzuvFK7zeMowhEcwyn4cAk1uIE6NICCgmd4hTcHnRfn3fmYtxacfOYQ/sD5/AGWcZF+</latexit>)

<latexit sha1_base64="+HwWdJnEVY+b3xG2qolsaDVSgjQ="></latexit>

�SM
Z ' 2.5GeV , �(Z ! DMDM) . 2MeV

<latexit sha1_base64="rx2lPLLNgqKtj6+kxLoLN7hC6Ps=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHgRTxVsR+QhrLZbtqlm92wO1FK6c/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737RRWVtfWN4qbpa3tnd298v5B06hMU9agSijdjohhgkvWQI6CtVPNSBIJ1oqG11O/9ci04Uo+4ChlYUL6ksecErRS0Lnn/QESrdVTt1zxqt4M7jLxc1KBHPVu+avTUzRLmEQqiDGB76UYjolGTgWblDqZYSmhQ9JngaWSJMyE49nJE/fEKj03VtqWRHem/p4Yk8SYURLZzoTgwCx6U/E/L8gwvgrHXKYZMknni+JMuKjc6f9uj2tGUYwsIVRze6tLB0QTijalkg3BX3x5mTTPqv5F9fzuvFK7zeMowhEcwyn4cAk1uIE6NICCgmd4hTcHnRfn3fmYtxacfOYQ/sD5/AGWcZF+</latexit>)
<latexit sha1_base64="gMmriYt4at9ZeLt1bXzpm3JHq94=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRa1GXBjbiqYB/YhjCZ3rRDZ5IwM1FK7Ke4caGIW7/EnX/jtM1CWw9c7uGce5k7J0g4U9pxvq3Cyura+kZxs7S1vbO7Z5f3WypOJYUmjXksOwFRwFkETc00h04igYiAQzsYXU399gNIxeLoTo8T8AQZRCxklGgj+XZ54N/jHgelFBPYqTpnvl0xbQa8TNycVFCOhm9/9foxTQVEmnKiVNd1Eu1lRGpGOUxKvVRBQuiIDKBraEQEKC+bnT7Bx0bp4zCWpiKNZ+rvjYwIpcYiMJOC6KFa9Kbif1431eGll7EoSTVEdP5QmHKsYzzNAfeZBKr52BBCJTO3YjokklBt0iqZENzFLy+T1mnVPa/WbmuV+k0eRxEdoiN0glx0geroGjVQE1H0iJ7RK3qznqwX6936mI8WrHznAP2B9fkDf1mS4w==</latexit>

gZ . 0.03



Because …

6

due to small Standard Model (SM) Higgs decay width, current LHC sensitivity to 
strength of Higgs-DM interactions already on par/exceeds LEP sensitivity to size 
of Z-DM coupling

Besides this largely empirical argument there are also theoretical reasons why 
Higgs sector could play an important role in mediation between visible & invisible 
sectors. IMHO most convincing theoretical argument is based on following 
effective field theory (EFT) reasoning — often heard argument that links mass 
generation in SM via Higgs mechanism to mass generation of DM is generically 
problematic in view of LHC Higgs precision measurements



Because …

7

dark sectorvisible sector

portal 
interactions

<latexit sha1_base64="7EFFenIpC5F0I3lkFsnAwOfPrdU=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclJKUoi6LbrqsYB/QxDCZTNqhk0mYmQgl7cKNv+LGhSJu/Qh3/o3TNgttPXDhcM693HuPnzAqlWV9G2vrG5tb24Wd4u7e/sGheXTckXEqMGnjmMWi5yNJGOWkrahipJcIgiKfka4/upn53QciJI35nRonxI3QgNOQYqS05JmlSXNyX6vAay9zohQ6PJ1WoMOCWEnomWWras0BV4mdkzLI0fLMLyeIcRoRrjBDUvZtK1FuhoSimJFp0UklSRAeoQHpa8pRRKSbzZ+YwjOtBDCMhS6u4Fz9PZGhSMpx5OvOCKmhXPZm4n9eP1XhlZtRnqSKcLxYFKYMqhjOEoEBFQQrNtYEYUH1rRAPkUBY6dyKOgR7+eVV0qlV7Ytq/bZebjTzOAqgBE7BObDBJWiAJmiBNsDgETyDV/BmPBkvxrvxsWhdM/KZE/AHxucP7L2XCA==</latexit>

|H|2, Bµ⌫ , . . .

|H|2 is one of two lowest dimensional operators that is allowed by SM gauge invariance 
— second possibility is hypercharge gauge field strength Bμν. From an EFT point of 
view, this so-called Higgs portal could be most relevant link between visible & dark 
sector. Also vector portal interesting but in this case DM cannot be a pure SM singlet 



In this talk, …

8

I will sketch several theoretical ideas in which Higgs(es) play a 
crucial role in mediation between visible & dark sectors & discuss 
in each case experimental consequences with a focus on LHC 
physics. Discussion follows closely recent review article by 
Argyropoulos, Brandt & UH, 2109.13597



9

Composite Higgs & DM

[see for instance Agashe, Contino & Pomarol, hep-ph/0412089; Frigerio et al., 1204.2808]

<latexit sha1_base64="0f7m6+rJTpXLhze69MOzqixzsyY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL8FTAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv77SdUmsfywUwS9CM6lDzkjBorNWr9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCW3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpHVV9q7LlUalVL3P4sjDGZzDJXhwA1WoQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB6LPjN0=</latexit>

H

<latexit sha1_base64="+Wu9l7G/EOxMxIs3SxGBzc/7/VQ=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgxpJIUZcFN+KqQl/QxDKZTtqhM5MwMxFCiL/ixoUibv0Qd/6N0zYLbT1w4XDOvdx7TxAzqrTjfFultfWNza3ydmVnd2//wD486qookZh0cMQi2Q+QIowK0tFUM9KPJUE8YKQXTG9mfu+RSEUj0dZpTHyOxoKGFCNtpKFd9RTlMPMkh23SzR+yczcf2jWn7swBV4lbkBoo0BraX94owgknQmOGlBq4Tqz9DElNMSN5xUsUiRGeojEZGCoQJ8rP5sfn8NQoIxhG0pTQcK7+nsgQVyrlgenkSE/UsjcT//MGiQ6v/YyKONFE4MWiMGFQR3CWBBxRSbBmqSEIS2puhXiCJMLa5FUxIbjLL6+S7kXdvaw37hu15l0RRxkcgxNwBlxwBZrgFrRAB2CQgmfwCt6sJ+vFerc+Fq0lq5ipgj+wPn8A6rqUVQ==</latexit>

⇠ TeV�1

• A light elementary scalar is unnatural 


• Possible solution is that Higgs is a bound state of a new 
strong sector. Description of theory changes above 
confinement scale of O(1 TeV) & Higgs mass is screened


• In analogy to QCD pions, Higgs arises as approximate 
Nambu-Goldstone boson (pNGB) & remains light


• No reason for Higgs to be alone. In fact, if stable, extra 
pNGB scalar χ makes attractive DM candidates since 
light & weakly coupled 
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pNGB DM models

[see for example Balkin, Ruhdorfer, Salvioni & Weiler, 1809.09106]

Couplings of χ determined by global symmetry & explicit breaking, but at least two 
relevant interactions:

<latexit sha1_base64="aYj0Y5iPNVdeVCQcDfpQ8AHSLQw="></latexit>

Qd =
�
@µ�

2
� �

@
µ|H|2

�
, Qm = �

2 |H|2

derivative operator:  
DM shift symmetric

real scalar DM SM Higgs doublet

marginal operator:          
breaks DM shift symmetry
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pNGB DM: direct detection bounds

[see for example Balkin, Ruhdorfer, Salvioni & Weiler, 1809.09106]

Due to momentum suppression direct 
detection limits easily avoided for 
new-physics scales Λ of O(1 TeV)

<latexit sha1_base64="XpRLE3KeTcs/8WiGb/HjqkIKbXQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL+Kpgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu41642HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8FEI5D</latexit>�

<latexit sha1_base64="4pg9L+TImnXdpE9PTe8C84Ojv88=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL+IpAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3L4sjDCZzCOXhwBVW4hRo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+DzjQY=</latexit>q

<latexit sha1_base64="pWxFDkx7KvTpFDzDzx1o1UvZzzg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWao765Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC+q3mW11qxV6nd5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AdNPjP0=</latexit>

h

<latexit sha1_base64="XpRLE3KeTcs/8WiGb/HjqkIKbXQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL+Kpgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu41642HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8FEI5D</latexit>�

<latexit sha1_base64="4pg9L+TImnXdpE9PTe8C84Ojv88=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL+IpAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3L4sjDCZzCOXhwBVW4hRo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+DzjQY=</latexit>q

<latexit sha1_base64="xUk7Wf751ejR7WfukOyd5azlFHI=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh4LXsRTBfuB7VKyabYNTbIhyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzIsWZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRyySpJrRJEp7oToQN5UzSpmWW047SFIuI03Y0vpn57SeqDUvkg50oGgo8lCxmBFsnPap+1tMCMTntlyt+1Z8DrZIgJxXI0eiXv3qDhKSCSks4NqYb+MqGGdaWEU6npV5qqMJkjIe066jEgpowm188RWdOGaA40a6kRXP190SGhTETEblOge3ILHsz8T+vm9r4OsyYVKmlkiwWxSlHNkGz99GAaUosnziCiWbuVkRGWGNiXUglF0Kw/PIqaV1Ug8tq7b5Wqd/lcRThBE7hHAK4gjrcQgOaQEDCM7zCm2e8F+/d+1i0Frx85hj+wPv8AZnDkOg=</latexit>pin
<latexit sha1_base64="6pBNWd9xl1/CiUBU566z3kFv/LY=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMeAF/EUwTxgs4TZyWwyZB7LTK8QlnyGFw+KePVrvPk3TpI9aGJBQ1HVTXdXnApuwfe/vdLa+sbmVnm7srO7t39QPTxqW50ZylpUC226MbFMcMVawEGwbmoYkbFgnXh8O/M7T8xYrtUjTFIWSTJUPOGUgJPCtJ/3jMQ6g2m/WvPr/hx4lQQFqaECzX71qzfQNJNMARXE2jDwU4hyYoBTwaaVXmZZSuiYDFnoqCKS2SifnzzFZ04Z4EQbVwrwXP09kRNp7UTGrlMSGNllbyb+54UZJDdRzlWaAVN0sSjJBAaNZ//jATeMgpg4Qqjh7lZMR8QQCi6ligshWH55lbQv6sFV/fLhsta4L+IooxN0is5RgK5RA92hJmohijR6Rq/ozQPvxXv3PhatJa+YOUZ/4H3+AIZckXM=</latexit>pout

<latexit sha1_base64="MSdztQ02XJu7HHRehYyMxJWL5fY="></latexit>

cd

⇤2

�
@µ�

2
� �

@
µ|H|2

�

<latexit sha1_base64="20ZZ2lwOf7ad4Q2bUtLgnYDc+yg="></latexit>

/ (pin � pout)
2

⇤2
. (100MeV)2

⇤2
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pNGB DM: direct detection bounds

[UH, Polesello & Schulte, 2107.12389]

<latexit sha1_base64="XpRLE3KeTcs/8WiGb/HjqkIKbXQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL+Kpgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu41642HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8FEI5D</latexit>�

<latexit sha1_base64="4pg9L+TImnXdpE9PTe8C84Ojv88=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL+IpAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3L4sjDCZzCOXhwBVW4hRo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+DzjQY=</latexit>q

<latexit sha1_base64="pWxFDkx7KvTpFDzDzx1o1UvZzzg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWao765Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC+q3mW11qxV6nd5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AdNPjP0=</latexit>

h

<latexit sha1_base64="XpRLE3KeTcs/8WiGb/HjqkIKbXQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL+Kpgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu41642HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8FEI5D</latexit>�

<latexit sha1_base64="4pg9L+TImnXdpE9PTe8C84Ojv88=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL+IpAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3L4sjDCZzCOXhwBVW4hRo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+DzjQY=</latexit>q

<latexit sha1_base64="txE8DhJyC6dkGACeyNAoHJbnvBI=">AAACGnicbZDLSsNAFIYnXmu9RV26GSyCq5CUelkW3BRXFewFmhgm00kzdCYJMxOhpH0ON76KGxeKuBM3vo3TNgtt/WHg5zvncOb8QcqoVLb9baysrq1vbJa2yts7u3v75sFhWyaZwKSFE5aIboAkYTQmLUUVI91UEMQDRjrB8Hpa7zwQIWkS36lRSjyOBjENKUZKI990sM8hdCOZIkxy26qecz5xcUTvq4sUjhtjTX2zYlv2THDZOIWpgEJN3/x0+wnOOIkVZkjKnmOnysuRUBQzMim7mSR6zxANSE/bGHEivXx22gSeatKHYSL0ixWc0d8TOeJSjnigOzlSkVysTeF/tV6mwisvp3GaKRLj+aIwY1AlcJoT7FNBsGIjbRAWVP8V4ggJhJVOs6xDcBZPXjbtquVcWLXbWqV+U8RRAsfgBJwBB1yCOmiAJmgBDB7BM3gFb8aT8WK8Gx/z1hWjmDkCf2R8/QBQCZ8z</latexit>

cm�
2 |H|2

Derivative portal is only scalar DM-Higgs operator that satisfies constraints from spin-
independent (SI) DM-nucleon cross section σSI once loop effects are considered

<latexit sha1_base64="mxB3biTwvQUG0t21O9SAU92zIxo="></latexit>

�SI =
c2mm4

Nf2
N

⇡m4
h(m� +mN )2

<latexit sha1_base64="zY5mGP1ZnLCPuhMPP4/S0R5hhH0="></latexit>

�SI . 9 · 10�47 cm2 (m� = 100GeV)

<latexit sha1_base64="iBKS6Zhe5C6ujiLJO2IlGhD92yY=">AAACG3icbVDLSgMxFM34tr5GXboJFsGNZaY+wU3BjbhSsQ/o1JJJ0zY0mQzJHaVM+x9u/BU3LhRxJbjwb0xrF9p6LhcO59xLck8YC27A876cqemZ2bn5hcXM0vLK6pq7vlEyKtGUFakSSldCYpjgESsCB8EqsWZEhoKVw87ZwC/fMW24im6gG7OaJK2INzklYKW6mw+ueasNRGt1j4PTQeEercseDgQzxnCJD3FAGwqw792me/t9XHezXs4bAk8Sf0SyaITLuvsRNBRNJIuACmJM1fdiqKVEA6eC9TNBYlhMaIe0WNXSiEhmaunwtj7esUoDN5W2HQEeqr83UiKN6crQTkoCbTPuDcT/vGoCzZNayqM4ARbRn4eaicCg8CAo3OCaURBdSwjV3P4V0zbRhIKNM2ND8MdPniSlfM4/yh1cHWQLF6M4FtAW2ka7yEfHqIDO0SUqIooe0BN6Qa/Oo/PsvDnvP6NTzmhnE/2B8/kNRAafrw==</latexit>

) |cm| . 5 · 10�3
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pNGB DM: indirect detection bounds

s-wave DM annihilation into SM particles. For 
light DM, resonant bottom contribution dominant. 

Above threshold, DM relic density Ωχh2 set by 
annihilation to W, Z, h & top-quark pairs 

<latexit sha1_base64="ZnnM92oDTeWNamzsvWcbVJNB3zs="></latexit>

h�vib /

�����
1

4m2
� �m2

h

 
4m2

�cd
⇤2

+ cm

!�����

2

<latexit sha1_base64="XpRLE3KeTcs/8WiGb/HjqkIKbXQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL+Kpgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu41642HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8FEI5D</latexit>�

<latexit sha1_base64="pWxFDkx7KvTpFDzDzx1o1UvZzzg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWao765Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC+q3mW11qxV6nd5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AdNPjP0=</latexit>

h

<latexit sha1_base64="XpRLE3KeTcs/8WiGb/HjqkIKbXQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL+Kpgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu41642HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8FEI5D</latexit>�

<latexit sha1_base64="ISdEFaCgDGBrpWUlGsaDp2aBtLE=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiSlqMuCG3FVwT6giWEynbRDZ5I4MxFqKP6KGxeKuPU/3Pk3Th8LbT1w4XDOvdx7T5hyprTjfFtLyyura+uFjeLm1vbOrr2331RJJgltkIQnsh1iRTmLaUMzzWk7lRSLkNNWOLgc+60HKhVL4ls9TKkvcC9mESNYGymwDxXyFBP0HlWRCDzSZ3cVFNglp+xMgBaJOyMlmKEe2F9eNyGZoLEmHCvVcZ1U+zmWmhFOR0UvUzTFZIB7tGNojAVVfj65foROjNJFUSJNxRpN1N8TORZKDUVoOgXWfTXvjcX/vE6mows/Z3GaaRqT6aIo40gnaBwF6jJJieZDQzCRzNyKSB9LTLQJrGhCcOdfXiTNStk9K1dvqqXa9SyOAhzBMZyCC+dQgyuoQwMIPMIzvMKb9WS9WO/Wx7R1yZrNHMAfWJ8/nUSUEg==</latexit>

s ' 4m2
�

<latexit sha1_base64="UVGyPMyBZIaVFdK5ouZJOmswVPA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWagb9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9bs8jiKcwCmcgwdXUIdbaEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AMo3jPc=</latexit>

b

<latexit sha1_base64="UVGyPMyBZIaVFdK5ouZJOmswVPA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWagb9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9bs8jiKcwCmcgwdXUIdbaEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AMo3jPc=</latexit>

b

<latexit sha1_base64="zZEVKL8br0JqjrleMWnDq1YMvbc="></latexit>

⌦�h2

0.12
' 3 · 10�26 cm3/sP

Xh�viX
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pNGB DM: invisible Higgs decays

[UH, Polesello & Schulte, 2107.12389; ATLAS-CONF-2020-052]

<latexit sha1_base64="XpRLE3KeTcs/8WiGb/HjqkIKbXQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL+Kpgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu41642HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8FEI5D</latexit>�
<latexit sha1_base64="pWxFDkx7KvTpFDzDzx1o1UvZzzg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWao765Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC+q3mW11qxV6nd5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AdNPjP0=</latexit>

h

<latexit sha1_base64="XpRLE3KeTcs/8WiGb/HjqkIKbXQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL+Kpgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu41642HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8FEI5D</latexit>�

<latexit sha1_base64="4pg9L+TImnXdpE9PTe8C84Ojv88=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL+IpAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3L4sjDCZzCOXhwBVW4hRo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+DzjQY=</latexit>q <latexit sha1_base64="4pg9L+TImnXdpE9PTe8C84Ojv88=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL+IpAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3L4sjDCZzCOXhwBVW4hRo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+DzjQY=</latexit>q
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pNGB DM: off-shell DM search strategies 

[Ruhdorfer, Salvioni & Weiler, 1910.04170; UH, Polesello & Schulte, 2107.12389]

If DM is not kinematically accessible in Higgs decay, can test pNGB DM models in 
vector-boson fusion (VBF) Higgs production plus ET,miss & in tX+ET,miss channels
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Constraints on derivative operator

[Higgs off-shell bounds from Ruhdorfer, Salvioni & Weiler, 1910.04170; UH, Polesello & Schulte, 2107.12389]

[Agryopoulos, Brandt & UH, 2109.13597]
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Figure 3. Constraints for the marginal (derivative) Higgs portal model in the upper (lower) panel.
The solid black contours correspond to (3) while the interpretations of the HL-LHC 95% CL limit
BR(h ! inv) < 2.5 · 10�2 [75] are indicated by dashed black lines. The purple region in the upper panel
is disfavoured by the 90% CL bound on the SI DM-nucleon cross section sSI set by XENON1T [80].
The vertical orange shaded bands display the range of DM masses that is excluded at 95% CL by
Fermi-LAT and DES [84]. The red curves correspond to the value WDMh2 = 0.12 [82]. In the parameter
space below (above) the red curve the Universe is overclosed in the case of the marginal (derivative)
Higgs portal model. The green regions indicate the 95% CL exclusion limit obtained in [25] from a
study of off-shell Higgs production in the VBF + Emiss

T channel, while the blue regions represent the
corresponding exclusion limits derived in [68] from a study of tX + Emiss

T final states. For further details
see the main text.

The latter two types of collider limits assume an integrated luminosity of 3 ab�1 collected at
the HL-LHC.

From the upper panel in Figure 3 it is evident that the constraints on the Wilson coef-
ficient cm of the marginal Higgs portal from searches for Higgs to invisible decays at the
LHC are more stringent than the DD bounds for DM masses mf . 5 GeV, while in the range
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Constraints on marginal operator

[Higgs off-shell bounds from Ruhdorfer, Salvioni & Weiler, 1910.04170; UH, Polesello & Schulte, 2107.12389]

[Agryopoulos, Brandt & UH, 2109.13597]
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Future probes of neutrino floor
[Dark Matter Limit Plotter]
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Future probes of neutrino floor
[Dark Matter Limit Plotter; de Blas et al., 1905.03764]
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Simplified spin-0 DM model

[see for instance ATLAS/CMS DM Forum, 1507.00966]
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Unitarity considerations

Unitarity violation small unless gSM large and/or s1/2 ≫14 TeV, but …

[see for instance Maltoni et al., hep-ph/0106293; Farina et al., 1211.3736; UH & Polesello, 1812.00694]
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<latexit sha1_base64="9Guxv4iK1IdBCKc/eJ1wn2UhGlc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi3hqwX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKjXa/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1kXVu6peNi4rtfs8jiKcwCmcgwfXUIM7qEMTGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+ALmLjOw=</latexit>

W

<latexit sha1_base64="N2R6wD3xl8kxnNPZyNAMOdQZq9Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi3iqYNpCG8pmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhakUBl332ymtrW9sbpW3Kzu7e/sH1cOjlkkyzbjPEpnoTkgNl0JxHwVK3kk1p3EoeTsc38789hPXRiTqEScpD2I6VCISjKKV/B4bCdKv1ty6OwdZJV5BalCg2a9+9QYJy2KukElqTNdzUwxyqlEwyaeVXmZ4StmYDnnXUkVjboJ8fuyUnFllQKJE21JI5urviZzGxkzi0HbGFEdm2ZuJ/3ndDKObIBcqzZArtlgUZZJgQmafk4HQnKGcWEKZFvZWwkZUU4Y2n4oNwVt+eZW0LureVf3y4bLWuC/iKMMJnMI5eHANDbiDJvjAQMAzvMKbo5wX5935WLSWnGLmGP7A+fwBXAqObQ==</latexit>�

<latexit sha1_base64="JOOCMc2FLG6i14Pb/o0cXTvbEQc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWatJ+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7Yuqd1mtNWuV+l0eRxFO4BTOwYMrqMMtNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AMizjPY=</latexit>a
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still can ask …

<latexit sha1_base64="UVGyPMyBZIaVFdK5ouZJOmswVPA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWagb9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9bs8jiKcwCmcgwdXUIdbaEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AMo3jPc=</latexit>

b

<latexit sha1_base64="dXZIyyBPUnKWI5jxrbPMcnmpjx0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWag775Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC+q3mW11qxV6nd5HEU4gVM4Bw+uoA630IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AdHLjPw=</latexit>g

<latexit sha1_base64="XUZh1oCLhsIj4au+wGJkM3kqnsI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtOu3WzC7kQoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsOwE1XArFWyhQ8k6iOY0CyR+C8c3Mf3ji2ohY3eMk4X5Eh0qEglG0UhP75Ypbdecgq8TLSQVyNPrlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fzQ+dkjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsazIQmjOUE0so08LeStiIasrQZlOyIXjLL6+S9kXVu6zWmrVK/S6PowgncArn4MEV1OEWGtACBhye4RXenEfnxXl3PhatBSefOYY/cD5/AOV/jQk=</latexit>

t

<latexit sha1_base64="N2R6wD3xl8kxnNPZyNAMOdQZq9Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi3iqYNpCG8pmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhakUBl332ymtrW9sbpW3Kzu7e/sH1cOjlkkyzbjPEpnoTkgNl0JxHwVK3kk1p3EoeTsc38789hPXRiTqEScpD2I6VCISjKKV/B4bCdKv1ty6OwdZJV5BalCg2a9+9QYJy2KukElqTNdzUwxyqlEwyaeVXmZ4StmYDnnXUkVjboJ8fuyUnFllQKJE21JI5urviZzGxkzi0HbGFEdm2ZuJ/3ndDKObIBcqzZArtlgUZZJgQmafk4HQnKGcWEKZFvZWwkZUU4Y2n4oNwVt+eZW0LureVf3y4bLWuC/iKMMJnMI5eHANDbiDJvjAQMAzvMKbo5wX5935WLSWnGLmGP7A+fwBXAqObQ==</latexit>�
<latexit sha1_base64="i1hlZtwebOXLbqCLPKHx4b2JhL8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BL+IpQfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3L4sjDCZzCOXhwBVW4hRo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD7N7jOg=</latexit>

S

<latexit sha1_base64="9Guxv4iK1IdBCKc/eJ1wn2UhGlc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi3hqwX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKjXa/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1kXVu6peNi4rtfs8jiKcwCmcgwfXUIM7qEMTGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+ALmLjOw=</latexit>

W

<latexit sha1_base64="N2R6wD3xl8kxnNPZyNAMOdQZq9Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi3iqYNpCG8pmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhakUBl332ymtrW9sbpW3Kzu7e/sH1cOjlkkyzbjPEpnoTkgNl0JxHwVK3kk1p3EoeTsc38789hPXRiTqEScpD2I6VCISjKKV/B4bCdKv1ty6OwdZJV5BalCg2a9+9QYJy2KukElqTNdzUwxyqlEwyaeVXmZ4StmYDnnXUkVjboJ8fuyUnFllQKJE21JI5urviZzGxkzi0HbGFEdm2ZuJ/3ndDKObIBcqzZArtlgUZZJgQmafk4HQnKGcWEKZFvZWwkZUU4Y2n4oNwVt+eZW0LureVf3y4bLWuC/iKMMJnMI5eHANDbiDJvjAQMAzvMKbo5wX5935WLSWnGLmGP7A+fwBXAqObQ==</latexit>�

<latexit sha1_base64="JOOCMc2FLG6i14Pb/o0cXTvbEQc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWatJ+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7Yuqd1mtNWuV+l0eRxFO4BTOwYMrqMMtNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AMizjPY=</latexit>a <latexit sha1_base64="59fx9RdbiU46TRAI3219Ab35VB0=">AAACBHicbVDLSgMxFM34rPU16rKbYBEEocxIUUHEghuXLdgHdErJpHfa0ExmSDJCGQq68VfcuFDErR/hzr8x03ahrQfu5XDODbn3+DFnSjvOt7W0vLK6tp7byG9ube/s2nv7DRUlkkKdRjySLZ8o4ExAXTPNoRVLIKHPoekPbzK/eQ9SsUjc6VEMnZD0BQsYJdpIXbtwgr1LfJ21q6ylngxxwATTMO7aRafkTIAXiTsjRTRDtWt/eb2IJiEITTlRqu06se6kRGpGOYzzXqIgJnRI+tA2VJAQVCedHDHGR0bp4SCSpoTGE/X3i5SESo1C30yGRA/UvJeJ/3ntRAcXnZSJONEg6PSjIOFYRzhLBPeYBKr5yBBCJTO7YjogklBtcsubENz5kxdJ47TknpXKtXKxUnuYxpFDBXSIjpGLzlEF3aIqqiOKHtEzekVv1pP1Yr1bH9PRJWsW4QH6A+vzBwyflk8=</latexit>

+ ? = finite
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One possible solution

A aH±W coupling only exists in models  
that feature an extended Higgs sector  
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2HDM+a model

[Ipek et al. 1404.3716; No, 1509.01110; Goncalves et al., 1611.04593; Bauer et al., 1701.07427]

h is SM-like   
for cos(β-α) ≃ 0

mostly P 
for small θ

<latexit sha1_base64="UhUHwzf+hojnvf98OCDR9ipG6Zc=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8EiuCozUtRlwY3LFuwDOkPJpJk2NJkZkjtCGQr+CjcuFHHrn3HnvzF9LLT1QODjnBtyc8JUCoOu++0UNja3tneKu6W9/YPDo/LxSdskmWa8xRKZ6G5IDZci5i0UKHk31ZyqUPJOOL6b5Z1Hro1I4gecpDxQdBiLSDCK1vJzXytikCI303654lbducg6eEuowFKNfvnLHyQsUzxGJqkxPc9NMcipRsEkn5b8zPCUsjEd8p7FmCpugny+85RcWGdAokTbEyOZu79v5FQZM1GhnVQUR2Y1m5n/Zb0Mo9sgF3GaIY/Z4qEokwQTMiuADITmDOXEAmVa2F0JG1FNGdqaSrYEb/XL69C+qnrX1VqzVqk3nxZ1FOEMzuESPLiBOtxDA1rAIIVneIU3J3NenHfnYzFacJYVnsIfOZ8/fOWScQ==</latexit>

states
<latexit sha1_base64="WIcMWqjmkz6kQazqo0Tnw6n8zAM=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8EiuCozUtRlwY3LFuwDOkPJpHfa0ExmSDJCGQr+CjcuFHHrn3HnvzF9LLT1QODjnBtyc8JUcG1c99spbGxube8Ud0t7+weHR+Xjk7ZOMsWwxRKRqG5INQousWW4EdhNFdI4FNgJx3ezvPOISvNEPphJikFMh5JHnFFjLT/3VUyoHArU03654lbducg6eEuowFKNfvnLHyQsi1EaJqjWPc9NTZBTZTgTOC35mcaUsjEdYs+ipDHqIJ/vPCUX1hmQKFH2SEPm7u8bOY21nsShnYypGenVbGb+l/UyE90GOZdpZlCyxUNRJohJyKwAMuAKmRETC5QpbnclbEQVZcbWVLIleKtfXof2VdW7rtaatUq9+bSoowhncA6X4MEN1OEeGtACBik8wyu8OZnz4rw7H4vRgrOs8BT+yPn8AVTzklc=</latexit>

angles
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2HDM+a model: resonant ET,miss signatures

[Goncalves et al., 1611.04593; Bauer et al., 1701.07427; Pani & Polesello, 1712.03874]

Mono-Z, mono-Higgs & tW+ET,miss channels are subleading in simplified spin-0 DM 
models. In 2HDM+a model, presence of H, A, & H± allows for resonant production of 
these mono-X signatures

<latexit sha1_base64="lsJbgzmpmpNTsMgOk+eNwPFyyTM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6z3nho1Fq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gACqI47</latexit>�



g t

�t t

�

tg

a
<latexit sha1_base64="9pZzqv/hTYhkawuEmWFXDURnSfQ=">AAAB6HicbZC7SgNBFIbPxluMt6ilzWAQrMKujWJjwMYyAXOBZAmzk7PJmNnZZWZWCEuewMZCEVt9EZ/BRnwbJ5dCE38Y+Pj/c5hzTpAIro3rfju5ldW19Y38ZmFre2d3r7h/0NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB8HqSN+9RaR7LWzNK0I9oX/KQM2qsVaPdYsktu1ORZfDmULr6eP8Cq2q3+NnpxSyNUBomqNZtz02Mn1FlOBM4LnRSjQllQ9rHtkVJI9R+Nh10TE6s0yNhrOyThkzd3x0ZjbQeRYGtjKgZ6MVsYv6XtVMTXvgZl0lqULLZR2EqiInJZGvS4wqZESMLlCluZyVsQBVlxt6mYI/gLa68DI2zsme55pYqlzBTHo7gGE7Bg3OowA1UoQ4MEB7gCZ6dO+fReXFeZ6U5Z95zCH/kvP0AF+SPUg==</latexit><latexit sha1_base64="+BoX8YazoJ14BLQgkbjWdKqLpFY=">AAAB6HicbZDLSsNAFIZP6q3GW9Wlm2ARXJXEjSKIBTcuW7AXaEOZTE/asZNJmJkIJfQJ3LhQxK36ID6DG/FtnF4W2vrDwMf/n8Occ4KEM6Vd99vKLS2vrK7l1+2Nza3tncLuXl3FqaRYozGPZTMgCjkTWNNMc2wmEkkUcGwEg6tx3rhDqVgsbvQwQT8iPcFCRok2VpV0CkW35E7kLII3g+Llx9uXfZG8VzqFz3Y3pmmEQlNOlGp5bqL9jEjNKMeR3U4VJoQOSA9bBgWJUPnZZNCRc2ScrhPG0jyhnYn7uyMjkVLDKDCVEdF9NZ+Nzf+yVqrDMz9jIkk1Cjr9KEy5o2NnvLXTZRKp5kMDhEpmZnVon0hCtbmNbY7gza+8CPWTkme46hbL5zBVHg7gEI7Bg1MowzVUoAYUEO7hEZ6sW+vBerZepqU5a9azD39kvf4A5zKQrQ==</latexit><latexit sha1_base64="+BoX8YazoJ14BLQgkbjWdKqLpFY=">AAAB6HicbZDLSsNAFIZP6q3GW9Wlm2ARXJXEjSKIBTcuW7AXaEOZTE/asZNJmJkIJfQJ3LhQxK36ID6DG/FtnF4W2vrDwMf/n8Occ4KEM6Vd99vKLS2vrK7l1+2Nza3tncLuXl3FqaRYozGPZTMgCjkTWNNMc2wmEkkUcGwEg6tx3rhDqVgsbvQwQT8iPcFCRok2VpV0CkW35E7kLII3g+Llx9uXfZG8VzqFz3Y3pmmEQlNOlGp5bqL9jEjNKMeR3U4VJoQOSA9bBgWJUPnZZNCRc2ScrhPG0jyhnYn7uyMjkVLDKDCVEdF9NZ+Nzf+yVqrDMz9jIkk1Cjr9KEy5o2NnvLXTZRKp5kMDhEpmZnVon0hCtbmNbY7gza+8CPWTkme46hbL5zBVHg7gEI7Bg1MowzVUoAYUEO7hEZ6sW+vBerZepqU5a9azD39kvf4A5zKQrQ==</latexit><latexit sha1_base64="KGrC/qYFSbDFTYUyUPnFvSdBIsQ=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSL4qnghePLZi20Iay2U7atZtN2N0IJfQXePGgiFd/kjf/jds2B219YeHhnRl25g1TwbVx3W+ntLG5tb1T3q3s7R8cHlWPT9o6yRRDnyUiUd2QahRcom+4EdhNFdI4FNgJJ3fzeucJleaJfDDTFIOYjiSPOKPGWi06qNbcursQWQevgBoUag6qX/1hwrIYpWGCat3z3NQEOVWGM4GzSj/TmFI2oSPsWZQ0Rh3ki0Vn5MI6QxIlyj5pyML9PZHTWOtpHNrOmJqxXq3Nzf9qvcxEN0HOZZoZlGz5UZQJYhIyv5oMuUJmxNQCZYrbXQkbU0WZsdlUbAje6snr0L6qe5Zbbq1xW8RRhjM4h0vw4BoacA9N8IEBwjO8wpvz6Lw4787HsrXkFDOn8EfO5w+/t4zZ</latexit>

h
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production scale with sin q. In the alignment limit with mA = mH = mH± , one has
explicitly:
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Figure 7. Observed exclusions at 95% CL for the 2HDM+a model in the mA – ma plane. The left and
right panels correspond to sin q = 0.35 and sin q = 0.7, respectively. The other parameters are chosen
as in (22) and (23). The coloured exclusions arise from [147–151,169]. The hatched grey regions
correspond to the parameter space where any of the additional Higgs bosons has a relative width of
more than 20%. This is indicated by the label G/m > 20%. The dashed grey line corresponds to the
equality mA = ma + mh. See text for further details.

In the case of the mono-Higgs exclusions, two features that are visible in the plot
on the left-hand side of Figure 7 deserve an explanation. To understand the dips in the
h + Emiss

T constraints, one first has to realise that (20) and (21) imply that for an on-shell
A the real part of the sum of the gg ! A ! ha ! h + cc̄ and gg ! a ! ha ! h + cc̄
amplitudes is proportional to

�
2m2

A � 2m2
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h
�
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m2
A � m2

a
. (26)

Here, we have employed the parameter choices (22). For fixed values of ma and
sin q, the numerator in (26) is not sign definite being negative (positive) for sufficiently
small (large) mA. Close to the zero point of (26), the resonant contribution to mono-Higgs
production is hence strongly suppressed, leading to a weakening of the constraints which
in such a case arise almost entirely from the nonresonant contributions—see the right
Feynman diagram in the upper row of Figure 5.

The enhanced sensitivity of the mono-Higgs searches at high mA is due to the quadratic
dependence of (21) on the 2HDM pseudoscalar mass. We also note that for large mA – ma
mass splittings, the widths of all non-SM Higgs bosons become large with the effect
being more pronounced for increasing sin q—cf. (20), (21) and (25). While off-shell effects
are taken into account in Figure 7, the possible modifications of the line shape of the
intermediate Higgs bosons [170–172] are ignored. The latter effects have been studied
in [173,174], where it has been shown that for a heavy Higgs boson different treatments
of its propagator can lead to notable difference in the inclusive production cross-sections
compared to the case of a Breit-Wigner with a fixed width, as used here. The hatched grey
regions in the two plots of Figure 7 correspond to the parameter space where any of the
additional Higgs bosons have a relative width of more than 20%. The mono-X exclusions
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Figure 7. Observed exclusions at 95% CL for the 2HDM+a model in the mA – ma plane. The left and
right panels correspond to sin q = 0.35 and sin q = 0.7, respectively. The other parameters are chosen
as in (22) and (23). The coloured exclusions arise from [147–151,169]. The hatched grey regions
correspond to the parameter space where any of the additional Higgs bosons has a relative width of
more than 20%. This is indicated by the label G/m > 20%. The dashed grey line corresponds to the
equality mA = ma + mh. See text for further details.

In the case of the mono-Higgs exclusions, two features that are visible in the plot
on the left-hand side of Figure 7 deserve an explanation. To understand the dips in the
h + Emiss

T constraints, one first has to realise that (20) and (21) imply that for an on-shell
A the real part of the sum of the gg ! A ! ha ! h + cc̄ and gg ! a ! ha ! h + cc̄
amplitudes is proportional to
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Here, we have employed the parameter choices (22). For fixed values of ma and
sin q, the numerator in (26) is not sign definite being negative (positive) for sufficiently
small (large) mA. Close to the zero point of (26), the resonant contribution to mono-Higgs
production is hence strongly suppressed, leading to a weakening of the constraints which
in such a case arise almost entirely from the nonresonant contributions—see the right
Feynman diagram in the upper row of Figure 5.

The enhanced sensitivity of the mono-Higgs searches at high mA is due to the quadratic
dependence of (21) on the 2HDM pseudoscalar mass. We also note that for large mA – ma
mass splittings, the widths of all non-SM Higgs bosons become large with the effect
being more pronounced for increasing sin q—cf. (20), (21) and (25). While off-shell effects
are taken into account in Figure 7, the possible modifications of the line shape of the
intermediate Higgs bosons [170–172] are ignored. The latter effects have been studied
in [173,174], where it has been shown that for a heavy Higgs boson different treatments
of its propagator can lead to notable difference in the inclusive production cross-sections
compared to the case of a Breit-Wigner with a fixed width, as used here. The hatched grey
regions in the two plots of Figure 7 correspond to the parameter space where any of the
additional Higgs bosons have a relative width of more than 20%. The mono-X exclusions
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<latexit sha1_base64="N6FMGdLOsAsLYpAB88zztjerxf8=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSiJFBTcFN+Kqgn1AE8pkOmmHTiZh5kYoIT/gxl9x40IRt+7d+TdO2yy09cDA4Zx7uXNOkAiuwXG+raXlldW19dJGeXNre2fX3ttv6ThVlDVpLGLVCYhmgkvWBA6CdRLFSBQI1g5G1xO//cCU5rG8h3HC/IgMJA85JWCknn3sJSpOIMbeFfZCRWg27mWQ55kHRGIvYEBy3LMrTtWZAi8StyAVVKDRs7+8fkzTiEmggmjddZ0E/Iwo4FSwvOylmiWEjsiAdQ2VJGLaz6ZpcnxilD4OY2WeBDxVf29kJNJ6HAVmMiIw1PPeRPzP66YQXvoZl0kKTNLZoTAV2KSfVIP7XDEKYmwIoYqbv2I6JKYTMAWWTQnufORF0jqruufV2l2tUr8t6iihQ3SETpGLLlAd3aAGaiKKHtEzekVv1pP1Yr1bH7PRJavYOUB/YH3+ALLvm/4=</latexit>

/ yt
tan�

<latexit sha1_base64="eAxX2dNp9mzv+sn0r8QybxHVEpI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipaQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB5OWNBw==</latexit>

t

<latexit sha1_base64="eAxX2dNp9mzv+sn0r8QybxHVEpI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipaQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB5OWNBw==</latexit>

t

<latexit sha1_base64="MybfnUiF8TSah5Ee+s14jv0z3ZA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeIIB4TMA9IljA76U3GzM4uM7NCWALevXhQxKuf5M2/cfI4aGJBQ1HVTXdXkAiujet+O7mV1bX1jfxmYWt7Z3evuH/Q0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3H1FpHst7M0rQj2hf8pAzaqxUu+4WS27ZnYIsE29OSjBHtVv86vRilkYoDRNU67bnJsbPqDKcCRwXOqnGhLIh7WPbUkkj1H42PXRMTqzSI2GsbElDpurviYxGWo+iwHZG1Az0ojcR//PaqQmv/IzLJDUo2WxRmApiYjL5mvS4QmbEyBLKFLe3EjagijJjsynYELzFl5dJ46zsXZTPa+elyu3TLI48HMExnIIHl1CBO6hCHRggPMMrvDkPzovz7nzMWnPOPMJD+APn8we8/41S</latexit>

A
<latexit sha1_base64="/mHQeh6SDW2lolpa9usXCaj6LqU=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqsxIUcFNwY24qmAf0BmGTJq2oZkkJBlhGOqvuHGhiFs/xJ1/Y9rOQlsPXDiccy/33hNLRrXxvG+ntLa+sblV3q7s7O7tH7iHRx0tUoVJGwsmVC9GmjDKSdtQw0hPKoKSmJFuPLmZ+d1HojQV/MFkkoQJGnE6pBgZK0VuNZBKSCNgcA1HUR7gMZ1Gbs2re3PAVeIXpAYKtCL3KxgInCaEG8yQ1n3fkybMkTIUMzKtBKkmEuEJGpG+pRwlRIf5/PgpPLXKAA6FssUNnKu/J3KUaJ0lse1MkBnrZW8m/uf1UzO8CnPKZWoIx4tFw5RB++wsCTigimDDMksQVtTeCvEYKYSNzatiQ/CXX14lnfO6f1Fv3DdqzbsijjI4BifgDPjgEjTBLWiBNsAgA8/gFbw5T86L8+58LFpLTjFTBX/gfP4AXBCUnw==</latexit>/ g�

<latexit sha1_base64="+lwlngJaNSVGOup9RJCBQP9/I8E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLz1WsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7D73+09UaRbLRzNPqC/wVLKQEWxyaUQiNq7W3Lq7BNokXkFqUKAzrn6NJjFJBZWGcKz10HMT42dYGUY4XVRGqaYJJjM8pUNLJRZU+9ny1gW6ssoEhbGyJQ1aqr8nMiy0novAdgpsIr3u5eJ/3jA14Z2fMZmkhkqyWhSmHJkY5Y+jCVOUGD63BBPF7K2IRFhhYmw8FRuCt/7yJund1L1mvfHQqLXaRRxluIBLuAYPbqEFbehAFwhE8Ayv8OYI58V5dz5WrSWnmDmHP3A+fwAEdo5B</latexit>�

<latexit sha1_base64="+lwlngJaNSVGOup9RJCBQP9/I8E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLz1WsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7D73+09UaRbLRzNPqC/wVLKQEWxyaUQiNq7W3Lq7BNokXkFqUKAzrn6NJjFJBZWGcKz10HMT42dYGUY4XVRGqaYJJjM8pUNLJRZU+9ny1gW6ssoEhbGyJQ1aqr8nMiy0novAdgpsIr3u5eJ/3jA14Z2fMZmkhkqyWhSmHJkY5Y+jCVOUGD63BBPF7K2IRFhhYmw8FRuCt/7yJund1L1mvfHQqLXaRRxluIBLuAYPbqEFbehAFwhE8Ayv8OYI58V5dz5WrSWnmDmHP3A+fwAEdo5B</latexit>�

DM candidate taken to be a Majorana fermion 
arising from a singlet-doublet DM model 
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<latexit sha1_base64="3oROewNmLTHfqIf8vll6S7z9wA8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAIB4jmAcma5id9CZDZmfXmVkhLAG/wYsHRbz6O978GyePgyYWNBRV3XR3BYng2rjut5NbWl5ZXcuvFzY2t7Z3irt7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMLsd+4xGV5rG8NcME/Yj2JA85o8ZKzbv7dqJ4hJ1iyS27E5BF4s1ICWaodopf7W7M0gilYYJq3fLcxPgZVYYzgaNCO9WYUDagPWxZKmmE2s8m947IkVW6JIyVLWnIRP09kdFI62EU2M6Imr6e98bif14rNeGFn3GZpAYlmy4KU0FMTMbPky5XyIwYWkKZ4vZWwvpUUWZsRAUbgjf/8iKpn5S9s/LpzWmpcvU0jSMPB3AIx+DBOVTgGqpQAwYCnuEV3pwH58V5dz6mrTlnFuE+/IHz+QM+SpCI</latexit>

Z 0

<latexit sha1_base64="eL9unWdyd9N8HABpKoInSXOktZE=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgIYRdCeoxIIjHCG4SSJYwO5kkQ2Znl5leISwB/8CLB0W8+kHe/Bsnj4MmFjQUVd10d4WJFAZd99vJra1vbG7ltws7u3v7B8XDo4aJU824z2IZ61ZIDZdCcR8FSt5KNKdRKHkzHN1M/eYj10bE6gHHCQ8iOlCiLxhFK/lpmZWxWyy5FXcGskq8BSnBAvVu8avTi1kacYVMUmPanptgkFGNgkk+KXRSwxPKRnTA25YqGnETZLNjJ+TMKj3Sj7UthWSm/p7IaGTMOAptZ0RxaJa9qfif106xfx1kQiUpcsXmi/qpJBiT6eekJzRnKMeWUKaFvZWwIdWUoc2nYEPwll9eJY2LindZqd5XS7Xbp3kceTiBUzgHD66gBndQBx8YCHiGV3hzlPPivDsf89acs4jwGP7A+fwBbh6O3Q==</latexit>

u, c, t

<latexit sha1_base64="eL9unWdyd9N8HABpKoInSXOktZE=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgIYRdCeoxIIjHCG4SSJYwO5kkQ2Znl5leISwB/8CLB0W8+kHe/Bsnj4MmFjQUVd10d4WJFAZd99vJra1vbG7ltws7u3v7B8XDo4aJU824z2IZ61ZIDZdCcR8FSt5KNKdRKHkzHN1M/eYj10bE6gHHCQ8iOlCiLxhFK/lpmZWxWyy5FXcGskq8BSnBAvVu8avTi1kacYVMUmPanptgkFGNgkk+KXRSwxPKRnTA25YqGnETZLNjJ+TMKj3Sj7UthWSm/p7IaGTMOAptZ0RxaJa9qfif106xfx1kQiUpcsXmi/qpJBiT6eekJzRnKMeWUKaFvZWwIdWUoc2nYEPwll9eJY2LindZqd5XS7Xbp3kceTiBUzgHD66gBndQBx8YCHiGV3hzlPPivDsf89acs4jwGP7A+fwBbh6O3Q==</latexit>

u, c, t

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q

<latexit sha1_base64="3oROewNmLTHfqIf8vll6S7z9wA8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAIB4jmAcma5id9CZDZmfXmVkhLAG/wYsHRbz6O978GyePgyYWNBRV3XR3BYng2rjut5NbWl5ZXcuvFzY2t7Z3irt7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMLsd+4xGV5rG8NcME/Yj2JA85o8ZKzbv7dqJ4hJ1iyS27E5BF4s1ICWaodopf7W7M0gilYYJq3fLcxPgZVYYzgaNCO9WYUDagPWxZKmmE2s8m947IkVW6JIyVLWnIRP09kdFI62EU2M6Imr6e98bif14rNeGFn3GZpAYlmy4KU0FMTMbPky5XyIwYWkKZ4vZWwvpUUWZsRAUbgjf/8iKpn5S9s/LpzWmpcvU0jSMPB3AIx+DBOVTgGqpQAwYCnuEV3pwH58V5dz6mrTlnFuE+/IHz+QM+SpCI</latexit>

Z 0

<latexit sha1_base64="O7Xu1s/0XnX9z4tvwLA2vstsv+M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BQTwmYB6QLGF20puMmZ1dZmaFsAS8e/GgiFc/yZt/4+Rx0MSChqKqm+6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaLSPJb3ZpygH9GB5CFn1FipPuwVS27ZnYGsEm9BSrBArVf86vZjlkYoDRNU647nJsbPqDKcCZwUuqnGhLIRHWDHUkkj1H42O3RCzqzSJ2GsbElDZurviYxGWo+jwHZG1Az1sjcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynYELzll1dJ86LsXZYr9Uqpevs0jyMPJ3AK5+DBFVThDmrQAAYIz/AKb86D8+K8Ox/z1pyziPAY/sD5/AH4G415</latexit>

h

<latexit sha1_base64="MybfnUiF8TSah5Ee+s14jv0z3ZA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeIIB4TMA9IljA76U3GzM4uM7NCWALevXhQxKuf5M2/cfI4aGJBQ1HVTXdXkAiujet+O7mV1bX1jfxmYWt7Z3evuH/Q0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3H1FpHst7M0rQj2hf8pAzaqxUu+4WS27ZnYIsE29OSjBHtVv86vRilkYoDRNU67bnJsbPqDKcCRwXOqnGhLIh7WPbUkkj1H42PXRMTqzSI2GsbElDpurviYxGWo+iwHZG1Az0ojcR//PaqQmv/IzLJDUo2WxRmApiYjL5mvS4QmbEyBLKFLe3EjagijJjsynYELzFl5dJ46zsXZTPa+elyu3TLI48HMExnIIHl1CBO6hCHRggPMMrvDkPzovz7nzMWnPOPMJD+APn8we8/41S</latexit>

A

<latexit sha1_base64="+lwlngJaNSVGOup9RJCBQP9/I8E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLz1WsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7D73+09UaRbLRzNPqC/wVLKQEWxyaUQiNq7W3Lq7BNokXkFqUKAzrn6NJjFJBZWGcKz10HMT42dYGUY4XVRGqaYJJjM8pUNLJRZU+9ny1gW6ssoEhbGyJQ1aqr8nMiy0novAdgpsIr3u5eJ/3jA14Z2fMZmkhkqyWhSmHJkY5Y+jCVOUGD63BBPF7K2IRFhhYmw8FRuCt/7yJund1L1mvfHQqLXaRRxluIBLuAYPbqEFbehAFwhE8Ayv8OYI58V5dz5WrSWnmDmHP3A+fwAEdo5B</latexit>�

<latexit sha1_base64="+lwlngJaNSVGOup9RJCBQP9/I8E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLz1WsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7D73+09UaRbLRzNPqC/wVLKQEWxyaUQiNq7W3Lq7BNokXkFqUKAzrn6NJjFJBZWGcKz10HMT42dYGUY4XVRGqaYJJjM8pUNLJRZU+9ny1gW6ssoEhbGyJQ1aqr8nMiy0novAdgpsIr3u5eJ/3jA14Z2fMZmkhkqyWhSmHJkY5Y+jCVOUGD63BBPF7K2IRFhhYmw8FRuCt/7yJund1L1mvfHQqLXaRRxluIBLuAYPbqEFbehAFwhE8Ayv8OYI58V5dz5WrSWnmDmHP3A+fwAEdo5B</latexit>�

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q

<latexit sha1_base64="3oROewNmLTHfqIf8vll6S7z9wA8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAIB4jmAcma5id9CZDZmfXmVkhLAG/wYsHRbz6O978GyePgyYWNBRV3XR3BYng2rjut5NbWl5ZXcuvFzY2t7Z3irt7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMLsd+4xGV5rG8NcME/Yj2JA85o8ZKzbv7dqJ4hJ1iyS27E5BF4s1ICWaodopf7W7M0gilYYJq3fLcxPgZVYYzgaNCO9WYUDagPWxZKmmE2s8m947IkVW6JIyVLWnIRP09kdFI62EU2M6Imr6e98bif14rNeGFn3GZpAYlmy4KU0FMTMbPky5XyIwYWkKZ4vZWwvpUUWZsRAUbgjf/8iKpn5S9s/LpzWmpcvU0jSMPB3AIx+DBOVTgGqpQAwYCnuEV3pwH58V5dz6mrTlnFuE+/IHz+QM+SpCI</latexit>

Z 0
<latexit sha1_base64="6xt4gO8Ks+GhkOsWdLIrICUA7GI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAIB4TMA9MljA76U3GzM4uM7NCWALevXhQxKuf5M2/cfI4aGJBQ1HVTXdXkAiujet+O7mV1bX1jfxmYWt7Z3evuH/Q0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HweuI3H1FpHss7M0rQj2hf8pAzaqxUu+8WS27ZnYIsE29OSjBHtVv86vRilkYoDRNU67bnJsbPqDKcCRwXOqnGhLIh7WPbUkkj1H42PXRMTqzSI2GsbElDpurviYxGWo+iwHZG1Az0ojcR//PaqQmv/IzLJDUo2WxRmApiYjL5mvS4QmbEyBLKFLe3EjagijJjsynYELzFl5dJ46zsXZTPa+elys3TLI48HMExnIIHl1CBW6hCHRggPMMrvDkPzovz7nzMWnPOPMJD+APn8wfi441r</latexit>

Z

<latexit sha1_base64="O7Xu1s/0XnX9z4tvwLA2vstsv+M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BQTwmYB6QLGF20puMmZ1dZmaFsAS8e/GgiFc/yZt/4+Rx0MSChqKqm+6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaLSPJb3ZpygH9GB5CFn1FipPuwVS27ZnYGsEm9BSrBArVf86vZjlkYoDRNU647nJsbPqDKcCZwUuqnGhLIRHWDHUkkj1H42O3RCzqzSJ2GsbElDZurviYxGWo+jwHZG1Az1sjcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynYELzll1dJ86LsXZYr9Uqpevs0jyMPJ3AK5+DBFVThDmrQAAYIz/AKb86D8+K8Ox/z1pyziPAY/sD5/AH4G415</latexit>

h
<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q

Dominant LHC signatures in 2HDM+Z′ model are mono-Higgs, dijet & ditop as well 
as Zh production. ATLAS & CMS have focused mostly on ET,miss signal while largely 
ignoring Z′ resonance searches in SM final states 
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2HDM+Z′ model: mono-Higgs signal

<latexit sha1_base64="3oROewNmLTHfqIf8vll6S7z9wA8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAIB4jmAcma5id9CZDZmfXmVkhLAG/wYsHRbz6O978GyePgyYWNBRV3XR3BYng2rjut5NbWl5ZXcuvFzY2t7Z3irt7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMLsd+4xGV5rG8NcME/Yj2JA85o8ZKzbv7dqJ4hJ1iyS27E5BF4s1ICWaodopf7W7M0gilYYJq3fLcxPgZVYYzgaNCO9WYUDagPWxZKmmE2s8m947IkVW6JIyVLWnIRP09kdFI62EU2M6Imr6e98bif14rNeGFn3GZpAYlmy4KU0FMTMbPky5XyIwYWkKZ4vZWwvpUUWZsRAUbgjf/8iKpn5S9s/LpzWmpcvU0jSMPB3AIx+DBOVTgGqpQAwYCnuEV3pwH58V5dz6mrTlnFuE+/IHz+QM+SpCI</latexit>

Z 0

<latexit sha1_base64="O7Xu1s/0XnX9z4tvwLA2vstsv+M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BQTwmYB6QLGF20puMmZ1dZmaFsAS8e/GgiFc/yZt/4+Rx0MSChqKqm+6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaLSPJb3ZpygH9GB5CFn1FipPuwVS27ZnYGsEm9BSrBArVf86vZjlkYoDRNU647nJsbPqDKcCZwUuqnGhLIRHWDHUkkj1H42O3RCzqzSJ2GsbElDZurviYxGWo+jwHZG1Az1sjcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynYELzll1dJ86LsXZYr9Uqpevs0jyMPJ3AK5+DBFVThDmrQAAYIz/AKb86D8+K8Ox/z1pyziPAY/sD5/AH4G415</latexit>

h

<latexit sha1_base64="MybfnUiF8TSah5Ee+s14jv0z3ZA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeIIB4TMA9IljA76U3GzM4uM7NCWALevXhQxKuf5M2/cfI4aGJBQ1HVTXdXkAiujet+O7mV1bX1jfxmYWt7Z3evuH/Q0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3H1FpHst7M0rQj2hf8pAzaqxUu+4WS27ZnYIsE29OSjBHtVv86vRilkYoDRNU67bnJsbPqDKcCRwXOqnGhLIh7WPbUkkj1H42PXRMTqzSI2GsbElDpurviYxGWo+iwHZG1Az0ojcR//PaqQmv/IzLJDUo2WxRmApiYjL5mvS4QmbEyBLKFLe3EjagijJjsynYELzFl5dJ46zsXZTPa+elyu3TLI48HMExnIIHl1CBO6hCHRggPMMrvDkPzovz7nzMWnPOPMJD+APn8we8/41S</latexit>

A

<latexit sha1_base64="+lwlngJaNSVGOup9RJCBQP9/I8E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLz1WsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7D73+09UaRbLRzNPqC/wVLKQEWxyaUQiNq7W3Lq7BNokXkFqUKAzrn6NJjFJBZWGcKz10HMT42dYGUY4XVRGqaYJJjM8pUNLJRZU+9ny1gW6ssoEhbGyJQ1aqr8nMiy0novAdgpsIr3u5eJ/3jA14Z2fMZmkhkqyWhSmHJkY5Y+jCVOUGD63BBPF7K2IRFhhYmw8FRuCt/7yJund1L1mvfHQqLXaRRxluIBLuAYPbqEFbehAFwhE8Ayv8OYI58V5dz5WrSWnmDmHP3A+fwAEdo5B</latexit>�

<latexit sha1_base64="+lwlngJaNSVGOup9RJCBQP9/I8E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLz1WsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7D73+09UaRbLRzNPqC/wVLKQEWxyaUQiNq7W3Lq7BNokXkFqUKAzrn6NJjFJBZWGcKz10HMT42dYGUY4XVRGqaYJJjM8pUNLJRZU+9ny1gW6ssoEhbGyJQ1aqr8nMiy0novAdgpsIr3u5eJ/3jA14Z2fMZmkhkqyWhSmHJkY5Y+jCVOUGD63BBPF7K2IRFhhYmw8FRuCt/7yJund1L1mvfHQqLXaRRxluIBLuAYPbqEFbehAFwhE8Ayv8OYI58V5dz5WrSWnmDmHP3A+fwAEdo5B</latexit>�

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q

0 500 1000 1500 2000
0.000

0.001

0.002

0.003

0.004

0.005

0.006

ETmiss [GeV]

1/
�
d�

/d
E Tm

is
s
[G
eV

-
1 ]

Z�-2HDM, MZ � ,A= {2500, 600} GeV

Jacobian peak in ET,miss spectrum 
due to resonant Z′ contribution



34

Constraints on 2HDM+Z′ model

[Agryopoulos, Brandt & UH, 2109.13597]
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Constraints on 2HDM+Z′ model

[Agryopoulos, Brandt & UH, 2109.13597]
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Two mediator DM (2MDM) model
<latexit sha1_base64="f6FNgcakCfQOhgmhYGyUegEJ1Iw="></latexit>

H S q l �

U(1)Z0 0 qS = �2q� qq 0 q�

SM Higgs doublet uncharged 
to avoid Z-Z′ mixing. Also 

forbids tree-level ZZ′h vertex

<latexit sha1_base64="ooQ6pTe2Dw4aE5wSG9KktCsNO80="></latexit>

L = �g0

2
q�Z

0µ �̄�µ�5�� y�
2
�̄ (PLS + PRS

⇤) �

+ 4g02q2�Z
0µZ 0

µS
†S � g0qqZ

0µ
X

q

q̄�µq

Majorana DM to avoid 
direct detection

complex dark Higgs

[Duerr, Kahlhoefer, Schmidt-Hoberg, Schwetz & Vogl, 1606.07609]
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Two mediator DM (2MDM) model

<latexit sha1_base64="84g9iHc3/ApQbJGYquefpWAjCKk=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquiHoseBHxUMF+QLuUbJrdhmaTJZlVaukv8eJBEa/+FG/+G9N2D9r6YODx3gwz88JUcAOe9+0UVlbX1jeKm6Wt7Z3dsru33zQq05Q1qBJKt0NimOCSNYCDYO1UM5KEgrXC4dXUbz0wbbiS9zBKWZCQWPKIUwJW6rnl7q2SsebxAIjW6rHnVryqNwNeJn5OKihHved+dfuKZgmTQAUxpuN7KQRjooFTwSalbmZYSuiQxKxjqSQJM8F4dvgEH1uljyOlbUnAM/X3xJgkxoyS0HYmBAZm0ZuK/3mdDKLLYMxlmgGTdL4oygQGhacp4D7XjIIYWUKo5vZWTAdEEwo2q5INwV98eZk0T6v+efXs7qxSu8njKKJDdIROkI8uUA1dozpqIIoy9Ixe0Zvz5Lw4787HvLXg5DMH6A+czx9FbpOH</latexit>

=)

<latexit sha1_base64="84g9iHc3/ApQbJGYquefpWAjCKk=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquiHoseBHxUMF+QLuUbJrdhmaTJZlVaukv8eJBEa/+FG/+G9N2D9r6YODx3gwz88JUcAOe9+0UVlbX1jeKm6Wt7Z3dsru33zQq05Q1qBJKt0NimOCSNYCDYO1UM5KEgrXC4dXUbz0wbbiS9zBKWZCQWPKIUwJW6rnl7q2SsebxAIjW6rHnVryqNwNeJn5OKihHved+dfuKZgmTQAUxpuN7KQRjooFTwSalbmZYSuiQxKxjqSQJM8F4dvgEH1uljyOlbUnAM/X3xJgkxoyS0HYmBAZm0ZuK/3mdDKLLYMxlmgGTdL4oygQGhacp4D7XjIIYWUKo5vZWTAdEEwo2q5INwV98eZk0T6v+efXs7qxSu8njKKJDdIROkI8uUA1dozpqIIoy9Ixe0Zvz5Lw4787HvLXg5DMH6A+czx9FbpOH</latexit>

=)
<latexit sha1_base64="rYx4ZsCGlTPhk3PI2IbfWGqMwOY="></latexit>

hSi = 1p
2

✓
0
w

◆
<latexit sha1_base64="+p80qqzHBB5RjjV+8i+BdFHsnJk="></latexit>

mZ0 = 2g0q� , m� =
y�wp

2

<latexit sha1_base64="wefuPfYrFBcAnzMk9uzjtNVNYY4="></latexit>

L = �g�
2
Z 0µ �̄�µ�5�� g�m�

mZ0
s��̄

+ 2g2�Z
0µZ 0

µ

✓
mZ0

g�
s+ s2

◆
� gqZ

0µ
X

q

q̄�µq

[Duerr, Kahlhoefer, Schmidt-Hoberg, Schwetz & Vogl, 1606.07609]
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Two mediator DM (2MDM) model

[Duerr, Kahlhoefer, Schmidt-Hoberg, Schwetz & Vogl, 1606.07609]

<latexit sha1_base64="wefuPfYrFBcAnzMk9uzjtNVNYY4="></latexit>

L = �g�
2
Z 0µ �̄�µ�5�� g�m�

mZ0
s��̄

+ 2g2�Z
0µZ 0

µ

✓
mZ0

g�
s+ s2

◆
� gqZ

0µ
X

q

q̄�µq

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q
<latexit sha1_base64="3oROewNmLTHfqIf8vll6S7z9wA8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAIB4jmAcma5id9CZDZmfXmVkhLAG/wYsHRbz6O978GyePgyYWNBRV3XR3BYng2rjut5NbWl5ZXcuvFzY2t7Z3irt7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMLsd+4xGV5rG8NcME/Yj2JA85o8ZKzbv7dqJ4hJ1iyS27E5BF4s1ICWaodopf7W7M0gilYYJq3fLcxPgZVYYzgaNCO9WYUDagPWxZKmmE2s8m947IkVW6JIyVLWnIRP09kdFI62EU2M6Imr6e98bif14rNeGFn3GZpAYlmy4KU0FMTMbPky5XyIwYWkKZ4vZWwvpUUWZsRAUbgjf/8iKpn5S9s/LpzWmpcvU0jSMPB3AIx+DBOVTgGqpQAwYCnuEV3pwH58V5dz6mrTlnFuE+/IHz+QM+SpCI</latexit>

Z 0

<latexit sha1_base64="+lwlngJaNSVGOup9RJCBQP9/I8E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLz1WsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7D73+09UaRbLRzNPqC/wVLKQEWxyaUQiNq7W3Lq7BNokXkFqUKAzrn6NJjFJBZWGcKz10HMT42dYGUY4XVRGqaYJJjM8pUNLJRZU+9ny1gW6ssoEhbGyJQ1aqr8nMiy0novAdgpsIr3u5eJ/3jA14Z2fMZmkhkqyWhSmHJkY5Y+jCVOUGD63BBPF7K2IRFhhYmw8FRuCt/7yJund1L1mvfHQqLXaRRxluIBLuAYPbqEFbehAFwhE8Ayv8OYI58V5dz5WrSWnmDmHP3A+fwAEdo5B</latexit>�

<latexit sha1_base64="+lwlngJaNSVGOup9RJCBQP9/I8E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLz1WsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7D73+09UaRbLRzNPqC/wVLKQEWxyaUQiNq7W3Lq7BNokXkFqUKAzrn6NJjFJBZWGcKz10HMT42dYGUY4XVRGqaYJJjM8pUNLJRZU+9ny1gW6ssoEhbGyJQ1aqr8nMiy0novAdgpsIr3u5eJ/3jA14Z2fMZmkhkqyWhSmHJkY5Y+jCVOUGD63BBPF7K2IRFhhYmw8FRuCt/7yJund1L1mvfHQqLXaRRxluIBLuAYPbqEFbehAFwhE8Ayv8OYI58V5dz5WrSWnmDmHP3A+fwAEdo5B</latexit>�

<latexit sha1_base64="+lwlngJaNSVGOup9RJCBQP9/I8E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLz1WsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7D73+09UaRbLRzNPqC/wVLKQEWxyaUQiNq7W3Lq7BNokXkFqUKAzrn6NJjFJBZWGcKz10HMT42dYGUY4XVRGqaYJJjM8pUNLJRZU+9ny1gW6ssoEhbGyJQ1aqr8nMiy0novAdgpsIr3u5eJ/3jA14Z2fMZmkhkqyWhSmHJkY5Y+jCVOUGD63BBPF7K2IRFhhYmw8FRuCt/7yJund1L1mvfHQqLXaRRxluIBLuAYPbqEFbehAFwhE8Ayv8OYI58V5dz5WrSWnmDmHP3A+fwAEdo5B</latexit>�

<latexit sha1_base64="+lwlngJaNSVGOup9RJCBQP9/I8E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLz1WsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7D73+09UaRbLRzNPqC/wVLKQEWxyaUQiNq7W3Lq7BNokXkFqUKAzrn6NJjFJBZWGcKz10HMT42dYGUY4XVRGqaYJJjM8pUNLJRZU+9ny1gW6ssoEhbGyJQ1aqr8nMiy0novAdgpsIr3u5eJ/3jA14Z2fMZmkhkqyWhSmHJkY5Y+jCVOUGD63BBPF7K2IRFhhYmw8FRuCt/7yJund1L1mvfHQqLXaRRxluIBLuAYPbqEFbehAFwhE8Ayv8OYI58V5dz5WrSWnmDmHP3A+fwAEdo5B</latexit>�
<latexit sha1_base64="3oROewNmLTHfqIf8vll6S7z9wA8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAIB4jmAcma5id9CZDZmfXmVkhLAG/wYsHRbz6O978GyePgyYWNBRV3XR3BYng2rjut5NbWl5ZXcuvFzY2t7Z3irt7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMLsd+4xGV5rG8NcME/Yj2JA85o8ZKzbv7dqJ4hJ1iyS27E5BF4s1ICWaodopf7W7M0gilYYJq3fLcxPgZVYYzgaNCO9WYUDagPWxZKmmE2s8m947IkVW6JIyVLWnIRP09kdFI62EU2M6Imr6e98bif14rNeGFn3GZpAYlmy4KU0FMTMbPky5XyIwYWkKZ4vZWwvpUUWZsRAUbgjf/8iKpn5S9s/LpzWmpcvU0jSMPB3AIx+DBOVTgGqpQAwYCnuEV3pwH58V5dz6mrTlnFuE+/IHz+QM+SpCI</latexit>

Z 0

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q<latexit sha1_base64="3oROewNmLTHfqIf8vll6S7z9wA8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAIB4jmAcma5id9CZDZmfXmVkhLAG/wYsHRbz6O978GyePgyYWNBRV3XR3BYng2rjut5NbWl5ZXcuvFzY2t7Z3irt7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMLsd+4xGV5rG8NcME/Yj2JA85o8ZKzbv7dqJ4hJ1iyS27E5BF4s1ICWaodopf7W7M0gilYYJq3fLcxPgZVYYzgaNCO9WYUDagPWxZKmmE2s8m947IkVW6JIyVLWnIRP09kdFI62EU2M6Imr6e98bif14rNeGFn3GZpAYlmy4KU0FMTMbPky5XyIwYWkKZ4vZWwvpUUWZsRAUbgjf/8iKpn5S9s/LpzWmpcvU0jSMPB3AIx+DBOVTgGqpQAwYCnuEV3pwH58V5dz6mrTlnFuE+/IHz+QM+SpCI</latexit>

Z 0

<latexit sha1_base64="3oROewNmLTHfqIf8vll6S7z9wA8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAIB4jmAcma5id9CZDZmfXmVkhLAG/wYsHRbz6O978GyePgyYWNBRV3XR3BYng2rjut5NbWl5ZXcuvFzY2t7Z3irt7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMLsd+4xGV5rG8NcME/Yj2JA85o8ZKzbv7dqJ4hJ1iyS27E5BF4s1ICWaodopf7W7M0gilYYJq3fLcxPgZVYYzgaNCO9WYUDagPWxZKmmE2s8m947IkVW6JIyVLWnIRP09kdFI62EU2M6Imr6e98bif14rNeGFn3GZpAYlmy4KU0FMTMbPky5XyIwYWkKZ4vZWwvpUUWZsRAUbgjf/8iKpn5S9s/LpzWmpcvU0jSMPB3AIx+DBOVTgGqpQAwYCnuEV3pwH58V5dz6mrTlnFuE+/IHz+QM+SpCI</latexit>

Z 0

<latexit sha1_base64="oEGwPRJt6rlKQDD5dCqjQmGAqmg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWaup+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7Yuqd1mtNWuV+l0eRxFO4BTOwYMrqMMtNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AOP7jQg=</latexit>s

<latexit sha1_base64="oEGwPRJt6rlKQDD5dCqjQmGAqmg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWaup+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7Yuqd1mtNWuV+l0eRxFO4BTOwYMrqMMtNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AOP7jQg=</latexit>s
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2MDM model: LHC signatures

<latexit sha1_base64="3oROewNmLTHfqIf8vll6S7z9wA8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAIB4jmAcma5id9CZDZmfXmVkhLAG/wYsHRbz6O978GyePgyYWNBRV3XR3BYng2rjut5NbWl5ZXcuvFzY2t7Z3irt7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMLsd+4xGV5rG8NcME/Yj2JA85o8ZKzbv7dqJ4hJ1iyS27E5BF4s1ICWaodopf7W7M0gilYYJq3fLcxPgZVYYzgaNCO9WYUDagPWxZKmmE2s8m947IkVW6JIyVLWnIRP09kdFI62EU2M6Imr6e98bif14rNeGFn3GZpAYlmy4KU0FMTMbPky5XyIwYWkKZ4vZWwvpUUWZsRAUbgjf/8iKpn5S9s/LpzWmpcvU0jSMPB3AIx+DBOVTgGqpQAwYCnuEV3pwH58V5dz6mrTlnFuE+/IHz+QM+SpCI</latexit>

Z 0

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q<latexit sha1_base64="+lwlngJaNSVGOup9RJCBQP9/I8E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLz1WsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7D73+09UaRbLRzNPqC/wVLKQEWxyaUQiNq7W3Lq7BNokXkFqUKAzrn6NJjFJBZWGcKz10HMT42dYGUY4XVRGqaYJJjM8pUNLJRZU+9ny1gW6ssoEhbGyJQ1aqr8nMiy0novAdgpsIr3u5eJ/3jA14Z2fMZmkhkqyWhSmHJkY5Y+jCVOUGD63BBPF7K2IRFhhYmw8FRuCt/7yJund1L1mvfHQqLXaRRxluIBLuAYPbqEFbehAFwhE8Ayv8OYI58V5dz5WrSWnmDmHP3A+fwAEdo5B</latexit>�

<latexit sha1_base64="+lwlngJaNSVGOup9RJCBQP9/I8E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLz1WsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7D73+09UaRbLRzNPqC/wVLKQEWxyaUQiNq7W3Lq7BNokXkFqUKAzrn6NJjFJBZWGcKz10HMT42dYGUY4XVRGqaYJJjM8pUNLJRZU+9ny1gW6ssoEhbGyJQ1aqr8nMiy0novAdgpsIr3u5eJ/3jA14Z2fMZmkhkqyWhSmHJkY5Y+jCVOUGD63BBPF7K2IRFhhYmw8FRuCt/7yJund1L1mvfHQqLXaRRxluIBLuAYPbqEFbehAFwhE8Ayv8OYI58V5dz5WrSWnmDmHP3A+fwAEdo5B</latexit>�

<latexit sha1_base64="3oROewNmLTHfqIf8vll6S7z9wA8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAIB4jmAcma5id9CZDZmfXmVkhLAG/wYsHRbz6O978GyePgyYWNBRV3XR3BYng2rjut5NbWl5ZXcuvFzY2t7Z3irt7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMLsd+4xGV5rG8NcME/Yj2JA85o8ZKzbv7dqJ4hJ1iyS27E5BF4s1ICWaodopf7W7M0gilYYJq3fLcxPgZVYYzgaNCO9WYUDagPWxZKmmE2s8m947IkVW6JIyVLWnIRP09kdFI62EU2M6Imr6e98bif14rNeGFn3GZpAYlmy4KU0FMTMbPky5XyIwYWkKZ4vZWwvpUUWZsRAUbgjf/8iKpn5S9s/LpzWmpcvU0jSMPB3AIx+DBOVTgGqpQAwYCnuEV3pwH58V5dz6mrTlnFuE+/IHz+QM+SpCI</latexit>

Z 0

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q

<latexit sha1_base64="nHPeV2xl3Sxi4TJ5C8nb3EtVfww=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasI7P+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6N9Xr5nWlVs/jKMIZnMMleHALNahDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MH0TGM+g==</latexit>g

ATLAS & CMS have recently studied mono-s production in s→bb & s→VV channel. 
Mono-jet signal & searches for Z′ resonance in dijet & ditop production so far not 
studied by LHC experiments 

<latexit sha1_base64="3oROewNmLTHfqIf8vll6S7z9wA8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAIB4jmAcma5id9CZDZmfXmVkhLAG/wYsHRbz6O978GyePgyYWNBRV3XR3BYng2rjut5NbWl5ZXcuvFzY2t7Z3irt7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMLsd+4xGV5rG8NcME/Yj2JA85o8ZKzbv7dqJ4hJ1iyS27E5BF4s1ICWaodopf7W7M0gilYYJq3fLcxPgZVYYzgaNCO9WYUDagPWxZKmmE2s8m947IkVW6JIyVLWnIRP09kdFI62EU2M6Imr6e98bif14rNeGFn3GZpAYlmy4KU0FMTMbPky5XyIwYWkKZ4vZWwvpUUWZsRAUbgjf/8iKpn5S9s/LpzWmpcvU0jSMPB3AIx+DBOVTgGqpQAwYCnuEV3pwH58V5dz6mrTlnFuE+/IHz+QM+SpCI</latexit>

Z 0 <latexit sha1_base64="+lwlngJaNSVGOup9RJCBQP9/I8E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLz1WsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7D73+09UaRbLRzNPqC/wVLKQEWxyaUQiNq7W3Lq7BNokXkFqUKAzrn6NJjFJBZWGcKz10HMT42dYGUY4XVRGqaYJJjM8pUNLJRZU+9ny1gW6ssoEhbGyJQ1aqr8nMiy0novAdgpsIr3u5eJ/3jA14Z2fMZmkhkqyWhSmHJkY5Y+jCVOUGD63BBPF7K2IRFhhYmw8FRuCt/7yJund1L1mvfHQqLXaRRxluIBLuAYPbqEFbehAFwhE8Ayv8OYI58V5dz5WrSWnmDmHP3A+fwAEdo5B</latexit>�

<latexit sha1_base64="+lwlngJaNSVGOup9RJCBQP9/I8E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLz1WsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7D73+09UaRbLRzNPqC/wVLKQEWxyaUQiNq7W3Lq7BNokXkFqUKAzrn6NJjFJBZWGcKz10HMT42dYGUY4XVRGqaYJJjM8pUNLJRZU+9ny1gW6ssoEhbGyJQ1aqr8nMiy0novAdgpsIr3u5eJ/3jA14Z2fMZmkhkqyWhSmHJkY5Y+jCVOUGD63BBPF7K2IRFhhYmw8FRuCt/7yJund1L1mvfHQqLXaRRxluIBLuAYPbqEFbehAFwhE8Ayv8OYI58V5dz5WrSWnmDmHP3A+fwAEdo5B</latexit>�

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q
<latexit sha1_base64="3oROewNmLTHfqIf8vll6S7z9wA8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAIB4jmAcma5id9CZDZmfXmVkhLAG/wYsHRbz6O978GyePgyYWNBRV3XR3BYng2rjut5NbWl5ZXcuvFzY2t7Z3irt7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMLsd+4xGV5rG8NcME/Yj2JA85o8ZKzbv7dqJ4hJ1iyS27E5BF4s1ICWaodopf7W7M0gilYYJq3fLcxPgZVYYzgaNCO9WYUDagPWxZKmmE2s8m947IkVW6JIyVLWnIRP09kdFI62EU2M6Imr6e98bif14rNeGFn3GZpAYlmy4KU0FMTMbPky5XyIwYWkKZ4vZWwvpUUWZsRAUbgjf/8iKpn5S9s/LpzWmpcvU0jSMPB3AIx+DBOVTgGqpQAwYCnuEV3pwH58V5dz6mrTlnFuE+/IHz+QM+SpCI</latexit>

Z 0

<latexit sha1_base64="oEGwPRJt6rlKQDD5dCqjQmGAqmg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF/HUgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWaup+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7Yuqd1mtNWuV+l0eRxFO4BTOwYMrqMMtNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AOP7jQg=</latexit>s
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Figure 18. Most relevant 95% CL exclusion contours in the mZ0 – ms plane in the 2MDM model.
The shown results correspond to the benchmark scenario (45) as indicated in the headline of the
plot. The solid black line corresponds to the analysis in [218] with hadronic decays of W or Z bosons,
while the dashed black line corresponds to the analysis in [219] with leptonic decays of W bosons.
The solid green line is taken from [217]. The solid orange, dashed cyan and solid purple vertical
lines follow from a reinterpretation of the dijet [189], tt̄ [191] and mono-jet search [169], respectively.
The pink hatching indicates the direction for which the DM relic density is larger than observed.
Further details are discussed in the main text.

search [169]. In this context one however has to remember that the mono-jet limit given
in (49) does not include the contributions of the s(VV) + Emiss

T and s(bb̄) + Emiss
T processes.

The obtained mono-jet bound therefore provides a conservative lower limit on the actual
sensitivity of the j + Emiss

T search [169] for the 2MDM benchmark (45) — we estimate that
including s + Emiss

T contributions would strengthen the mono-jet limits by around 15% (5%)
at ms = 100 GeV (ms = 200 GeV). It is also evident from the figure that our recast of the
dijet [189] and tt̄ search [191] has a higher mass reach in mZ0 than the mono-X searches.
We note that the 2MDM model can also give rise to hh + Emiss

T and tt̄ + Emiss
T signatures.

The former signal can be constrained for instance by using the results of [225,226] that
studies final states with at least three b-jets and Emiss

T (see also [227] for an exploration of
the hh + Emiss

T signature in simplified models of hidden sectors). Estimating the sensitivity
of multi b-jet plus Emiss

T searches to the hh+ Emiss
T signature in the 2MDM model is however

beyond the scope of this review. The latter signal can be targeted by standard tt̄ + Emiss
T

searches (cf. for example [145,166,168]). Employing [168] we expect that for (45) the HL-
LHC with 3 ab�1 may be able to set the bounds MZ0 & 500 GeV for ms ' 750 GeV and
MZ0 & 1.5 TeV for ms ' 400 GeV. We finally add that the 2HDM model can lead to
interesting LLP signatures if the mixing between the SM and the dark Higgs is switched
off, because in such a case the dark Higgs can only decay through EW gauge boson loops.
For details see the recent publication [228].

5. Models with exotic Higgs decays involving LLPs
BSM scenarios with hidden sectors that are connected to the SM sector through

the 125 GeV Higgs boson are being actively explored at colliders. Such scenarios are
often characterised by new electrically neutral LLPs. These LLPs typically decay into
SM particles, leaving a displaced vertex signature in the detector. The identification of
such signatures is non-trivial and often requires dedicated triggering and reconstruction
algorithms — see [229,230] for a detailed review of experimental aspects of LLPs at the
LHC. Generally speaking, LLP signatures can arise in a multitude of BSM models ranging
from SUSY, theories of neutral naturalness, hidden valley models and composite Higgs
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Constraints on 2MDM model

[Agryopoulos, Brandt & UH, 2109.13597]
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Neutral naturalness

[Chacko et al., hep-ph/0506256; Burdman et al., hep-ph/0609152; Cai et al., 0812.0843;  Craig et al., 1410.6808]

In models of neutral naturalness such as twin Higgs, folded supersymmetry, quirky 
little Higgs & orbifold Higgs, large top corrections to Higgs mass are cancelled by 
uncoloured top partners. This relaxes harsh LHC constraints from QCD production
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Neutral naturalness

[Chacko et al., hep-ph/0506256; Burdman et al., hep-ph/0609152; Cai et al., 0812.0843;  Craig et al., 1410.6808]

Cancellation is achieved with discrete symmetries that must be nearly exact in top 
sector. Since QCD coupling drives renormalisation group running of top Yukawa yt, 
viable theories of neutral naturalness contain at least a new QCD-like hidden gauge 
group with a coupling αs with a strength similar to αs ˆ
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Neutral naturalness

[Chacko et al., hep-ph/0506256; Burdman et al., hep-ph/0609152; Cai et al., 0812.0843;  Craig et al., 1410.6808]

In full analogy to SM where top loops generate an effective hgg coupling, in theories 
of neutral naturalness interactions of Higgs & top partners gives rise to an effective 
hgg coupling at one-loop level ˆ ˆ
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<latexit sha1_base64="Lpsf1wtCcwGs2vdJ0bCr+sMr3dM=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeClx4r2A9oQ9lstu3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKTEUjKKVun0UMuQEB+WKW3UXIOvEy0kFcjQH5a9+GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxb3zsiFVUIyjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10txeOtnQiUpcsWWi4apJBiT+fMkFJozlFNLKNPC3krYmGrK0EZUsiF4qy+vk/ZV1buu1u5rlXojj6MIZ3AOl+DBDdShAU1oAQMJz/AKb86j8+K8Ox/L1oKTz5zCHzifP9Hdj9s=</latexit>

t̃
<latexit sha1_base64="Lpsf1wtCcwGs2vdJ0bCr+sMr3dM=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeClx4r2A9oQ9lstu3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKTEUjKKVun0UMuQEB+WKW3UXIOvEy0kFcjQH5a9+GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxb3zsiFVUIyjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10txeOtnQiUpcsWWi4apJBiT+fMkFJozlFNLKNPC3krYmGrK0EZUsiF4qy+vk/ZV1buu1u5rlXojj6MIZ3AOl+DBDdShAU1oAQMJz/AKb86j8+K8Ox/L1oKTz5zCHzifP9Hdj9s=</latexit>

t̃
<latexit sha1_base64="O7Xu1s/0XnX9z4tvwLA2vstsv+M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BQTwmYB6QLGF20puMmZ1dZmaFsAS8e/GgiFc/yZt/4+Rx0MSChqKqm+6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaLSPJb3ZpygH9GB5CFn1FipPuwVS27ZnYGsEm9BSrBArVf86vZjlkYoDRNU647nJsbPqDKcCZwUuqnGhLIRHWDHUkkj1H42O3RCzqzSJ2GsbElDZurviYxGWo+jwHZG1Az1sjcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynYELzll1dJ86LsXZYr9Uqpevs0jyMPJ3AK5+DBFVThDmrQAAYIz/AKb86D8+K8Ox/z1pyziPAY/sD5/AH4G415</latexit>

h

<latexit sha1_base64="Lpsf1wtCcwGs2vdJ0bCr+sMr3dM=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeClx4r2A9oQ9lstu3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKTEUjKKVun0UMuQEB+WKW3UXIOvEy0kFcjQH5a9+GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxb3zsiFVUIyjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10txeOtnQiUpcsWWi4apJBiT+fMkFJozlFNLKNPC3krYmGrK0EZUsiF4qy+vk/ZV1buu1u5rlXojj6MIZ3AOl+DBDdShAU1oAQMJz/AKb86j8+K8Ox/L1oKTz5zCHzifP9Hdj9s=</latexit>

t̃

<latexit sha1_base64="zlbGiFx034hut+9W2mDCjq+yl2M=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeClx4r2A9oQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKREKRtFK7f6YIhkNyhW36i5A1omXkwrkaA7KX/1hzNKIK2SSGtPz3AT9jGoUTPJZqZ8anlA2oSPes1TRiBs/W1w7IxdWGZIw1rYUkoX6eyKjkTHTKLCdEcWxWfXm4n9eL8Xw1s+ESlLkii0XhakkGJP562QoNGcop5ZQpoW9lbAx1ZShDahkQ/BWX14n7auqd12t3dcq9UYeRxHO4BwuwYMbqEMDmtACBo/wDK/w5sTOi/PufCxbC04+cwp/4Hz+ACvwjuU=</latexit>

ĝ

<latexit sha1_base64="zlbGiFx034hut+9W2mDCjq+yl2M=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeClx4r2A9oQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKREKRtFK7f6YIhkNyhW36i5A1omXkwrkaA7KX/1hzNKIK2SSGtPz3AT9jGoUTPJZqZ8anlA2oSPes1TRiBs/W1w7IxdWGZIw1rYUkoX6eyKjkTHTKLCdEcWxWfXm4n9eL8Xw1s+ESlLkii0XhakkGJP562QoNGcop5ZQpoW9lbAx1ZShDahkQ/BWX14n7auqd12t3dcq9UYeRxHO4BwuwYMbqEMDmtACBo/wDK/w5sTOi/PufCxbC04+cwp/4Hz+ACvwjuU=</latexit>

ĝ

<latexit sha1_base64="84g9iHc3/ApQbJGYquefpWAjCKk=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquiHoseBHxUMF+QLuUbJrdhmaTJZlVaukv8eJBEa/+FG/+G9N2D9r6YODx3gwz88JUcAOe9+0UVlbX1jeKm6Wt7Z3dsru33zQq05Q1qBJKt0NimOCSNYCDYO1UM5KEgrXC4dXUbz0wbbiS9zBKWZCQWPKIUwJW6rnl7q2SsebxAIjW6rHnVryqNwNeJn5OKihHved+dfuKZgmTQAUxpuN7KQRjooFTwSalbmZYSuiQxKxjqSQJM8F4dvgEH1uljyOlbUnAM/X3xJgkxoyS0HYmBAZm0ZuK/3mdDKLLYMxlmgGTdL4oygQGhacp4D7XjIIYWUKo5vZWTAdEEwo2q5INwV98eZk0T6v+efXs7qxSu8njKKJDdIROkI8uUA1dozpqIIoy9Ixe0Zvz5Lw4787HvLXg5DMH6A+czx9FbpOH</latexit>

=)
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[Morningstar & Peardon, hep-lat/9901004; Juknevich et al., 0903.0883, 0911.5616]

Other states can decay to a lighter state by emission of a Higgs boson. For v-glueball states
which can decay either through dimension-eight operators or through the emission of a Higgs
boson the situation is rather involved, with the relative branching ratios depending on the
various parameters and the unknown v-glueball matrix elements.

Our primary motivation here is in the case where the lifetimes are short enough that at
least a few v-glueball decays can be observed at the LHC detectors. This typically requires
the lifetimes of the hidden particles to be shorter than a few micro-seconds, if the production
cross-section is substantial. The key point in our scenario is that with different operators
describing the decays, often competing with each other, we typically find a large spread in the
lifetimes of the v-glueballs, even after all the parameters have been fixed. Then there is no
necessity to adjust any parameter to obtain short lifetimes.

Incidentally, our results are also relevant for studies of dark matter, either in the case of self-
interacting dark matter [21], where the v-glueballs would be the dark matter candidates, or
indirectly, in a recent attempt to study scenarios of dark matter with novel signatures [22, 23].

Figure 1: Spectrum of stable glueballs in pure glue SU(3) theory [12]. Masses are shown in
units of the lightest v-glueball mass m0.

This work is organized as follows. In section 2, we introduce our model and describe the
effective interactions coupling the two sectors. We also classify the matrix elements. Section
3 presents our computation of the decay modes. Section 4 is devoted to a summary of the
different experimental constraints on the parameters of the model. Then in section 5 we present
our numerical estimates for the branching ratios. Possible generalizations of the model are
described in section 6. Finally, we conclude in section 7 with a brief summary of our results
and some comments. Additional computations appear in the appendix.

4

In pure SU(3) theories JCP = 0++ 
glueball is lightest bound state 

<latexit sha1_base64="+lc+soDinBxtrh3I+rx0wa4W3Dc=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAIrsqMiLosuBFXFewD2mHIpJk2NMkMSUaoQ7/EjQtF3Pop7vwb03YW2nrgXg7n3EtuTpRypo3nfTultfWNza3ydmVnd2+/6h4ctnWSKUJbJOGJ6kZYU84kbRlmOO2mimIRcdqJxjczv/NIlWaJfDCTlAYCDyWLGcHGSqFb7ccKk1yEbGqbNw3dmlf35kCrxC9IDQo0Q/erP0hIJqg0hGOte76XmiDHyjDC6bTSzzRNMRnjIe1ZKrGgOsjnh0/RqVUGKE6ULWnQXP29kWOh9UREdlJgM9LL3kz8z+tlJr4OcibTzFBJFg/FGUcmQbMU0IApSgyfWIKJYvZWREbYJmFsVhUbgr/85VXSPq/7l/WL+4ta466IowzHcAJn4MMVNOAWmtACAhk8wyu8OU/Oi/PufCxGS06xcwR/4Hz+ABwdk2s=</latexit>mi

m0

<latexit sha1_base64="P9uasY93ZNHX8NrREKutYM3hNaM="></latexit>

m0 ' 7⇤QCD ' 1.7GeV
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<latexit sha1_base64="xNTMkNVrIOyL0X6CaLzo4+99MQY="></latexit>

m̂0 =
⇤̂Landau

⇤Landau
m0 ' 11 ⇤̂Landau

<latexit sha1_base64="XJUfCO/RxyNAx4xYgmkqzMDzaoo="></latexit>

�̂ =

8
><

>:

11� 2

3
N̂f , mt̃ < µ < M⇤

11 , mt̃ < M

<latexit sha1_base64="VdBiRreSOFy2HOJXpXUMqYHTCEI=">AAACFHicbVDJSgNBEO1xjXEb9eilMQgRIcxIUC9CwIsIQgSzQCYMNZ1O0qRnobtGCCEf4cVf8eJBEa8evPk3dpaDJnlQ8Hiviqp6QSKFRsf5sZaWV1bX1jMb2c2t7Z1de2+/quNUMV5hsYxVPQDNpYh4BQVKXk8UhzCQvBb0rkd+7ZErLeLoAfsJb4bQiURbMEAj+fap1wWkHsikC76m+TvfA40n9GqB5ts5p+CMQeeJOyU5MkXZt7+9VszSkEfIJGjdcJ0EmwNQKJjkw6yXap4A60GHNwyNIOS6ORg/NaTHRmnRdqxMRUjH6t+JAYRa98PAdIaAXT3rjcRFXiPF9mVzIKIkRR6xyaJ2KinGdJQQbQnFGcq+IcCUMLdS1gUFDE2OWROCO/vyPKmeFdzzQvG+mCvdTuPIkENyRPLEJRekRG5ImVQII0/khbyRd+vZerU+rM9J65I1nTkg/2B9/QKUSJyq</latexit>

↵̂s(M⇤) = ↵s(M⇤)

<latexit sha1_base64="uMgCZLciI7XgWQS38IFtPs18nb8=">AAACIHicbVDLSgMxFM34rPVVdekmWIS6KTMi6kYouBHpooJ9QKcMdzKZNjSTGZKMUIb5FDf+ihsXiuhOv8b0sdDWA4GTc+69yT1+wpnStv1lLS2vrK6tFzaKm1vbO7ulvf2WilNJaJPEPJYdHxTlTNCmZprTTiIpRD6nbX94PfbbD1QqFot7PUpoL4K+YCEjoI3klS7cUALJnDxzB6CxCzwZgKdwZXqtm0kBeJkrI1wHEUCan+T4CtteqWxX7QnwInFmpIxmaHilTzeISRpRoQkHpbqOneheBlIzwmledFNFEyBD6NOuoQIiqnrZZMEcHxslwGEszREaT9TfHRlESo0i31RGoAdq3huL/3ndVIeXvYyJJNVUkOlDYcqxjvE4LRwwSYnmI0OASGb+iskATGLaZFo0ITjzKy+S1mnVOa+e3Z2Va7ezOAroEB2hCnLQBaqhG9RATUTQI3pGr+jNerJerHfrY1q6ZM16DtAfWN8/PLmiYw==</latexit>

1

↵̂s(⇤̂Landau)
= 0

m� 0 = 20 GeV

m� 0 = 25 GeV

m� 0 = 30 GeV

m� 0 = 35 GeV

m� 0 = 40 GeV

m� 0 = 45 GeV
m� 0 = 50 GeV

5 10 15 20
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[Craig, Knapen & Longhi, 1410.6808; Agryopoulos, Brandt & UH, 2109.13597]
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<latexit sha1_base64="zlbGiFx034hut+9W2mDCjq+yl2M=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeClx4r2A9oQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKREKRtFK7f6YIhkNyhW36i5A1omXkwrkaA7KX/1hzNKIK2SSGtPz3AT9jGoUTPJZqZ8anlA2oSPes1TRiBs/W1w7IxdWGZIw1rYUkoX6eyKjkTHTKLCdEcWxWfXm4n9eL8Xw1s+ESlLkii0XhakkGJP562QoNGcop5ZQpoW9lbAx1ZShDahkQ/BWX14n7auqd12t3dcq9UYeRxHO4BwuwYMbqEMDmtACBo/wDK/w5sTOi/PufCxbC04+cwp/4Hz+ACvwjuU=</latexit>

ĝ

<latexit sha1_base64="zlbGiFx034hut+9W2mDCjq+yl2M=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeClx4r2A9oQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKREKRtFK7f6YIhkNyhW36i5A1omXkwrkaA7KX/1hzNKIK2SSGtPz3AT9jGoUTPJZqZ8anlA2oSPes1TRiBs/W1w7IxdWGZIw1rYUkoX6eyKjkTHTKLCdEcWxWfXm4n9eL8Xw1s+ESlLkii0XhakkGJP562QoNGcop5ZQpoW9lbAx1ZShDahkQ/BWX14n7auqd12t3dcq9UYeRxHO4BwuwYMbqEMDmtACBo/wDK/w5sTOi/PufCxbC04+cwp/4Hz+ACvwjuU=</latexit>

ĝ

<latexit sha1_base64="O7Xu1s/0XnX9z4tvwLA2vstsv+M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BQTwmYB6QLGF20puMmZ1dZmaFsAS8e/GgiFc/yZt/4+Rx0MSChqKqm+6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaLSPJb3ZpygH9GB5CFn1FipPuwVS27ZnYGsEm9BSrBArVf86vZjlkYoDRNU647nJsbPqDKcCZwUuqnGhLIRHWDHUkkj1H42O3RCzqzSJ2GsbElDZurviYxGWo+jwHZG1Az1sjcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynYELzll1dJ86LsXZYr9Uqpevs0jyMPJ3AK5+DBFVThDmrQAAYIz/AKb86D8+K8Ox/z1pyziPAY/sD5/AH4G415</latexit>

h

<latexit sha1_base64="ZCuRBmT/k3IefVp8kHyDQPO4Ec8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBKJRdKdVjwUuPFewHtGvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305uY3Nreye/W9jbPzg8Kh6ftLVMFKEtIrlU3QBrypmgLcMMp91YURwFnHaCye3c7zxRpZkU92YaUz/CI8FCRrCxUtt9SMvl2aBYcivuAmideBkpQYbmoPjVH0qSRFQYwrHWPc+NjZ9iZRjhdFboJ5rGmEzwiPYsFTii2k8X187QhVWGKJTKljBoof6eSHGk9TQKbGeEzVivenPxP6+XmPDGT5mIE0MFWS4KE46MRPPX0ZApSgyfWoKJYvZWRMZYYWJsQAUbgrf68jppX1W8WqV6Vy3VG1kceTiDc7gED66hDg1oQgsIPMIzvMKbI50X5935WLbmnGzmFP7A+fwBw5SOoQ==</latexit>

0++

<latexit sha1_base64="ZCuRBmT/k3IefVp8kHyDQPO4Ec8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBKJRdKdVjwUuPFewHtGvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305uY3Nreye/W9jbPzg8Kh6ftLVMFKEtIrlU3QBrypmgLcMMp91YURwFnHaCye3c7zxRpZkU92YaUz/CI8FCRrCxUtt9SMvl2aBYcivuAmideBkpQYbmoPjVH0qSRFQYwrHWPc+NjZ9iZRjhdFboJ5rGmEzwiPYsFTii2k8X187QhVWGKJTKljBoof6eSHGk9TQKbGeEzVivenPxP6+XmPDGT5mIE0MFWS4KE46MRPPX0ZApSgyfWoKJYvZWRMZYYWJsQAUbgrf68jppX1W8WqV6Vy3VG1kceTiDc7gED66hDg1oQgsIPMIzvMKbI50X5935WLbmnGzmFP7A+fwBw5SOoQ==</latexit>

0++

<latexit sha1_base64="b90GfYiJ1EaXLLpZ6d5jTVcT8O4="></latexit>

2 · 10�5 . BR
�
h ! 0++0++

�
. 1 · 10�2

<latexit sha1_base64="ZCuRBmT/k3IefVp8kHyDQPO4Ec8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBKJRdKdVjwUuPFewHtGvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305uY3Nreye/W9jbPzg8Kh6ftLVMFKEtIrlU3QBrypmgLcMMp91YURwFnHaCye3c7zxRpZkU92YaUz/CI8FCRrCxUtt9SMvl2aBYcivuAmideBkpQYbmoPjVH0qSRFQYwrHWPc+NjZ9iZRjhdFboJ5rGmEzwiPYsFTii2k8X187QhVWGKJTKljBoof6eSHGk9TQKbGeEzVivenPxP6+XmPDGT5mIE0MFWS4KE46MRPPX0ZApSgyfWoKJYvZWRMZYYWJsQAUbgrf68jppX1W8WqV6Vy3VG1kceTiDc7gED66hDg1oQgsIPMIzvMKbI50X5935WLbmnGzmFP7A+fwBw5SOoQ==</latexit>

0++ <latexit sha1_base64="O7Xu1s/0XnX9z4tvwLA2vstsv+M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BQTwmYB6QLGF20puMmZ1dZmaFsAS8e/GgiFc/yZt/4+Rx0MSChqKqm+6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaLSPJb3ZpygH9GB5CFn1FipPuwVS27ZnYGsEm9BSrBArVf86vZjlkYoDRNU647nJsbPqDKcCZwUuqnGhLIRHWDHUkkj1H42O3RCzqzSJ2GsbElDZurviYxGWo+jwHZG1Az1sjcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynYELzll1dJ86LsXZYr9Uqpevs0jyMPJ3AK5+DBFVThDmrQAAYIz/AKb86D8+K8Ox/z1pyziPAY/sD5/AH4G415</latexit>

h

<latexit sha1_base64="CBPv1ILycBe5KdoLj7T7U9l4Yt4=">AAAB73icbVBNSwMxEJ2tX7V+rXr0EiyCp7IrRT0WvPQiVLQf0C4lm2bb0CS7JlmhLP0TXjwo4tW/481/Y9ruQVsfDDzem2FmXphwpo3nfTuFtfWNza3idmlnd2//wD08auk4VYQ2Scxj1QmxppxJ2jTMcNpJFMUi5LQdjm9mfvuJKs1i+WAmCQ0EHkoWMYKNlTpZTwl0fzvtu2Wv4s2BVomfkzLkaPTdr94gJqmg0hCOte76XmKCDCvDCKfTUi/VNMFkjIe0a6nEguogm987RWdWGaAoVrakQXP190SGhdYTEdpOgc1IL3sz8T+vm5roOsiYTFJDJVksilKOTIxmz6MBU5QYPrEEE8XsrYiMsMLE2IhKNgR/+eVV0rqo+JeV6l21XKvncRThBE7hHHy4ghrUoQFNIMDhGV7hzXl0Xpx352PRWnDymWP4A+fzB7rYj8w=</latexit>

SM

<latexit sha1_base64="CBPv1ILycBe5KdoLj7T7U9l4Yt4=">AAAB73icbVBNSwMxEJ2tX7V+rXr0EiyCp7IrRT0WvPQiVLQf0C4lm2bb0CS7JlmhLP0TXjwo4tW/481/Y9ruQVsfDDzem2FmXphwpo3nfTuFtfWNza3idmlnd2//wD08auk4VYQ2Scxj1QmxppxJ2jTMcNpJFMUi5LQdjm9mfvuJKs1i+WAmCQ0EHkoWMYKNlTpZTwl0fzvtu2Wv4s2BVomfkzLkaPTdr94gJqmg0hCOte76XmKCDCvDCKfTUi/VNMFkjIe0a6nEguogm987RWdWGaAoVrakQXP190SGhdYTEdpOgc1IL3sz8T+vm5roOsiYTFJDJVksilKOTIxmz6MBU5QYPrEEE8XsrYiMsMLE2IhKNgR/+eVV0rqo+JeV6l21XKvncRThBE7hHHy4ghrUoQFNIMDhGV7hzXl0Xpx352PRWnDymWP4A+fzB7rYj8w=</latexit>

SM

<latexit sha1_base64="2a9iQD0o7FrDCycsRjsdiD1/gsU="></latexit>

c⌧0++ ' 2m ·
✓
15GeV

m̂0

◆7 ⇣ mt̃

1TeV

⌘4

[Curtin & Verhaaren, 1506.06141; Juknevich, 0911.5616]
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Neutral naturalness: LHC signatures

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q
<latexit sha1_base64="SHlrfRijia7jdzFJw89ua2wgpYY=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8IGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS46FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AL19jO0=</latexit>

Z

<latexit sha1_base64="SHlrfRijia7jdzFJw89ua2wgpYY=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8IGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS46FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AL19jO0=</latexit>

Z

<latexit sha1_base64="MJcDABbSSaPaYXtXY0CHJ5ydqRA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipOR6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasI7P+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6N9Xr5nWlVs/jKMIZnMMleHALNahDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MH0rWM+w==</latexit>

h

<latexit sha1_base64="b8efCiFUMsyMKcKSNC6+gbOW8OE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByBmM9A==</latexit>a

<latexit sha1_base64="b8efCiFUMsyMKcKSNC6+gbOW8OE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByBmM9A==</latexit>a
<latexit sha1_base64="PuefClEa7aovI3ZIppdSaKRp+dA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB2MWM/w==</latexit>

l
<latexit sha1_base64="PuefClEa7aovI3ZIppdSaKRp+dA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB2MWM/w==</latexit>

l

<latexit sha1_base64="MJcDABbSSaPaYXtXY0CHJ5ydqRA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipOR6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasI7P+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6N9Xr5nWlVs/jKMIZnMMleHALNahDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MH0rWM+w==</latexit>

h
<latexit sha1_base64="b8efCiFUMsyMKcKSNC6+gbOW8OE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByBmM9A==</latexit>a

<latexit sha1_base64="b8efCiFUMsyMKcKSNC6+gbOW8OE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByBmM9A==</latexit>a

<latexit sha1_base64="nHPeV2xl3Sxi4TJ5C8nb3EtVfww=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasI7P+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6N9Xr5nWlVs/jKMIZnMMleHALNahDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MH0TGM+g==</latexit>g <latexit sha1_base64="eAxX2dNp9mzv+sn0r8QybxHVEpI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipaQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB5OWNBw==</latexit>

t

<latexit sha1_base64="nHPeV2xl3Sxi4TJ5C8nb3EtVfww=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasI7P+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6N9Xr5nWlVs/jKMIZnMMleHALNahDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MH0TGM+g==</latexit>g
<latexit sha1_base64="eAxX2dNp9mzv+sn0r8QybxHVEpI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipaQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB5OWNBw==</latexit>

t

<latexit sha1_base64="eAxX2dNp9mzv+sn0r8QybxHVEpI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipaQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB5OWNBw==</latexit>

t

[Strassler & Zurek, hep-ph/0604261, hep-ph/0605193; Han et al., 0712.2041]

LLP signatures from neutral naturalness have been tested by ATLAS, CMS & LHCb 
in Zh or gluon-gluon-fusion (ggF) Higgs production. Phenomenology very similar to 
hidden valleys with role of hidden glueballes (0++, s) played by hidden pions (πh, a)
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Constraints on neutral naturalness

[Agryopoulos, Brandt & UH, 2109.13597]
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Dark photons

[see for instance Curtin et al., 1312.4992, 1412.0018]

<latexit sha1_base64="skcq284w7/z8wo6SCQs/Z0koXR4="></latexit>

L =
✏

2 cos ✓w
Bµ⌫X

µ⌫ � (H†
H)S2

hypercharge 
portal

Higgs 
portal

<latexit sha1_base64="RGAfM1poFk/SE4OALlhrX2Su8nw=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwISWRoi4LbsRVBfvANoSbyaQdOpOEmYlQQ7/EjQtF3Pop7vwbp20W2nq4Fw7n3MvcOUHKmdKO822trK6tb2yWtsrbO7t7FXv/oK2STBLaIglPZDcARTmLaUszzWk3lRREwGknGF1P/c4jlYol8b0ep9QTMIhZxAhoI/l2pT8AIeAMP5jyQ+zbVafmzICXiVuQKirQ9O2vfpiQTNBYEw5K9Vwn1V4OUjPC6aTczxRNgYxgQHuGxiCo8vLZ4RN8YpQQR4k0HWs8U39v5CCUGovATArQQ7XoTcX/vF6moysvZ3GaaRqT+UNRxrFO8DQFHDJJieZjQ4BIZm7FZAgSiDZZlU0I7uKXl0n7vOZe1Op39WrjtoijhI7QMTpFLrpEDXSDmqiFCMrQM3pFb9aT9WK9Wx/z0RWr2DlEf2B9/gC9YpHg</latexit>

�, Z, Zd
<latexit sha1_base64="NgJtTfu99HXds/I2LZEJ5VJT4js=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4kJJIUY8FL+Kpgv2ANpTNZtOs3eyG3Y1QQv+DFw+KePX/ePPfuG1z0NYHA4/3ZpiZF6ScaeO6387K6tr6xmZpq7y9s7u3Xzk4bGuZKUJbRHKpugHWlDNBW4YZTrupojgJOO0Eo5up33miSjMpHsw4pX6Ch4JFjGBjpXZ8juJBOKhU3Zo7A1omXkGqUKA5qHz1Q0myhApDONa657mp8XOsDCOcTsr9TNMUkxEe0p6lAidU+/ns2gk6tUqIIqlsCYNm6u+JHCdaj5PAdibYxHrRm4r/eb3MRNd+zkSaGSrIfFGUcWQkmr6OQqYoMXxsCSaK2VsRibHCxNiAyjYEb/HlZdK+qHmXtfp9vdq4K+IowTGcwBl4cAUNuIUmtIDAIzzDK7w50nlx3p2PeeuKU8wcwR84nz/Ip46m</latexit>

h, hd

<latexit sha1_base64="84g9iHc3/ApQbJGYquefpWAjCKk=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquiHoseBHxUMF+QLuUbJrdhmaTJZlVaukv8eJBEa/+FG/+G9N2D9r6YODx3gwz88JUcAOe9+0UVlbX1jeKm6Wt7Z3dsru33zQq05Q1qBJKt0NimOCSNYCDYO1UM5KEgrXC4dXUbz0wbbiS9zBKWZCQWPKIUwJW6rnl7q2SsebxAIjW6rHnVryqNwNeJn5OKihHved+dfuKZgmTQAUxpuN7KQRjooFTwSalbmZYSuiQxKxjqSQJM8F4dvgEH1uljyOlbUnAM/X3xJgkxoyS0HYmBAZm0ZuK/3mdDKLLYMxlmgGTdL4oygQGhacp4D7XjIIYWUKo5vZWTAdEEwo2q5INwV98eZk0T6v+efXs7qxSu8njKKJDdIROkI8uUA1dozpqIIoy9Ixe0Zvz5Lw4787HvLXg5DMH6A+czx9FbpOH</latexit>

=)<latexit sha1_base64="84g9iHc3/ApQbJGYquefpWAjCKk=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquiHoseBHxUMF+QLuUbJrdhmaTJZlVaukv8eJBEa/+FG/+G9N2D9r6YODx3gwz88JUcAOe9+0UVlbX1jeKm6Wt7Z3dsru33zQq05Q1qBJKt0NimOCSNYCDYO1UM5KEgrXC4dXUbz0wbbiS9zBKWZCQWPKIUwJW6rnl7q2SsebxAIjW6rHnVryqNwNeJn5OKihHved+dfuKZgmTQAUxpuN7KQRjooFTwSalbmZYSuiQxKxjqSQJM8F4dvgEH1uljyOlbUnAM/X3xJgkxoyS0HYmBAZm0ZuK/3mdDKLLYMxlmgGTdL4oygQGhacp4D7XjIIYWUKo5vZWTAdEEwo2q5INwV98eZk0T6v+efXs7qxSu8njKKJDdIROkI8uUA1dozpqIIoy9Ixe0Zvz5Lw4787HvLXg5DMH6A+czx9FbpOH</latexit>

=)
<latexit sha1_base64="b79nR9HUpKDJn4xY5yxszm/xn3M=">AAACDXicbZDLSsNAFIYnXmu9RV26GayCCymJFHVZcFNcVbQXaEqZTE/aoZNJmJkIpfQF3Pgqblwo4ta9O9/GaZqCtv4w8POdczhzfj/mTGnH+baWlldW19ZzG/nNre2dXXtvv66iRFKo0YhHsukTBZwJqGmmOTRjCST0OTT8wfWk3ngAqVgk7vUwhnZIeoIFjBJtUMc+9jgRPQ64gj2ZujM8Q3cz1LELTtFJhReNm5kCylTt2F9eN6JJCEJTTpRquU6s2yMiNaMcxnkvURATOiA9aBkrSAiqPUqvGeMTQ7o4iKR5QuOU/p4YkVCpYeibzpDovpqvTeB/tVaig6v2iIk40SDodFGQcKwjPIkGd5kEqvnQGEIlM3/FtE8kodoEmDchuPMnL5r6edG9KJZuS4XyTRZHDh2iI3SKXHSJyqiCqqiGKHpEz+gVvVlP1ov1bn1MW5esbOYA/ZH1+QPXYJrT</latexit>

hHi, hSi

dark photon

dark Higgs
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Dark photons

[see for instance Curtin et al., 1312.4992, 1412.0018]
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Dark photons

[see for instance Curtin et al., 1312.4992, 1412.0018]

<latexit sha1_base64="7ubeJYLaJil2eAcS9MORzG2mePs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48V7Qe2oWw2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnsgHM07Rj+lA8ogzaqx0/9gP++WKW3XnIKvEy0kFcjT65a9emLAsRmmYoFp3PTc1/oQqw5nAaamXaUwpG9EBdi2VNEbtT+anTsmZVUISJcqWNGSu/p6Y0FjrcRzYzpiaoV72ZuJ/Xjcz0Y0/4TLNDEq2WBRlgpiEzP4mIVfIjBhbQpni9lbChlRRZmw6JRuCt/zyKmldVL2r6uXdZaVWz+Mowgmcwjl4cA01qEMDmsBgAM/wCm+OcF6cd+dj0Vpw8plj+APn8wcwBI3E</latexit>

Zd

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q

<latexit sha1_base64="L3sAV+11MHDwCX6qifqF1KU3Y+Y=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLz1WtB/QLiWbZtvQJLskWaEs/QlePCji1V/kzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNO7uZ+54lpw2P1aKcJCyQZKR5xSqyTHvoyHZQrXtVbAK8TPycVyNEclL/6w5imkilLBTGm53uJDTKiLaeCzUr91LCE0AkZsZ6jikhmgmxx6gxfOGWIo1i7UhYv1N8TGZHGTGXoOiWxY7PqzcX/vF5qo9sg4ypJLVN0uShKBbYxnv+Nh1wzasXUEUI1d7diOiaaUOvSKbkQ/NWX10n7qupfV2v3tUq9kcdRhDM4h0vw4Qbq0IAmtIDCCJ7hFd6QQC/oHX0sWwsonzmFP0CfP2IajeU=</latexit>µ

<latexit sha1_base64="L3sAV+11MHDwCX6qifqF1KU3Y+Y=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLz1WtB/QLiWbZtvQJLskWaEs/QlePCji1V/kzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNO7uZ+54lpw2P1aKcJCyQZKR5xSqyTHvoyHZQrXtVbAK8TPycVyNEclL/6w5imkilLBTGm53uJDTKiLaeCzUr91LCE0AkZsZ6jikhmgmxx6gxfOGWIo1i7UhYv1N8TGZHGTGXoOiWxY7PqzcX/vF5qo9sg4ypJLVN0uShKBbYxnv+Nh1wzasXUEUI1d7diOiaaUOvSKbkQ/NWX10n7qupfV2v3tUq9kcdRhDM4h0vw4Qbq0IAmtIDCCJ7hFd6QQC/oHX0sWwsonzmFP0CfP2IajeU=</latexit>µ

<latexit sha1_base64="MJcDABbSSaPaYXtXY0CHJ5ydqRA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipOR6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasI7P+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6N9Xr5nWlVs/jKMIZnMMleHALNahDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MH0rWM+w==</latexit>

h

<latexit sha1_base64="SHlrfRijia7jdzFJw89ua2wgpYY=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8IGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS46FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AL19jO0=</latexit>

Z

<latexit sha1_base64="7ubeJYLaJil2eAcS9MORzG2mePs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48V7Qe2oWw2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnsgHM07Rj+lA8ogzaqx0/9gP++WKW3XnIKvEy0kFcjT65a9emLAsRmmYoFp3PTc1/oQqw5nAaamXaUwpG9EBdi2VNEbtT+anTsmZVUISJcqWNGSu/p6Y0FjrcRzYzpiaoV72ZuJ/Xjcz0Y0/4TLNDEq2WBRlgpiEzP4mIVfIjBhbQpni9lbChlRRZmw6JRuCt/zyKmldVL2r6uXdZaVWz+Mowgmcwjl4cA01qEMDmsBgAM/wCm+OcF6cd+dj0Vpw8plj+APn8wcwBI3E</latexit>

Zd

<latexit sha1_base64="PuefClEa7aovI3ZIppdSaKRp+dA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB2MWM/w==</latexit>

l

<latexit sha1_base64="PuefClEa7aovI3ZIppdSaKRp+dA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB2MWM/w==</latexit>

l
<latexit sha1_base64="PuefClEa7aovI3ZIppdSaKRp+dA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB2MWM/w==</latexit>

l

<latexit sha1_base64="PuefClEa7aovI3ZIppdSaKRp+dA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB2MWM/w==</latexit>

l

<latexit sha1_base64="PuefClEa7aovI3ZIppdSaKRp+dA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB2MWM/w==</latexit>

l

<latexit sha1_base64="PuefClEa7aovI3ZIppdSaKRp+dA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB2MWM/w==</latexit>

l

<latexit sha1_base64="PuefClEa7aovI3ZIppdSaKRp+dA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB2MWM/w==</latexit>

l

<latexit sha1_base64="PuefClEa7aovI3ZIppdSaKRp+dA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB2MWM/w==</latexit>

l
<latexit sha1_base64="MJcDABbSSaPaYXtXY0CHJ5ydqRA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipOR6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasI7P+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6N9Xr5nWlVs/jKMIZnMMleHALNahDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MH0rWM+w==</latexit>

h

<latexit sha1_base64="7ubeJYLaJil2eAcS9MORzG2mePs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48V7Qe2oWw2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnsgHM07Rj+lA8ogzaqx0/9gP++WKW3XnIKvEy0kFcjT65a9emLAsRmmYoFp3PTc1/oQqw5nAaamXaUwpG9EBdi2VNEbtT+anTsmZVUISJcqWNGSu/p6Y0FjrcRzYzpiaoV72ZuJ/Xjcz0Y0/4TLNDEq2WBRlgpiEzP4mIVfIjBhbQpni9lbChlRRZmw6JRuCt/zyKmldVL2r6uXdZaVWz+Mowgmcwjl4cA01qEMDmsBgAM/wCm+OcF6cd+dj0Vpw8plj+APn8wcwBI3E</latexit>

Zd

<latexit sha1_base64="7ubeJYLaJil2eAcS9MORzG2mePs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48V7Qe2oWw2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnsgHM07Rj+lA8ogzaqx0/9gP++WKW3XnIKvEy0kFcjT65a9emLAsRmmYoFp3PTc1/oQqw5nAaamXaUwpG9EBdi2VNEbtT+anTsmZVUISJcqWNGSu/p6Y0FjrcRzYzpiaoV72ZuJ/Xjcz0Y0/4TLNDEq2WBRlgpiEzP4mIVfIjBhbQpni9lbChlRRZmw6JRuCt/zyKmldVL2r6uXdZaVWz+Mowgmcwjl4cA01qEMDmsBgAM/wCm+OcF6cd+dj0Vpw8plj+APn8wcwBI3E</latexit>

Zd

Dark photons can be looked for in dimuon Drell-Yan production & also exotic Higgs 
decays to 4l. For ε ≳ O(10-4) dark photon decays prompt but for O(10-8) ≲ ε ≲ O(10-4), 
Zd decays are displaced with a large fraction ending up in LHC detectors 
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Constraints on dark photons

[Agryopoulos, Brandt & UH, 2109.13597]
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Constraints on dark photons

[Agryopoulos, Brandt & UH, 2109.13597]
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Whether or not …

there is a connection 

between Higgs & DM 

or dark sector can 

only be figured out by 

experiments. LHC 

can play an important 

role in this context 

Higgs in ATLAS & CMS

4th of July 2012
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Whether or not …

there is a connection 

between Higgs & DM 

or dark sector can 

only be figured out by 

experiments. LHC 
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Whether or not …
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Beyond SM Higgs
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Whether or not …

there is a connection 

between Higgs & DM 

or dark sector can 

only be figured out by 

experiments. LHC 

can play an important 

role in this context 

DM!



[Ruhdorfer, Salvioni & Weiler, 1910.04170]
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Derivative Higgs portal @ future collider
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Unitarity considerations

All single-t plus ET,miss signals involve b→tWS subprocess in simplified scalar DM models. 
Corresponding s-wave amplitude a0 grows with partonic centre-of-mass (CM) energy ECM

[see for instance Maltoni et al., hep-ph/0106293; Farina et al., 1211.3736; UH & Polesello, 1812.00694]

|a0| =
|V ⇤

tb|
24⇡

yt
v
gSM ÊCM
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Unitarity considerations

[UH & Polesello, 1812.00694]
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Imposing that |a0| < 1 & identifying Λ ! ECM, one can estimate cut-off scale Λ 
where perturbative unitarity is lost.  To make amplitude well-behaved additional 
particles/couplings have to appear at or before Λ
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Unitarity considerations

[UH & Polesello, 1812.00694]
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Fraction of single-t plus ET,miss events with ECM in multi-TeV range negligible  
(i.e. far below 1%) at LHC energies. Predictions not plagued by artefacts due  
to unitarity violation in simplified spin-0 DM models

 ˆ



66

Unitarity restoration channel by channel



[based on ATLAS, 1903.01400]
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2HDM+a model: LHC constraints
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<latexit sha1_base64="fm/ekoxawjr3C43QtiRnfBFQbOU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwms/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuN+s1Do9a6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDmo4+</latexit>

Due to off-shell contribution, 
invisible Higgs bound extends 

beyond Mh/2 = 62.5 GeV



68

2HDM+a model: LHC constraints

[based on ATLAS, 1903.01400]



[based on ATLAS, 1903.01400; Pani & Polesello, 1712.03874]
69

2HDM+a model: LHC constraints

g

<latexit sha1_base64="/+oSKXoBr2m9duZ+/rHoq+x29lk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nimGLxSJWnYBqFFxiy3AjsJMopFEg8CEY38z8hydUmsfy3kwS9CM6lDzkjBorNYf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYq9ds8jiKcwCmcgweXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+ANE8jPo=</latexit>

t

<latexit sha1_base64="PkCXy9HQ5kYM5SyzhdCNghEIIno=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmu2nXbjZhdyKU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5A/B+GbmPzxxbUSs7nGScD+iQyVCwShaqYn9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5odOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG88jOhkhS5YotFYSoJxmT2NRkIzRnKiSWUaWFvJWxENWVosynZELzll1dJ+6Lq1arXzVqlfpvHUYQTOIVz8OAS6nAHDWgBAw7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5PCNBw==</latexit>

a

<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>

�

<latexit sha1_base64="fm/ekoxawjr3C43QtiRnfBFQbOU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwms/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuN+s1Do9a6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDmo4+</latexit>

�

<latexit sha1_base64="fm/ekoxawjr3C43QtiRnfBFQbOU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwms/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuN+s1Do9a6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDmo4+</latexit>

H
±

<latexit sha1_base64="pLacMtnnY1w+EYP2DGW9o5EnvEY=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaEvRG9MIRExdIYCXd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyd3c7zxRpVksH8w0oYHAI8kiRrCxkt987CdiUK64VXcBtE68nFQgR2tQ/uoPY5IKKg3hWOue5yYmyLAyjHA6K/VTTRNMJnhEe5ZKLKgOssWxM3RhlSGKYmVLGrRQf09kWGg9FaHtFNiM9ao3F//zeqmJroOMySQ1VJLloijlyMRo/jkaMkWJ4VNLMFHM3orIGCtMjM2nZEPwVl9eJ+2rqler3tzXKo3bPI4inME5XIIHdWhAE1rgAwEGz/AKb450Xpx352PZWnDymVP4A+fzB6Fgjpc=</latexit>

b

<latexit sha1_base64="9Y1xYV9hakFu8xV0cEnjrRUGU9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmkG/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+RmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVq1Wvm7VK/SaPowgncArn4MEl1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/yMGM8g==</latexit>

b

<latexit sha1_base64="9Y1xYV9hakFu8xV0cEnjrRUGU9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmkG/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+RmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVq1Wvm7VK/SaPowgncArn4MEl1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/yMGM8g==</latexit>

W±

<latexit sha1_base64="uRROjIpLQ43wMne1Mhl71MiWulA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWMG2hjWWz3bRLdzdhdyOU0N/gxYMiXv1B3vw3btMctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcjv3O09UaRbLBzNNaCDwSLKIEWys5Hce+4kYVGtu3c2BVolXkBoUaA2qX/1hTFJBpSEca93z3MQEGVaGEU5nlX6qaYLJBI9oz1KJBdVBlh87Q2dWGaIoVrakQbn6eyLDQuupCG2nwGasl725+J/XS010FWRMJqmhkiwWRSlHJkbzz9GQKUoMn1qCiWL2VkTGWGFibD4VG4K3/PIqaV/UvUb9+r5Ra94UcZThBE7hHDy4hCbcQQt8IMDgGV7hzZHOi/PufCxaS04xcwx/4Hz+ALhYjqY=</latexit>

tW+ET, miss channel has great 
potential at LHC Run 3 & HL-LHC

14 TeV, 3 ab-1



[based on ATLAS, 1903.01400]
70

2HDM+a model: LHC constraints

Ma independent bound on tan β  
from 4-top diagrams with virtual  
H, A producing top-quark pairs

g

<latexit sha1_base64="/+oSKXoBr2m9duZ+/rHoq+x29lk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nimGLxSJWnYBqFFxiy3AjsJMopFEg8CEY38z8hydUmsfy3kwS9CM6lDzkjBorNYf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYq9ds8jiKcwCmcgweXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+ANE8jPo=</latexit>

g

<latexit sha1_base64="/+oSKXoBr2m9duZ+/rHoq+x29lk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nimGLxSJWnYBqFFxiy3AjsJMopFEg8CEY38z8hydUmsfy3kwS9CM6lDzkjBorNYf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYq9ds8jiKcwCmcgweXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+ANE8jPo=</latexit>

t

<latexit sha1_base64="PkCXy9HQ5kYM5SyzhdCNghEIIno=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmu2nXbjZhdyKU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5A/B+GbmPzxxbUSs7nGScD+iQyVCwShaqYn9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5odOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG88jOhkhS5YotFYSoJxmT2NRkIzRnKiSWUaWFvJWxENWVosynZELzll1dJ+6Lq1arXzVqlfpvHUYQTOIVz8OAS6nAHDWgBAw7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5PCNBw==</latexit>

t

<latexit sha1_base64="PkCXy9HQ5kYM5SyzhdCNghEIIno=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmu2nXbjZhdyKU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5A/B+GbmPzxxbUSs7nGScD+iQyVCwShaqYn9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5odOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG88jOhkhS5YotFYSoJxmT2NRkIzRnKiSWUaWFvJWxENWVosynZELzll1dJ+6Lq1arXzVqlfpvHUYQTOIVz8OAS6nAHDWgBAw7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5PCNBw==</latexit>

t

<latexit sha1_base64="PkCXy9HQ5kYM5SyzhdCNghEIIno=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmu2nXbjZhdyKU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5A/B+GbmPzxxbUSs7nGScD+iQyVCwShaqYn9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5odOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG88jOhkhS5YotFYSoJxmT2NRkIzRnKiSWUaWFvJWxENWVosynZELzll1dJ+6Lq1arXzVqlfpvHUYQTOIVz8OAS6nAHDWgBAw7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5PCNBw==</latexit>

t

<latexit sha1_base64="PkCXy9HQ5kYM5SyzhdCNghEIIno=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmu2nXbjZhdyKU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5A/B+GbmPzxxbUSs7nGScD+iQyVCwShaqYn9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5odOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG88jOhkhS5YotFYSoJxmT2NRkIzRnKiSWUaWFvJWxENWVosynZELzll1dJ+6Lq1arXzVqlfpvHUYQTOIVz8OAS6nAHDWgBAw7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5PCNBw==</latexit>

t

<latexit sha1_base64="PkCXy9HQ5kYM5SyzhdCNghEIIno=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmu2nXbjZhdyKU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5A/B+GbmPzxxbUSs7nGScD+iQyVCwShaqYn9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5odOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG88jOhkhS5YotFYSoJxmT2NRkIzRnKiSWUaWFvJWxENWVosynZELzll1dJ+6Lq1arXzVqlfpvHUYQTOIVz8OAS6nAHDWgBAw7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5PCNBw==</latexit>

H,A

<latexit sha1_base64="45jDplroaFPo0nAUXTmnLpPuwmE=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBg5RdKai3qpceK9gPaJeSTbNtaJJdkqxQlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NZRoghtkYhHqhtgTTmTtGWY4bQbK4pFwGknmNxnfueJKs0i+WimMfUFHkkWMoJNJjUu0O2gXHGr7hxolXg5qUCO5qD81R9GJBFUGsKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LJVYUO2n81tn6MwqQxRGypY0aK7+nkix0HoqAtspsBnrZS8T//N6iQmv/ZTJODFUksWiMOHIRCh7HA2ZosTwqSWYKGZvRWSMFSbGxlOyIXjLL6+S9mXVq1VvHmqV+l0eRxFO4BTOwYMrqEMDmtACAmN4hld4c4Tz4rw7H4vWgpPPHMMfOJ8/5x6Ngw==</latexit>



[based on LHCDMWG, 1810.09420; ATLAS, 1903.01400]
71

2HDM+a model: LHC constraints



[based on LHCDMWG, 1810.09420]
72

2HDM+a model: relic density
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2HDM+a model: relic density
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q

<latexit sha1_base64="tr0+Q1qhYt0WsSNRDyNNJBVRr/k=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvXhMwDwgWcLspDcZMzu7zswKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81jem3GCfkQHkoecUWOl+mOvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwyp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUr5ul4pVW+yOPJwAqdwDh5cQhXuoAYNYIDwDK/w5jw4L86787FozTnZzDH8gfP5A999jQE=</latexit>

q

<latexit sha1_base64="tr0+Q1qhYt0WsSNRDyNNJBVRr/k=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvXhMwDwgWcLspDcZMzu7zswKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81jem3GCfkQHkoecUWOl+mOvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwyp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUr5ul4pVW+yOPJwAqdwDh5cQhXuoAYNYIDwDK/w5jw4L86787FozTnZzDH8gfP5A999jQE=</latexit>

�

<latexit sha1_base64="fm/ekoxawjr3C43QtiRnfBFQbOU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwms/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuN+s1Do9a6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDmo4+</latexit>

a

<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>

�

<latexit sha1_base64="fm/ekoxawjr3C43QtiRnfBFQbOU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwms/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuN+s1Do9a6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDmo4+</latexit>

Correct DM 
relic density 

set by a-funnel

[based on LHCDMWG, 1810.09420]
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2HDM+a model: relic density
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<latexit sha1_base64="fm/ekoxawjr3C43QtiRnfBFQbOU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwms/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuN+s1Do9a6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDmo4+</latexit>

a

<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>

�

<latexit sha1_base64="fm/ekoxawjr3C43QtiRnfBFQbOU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwms/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuN+s1Do9a6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDmo4+</latexit>

t

<latexit sha1_base64="J0cIIe9QtxxvaLVWr4GJH/cYRmQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWz3bRrN5uwOxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR28SpZrzFYhnrTkANl0LxFgqUvJNoTqNA8odgfDvzH564NiJW9zhJuB/RoRKhYBSt1MR+ueJW3TnIKvFyUoEcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7lioaceNn80On5MwqAxLG2pZCMld/T2Q0MmYSBbYzojgyy95M/M/rphhe+ZlQSYpcscWiMJUEYzL7mgyE5gzlxBLKtLC3EjaimjK02ZRsCN7yy6ukfVH1atXrZq1Sv8njKMIJnMI5eHAJdbiDBrSAAYdneIU359F5cd6dj0VrwclnjuEPnM8f5AmNBA==</latexit>

t

<latexit sha1_base64="J0cIIe9QtxxvaLVWr4GJH/cYRmQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWz3bRrN5uwOxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR28SpZrzFYhnrTkANl0LxFgqUvJNoTqNA8odgfDvzH564NiJW9zhJuB/RoRKhYBSt1MR+ueJW3TnIKvFyUoEcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7lioaceNn80On5MwqAxLG2pZCMld/T2Q0MmYSBbYzojgyy95M/M/rphhe+ZlQSYpcscWiMJUEYzL7mgyE5gzlxBLKtLC3EjaimjK02ZRsCN7yy6ukfVH1atXrZq1Sv8njKMIJnMI5eHAJdbiDBrSAAYdneIU359F5cd6dj0VrwclnjuEPnM8f5AmNBA==</latexit>

Relic depletion 
through a-funnel  

to top-quark pairs

[based on LHCDMWG, 1810.09420]
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2HDM+a model: relic density
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<latexit sha1_base64="fm/ekoxawjr3C43QtiRnfBFQbOU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwms/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuN+s1Do9a6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDmo4+</latexit>

�

<latexit sha1_base64="fm/ekoxawjr3C43QtiRnfBFQbOU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwms/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuN+s1Do9a6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDmo4+</latexit>

A/a

<latexit sha1_base64="Z4+0Cwoyqm7XAwd+hNksSrU8XoU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe5KQL1FvXiMaB6QLGF2MkmGzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3U795hPXRkTqEccx90M6UKIvGEUrPVyf0W6x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/pp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaN87JXKV/dV0rVmyyOPBzBMZyCBxdQhTuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4Au4eNdQ==</latexit>

Effective relic 
wash-out through 

χχ→A/a→ha 

h

<latexit sha1_base64="0LoNUPId1hhmBuXcotBZd/4zZho=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmqN+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7YuqV6teN2uV+k0eRxFO4BTOwYNLqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/ANHZjPg=</latexit>

a

<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>

[based on LHCDMWG, 1810.09420]
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2HDM+a model: relic density
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<latexit sha1_base64="fm/ekoxawjr3C43QtiRnfBFQbOU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwms/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuN+s1Do9a6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDmo4+</latexit>

�

<latexit sha1_base64="fm/ekoxawjr3C43QtiRnfBFQbOU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwms/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuN+s1Do9a6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDmo4+</latexit>

A/a

<latexit sha1_base64="Z4+0Cwoyqm7XAwd+hNksSrU8XoU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe5KQL1FvXiMaB6QLGF2MkmGzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3U795hPXRkTqEccx90M6UKIvGEUrPVyf0W6x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/pp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaN87JXKV/dV0rVmyyOPBzBMZyCBxdQhTuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4Au4eNdQ==</latexit>

…

t

<latexit sha1_base64="J0cIIe9QtxxvaLVWr4GJH/cYRmQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWz3bRrN5uwOxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR28SpZrzFYhnrTkANl0LxFgqUvJNoTqNA8odgfDvzH564NiJW9zhJuB/RoRKhYBSt1MR+ueJW3TnIKvFyUoEcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7lioaceNn80On5MwqAxLG2pZCMld/T2Q0MmYSBbYzojgyy95M/M/rphhe+ZlQSYpcscWiMJUEYzL7mgyE5gzlxBLKtLC3EjaimjK02ZRsCN7yy6ukfVH1atXrZq1Sv8njKMIJnMI5eHAJdbiDBrSAAYdneIU359F5cd6dj0VrwclnjuEPnM8f5AmNBA==</latexit>

t

<latexit sha1_base64="J0cIIe9QtxxvaLVWr4GJH/cYRmQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWz3bRrN5uwOxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR28SpZrzFYhnrTkANl0LxFgqUvJNoTqNA8odgfDvzH564NiJW9zhJuB/RoRKhYBSt1MR+ueJW3TnIKvFyUoEcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7lioaceNn80On5MwqAxLG2pZCMld/T2Q0MmYSBbYzojgyy95M/M/rphhe+ZlQSYpcscWiMJUEYzL7mgyE5gzlxBLKtLC3EjaimjK02ZRsCN7yy6ukfVH1atXrZq1Sv8njKMIJnMI5eHAJdbiDBrSAAYdneIU359F5cd6dj0VrwclnjuEPnM8f5AmNBA==</latexit>

Multiple channels 
contribute to 

achieve correct Ωh2

[based on LHCDMWG, 1810.09420]
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2HDM+a model: relic density vs. LHC probes
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mχ = Ma/2 

On-shell region can be 
probed by ET, miss signatures 
involving exchange of an a
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2HDM+a model: relic density vs. LHC probes

Ω
h2

h

<latexit sha1_base64="0LoNUPId1hhmBuXcotBZd/4zZho=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmqN+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7YuqV6teN2uV+k0eRxFO4BTOwYNLqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/ANHZjPg=</latexit>

a

<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>

a

<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>

f

<latexit sha1_base64="bQ2xxwIBNSDKgn4cTQRi0mYf7FY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmmG/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+RmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVq1Wvm7VK/SaPowgncArn4MEl1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/ztGM9g==</latexit>

f

<latexit sha1_base64="bQ2xxwIBNSDKgn4cTQRi0mYf7FY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmmG/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+RmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVq1Wvm7VK/SaPowgncArn4MEl1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/ztGM9g==</latexit>

f

<latexit sha1_base64="bQ2xxwIBNSDKgn4cTQRi0mYf7FY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmmG/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+RmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVq1Wvm7VK/SaPowgncArn4MEl1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/ztGM9g==</latexit>

f

<latexit sha1_base64="bQ2xxwIBNSDKgn4cTQRi0mYf7FY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmmG/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+RmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVq1Wvm7VK/SaPowgncArn4MEl1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/ztGM9g==</latexit>

In off-shell region, light a can 
for instance be constrained 
by LHC searches for h→4f
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2HDM+a model: relic density vs. LHC probes

Ω
h2

[CMS, 1706.09936; Agryopoulos, Brandt & UH, 2109.13597]

h

<latexit sha1_base64="0LoNUPId1hhmBuXcotBZd/4zZho=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmqN+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7YuqV6teN2uV+k0eRxFO4BTOwYNLqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/ANHZjPg=</latexit>

a

<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>

a

<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>

f

<latexit sha1_base64="bQ2xxwIBNSDKgn4cTQRi0mYf7FY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmmG/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+RmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVq1Wvm7VK/SaPowgncArn4MEl1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/ztGM9g==</latexit>

f

<latexit sha1_base64="bQ2xxwIBNSDKgn4cTQRi0mYf7FY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmmG/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+RmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVq1Wvm7VK/SaPowgncArn4MEl1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/ztGM9g==</latexit>

f

<latexit sha1_base64="bQ2xxwIBNSDKgn4cTQRi0mYf7FY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmmG/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+RmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVq1Wvm7VK/SaPowgncArn4MEl1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/ztGM9g==</latexit>

f

<latexit sha1_base64="bQ2xxwIBNSDKgn4cTQRi0mYf7FY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmmG/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+RmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVq1Wvm7VK/SaPowgncArn4MEl1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/ztGM9g==</latexit>

In fact, direct 95% CL bound on 
Higgs width of Γh < 1.1 GeV obtained 
by CMS typically excludes Ma ≲ Mh/2
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[Agryopoulos & UH, 2202.12631]

h� inv h(bb)+ETmiss
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<latexit sha1_base64="GkEM8aciwBk5PXdNU/sroV/qHiw="></latexit>

benchmark I :

{mA, tan�, sin ✓,�3, y�}

= {1.2TeV, 1, 0.35, 3, 1}
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mχ = Ma/2 Can be probed for 
instance by 4-top 
searches for H, A

g

<latexit sha1_base64="/+oSKXoBr2m9duZ+/rHoq+x29lk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nimGLxSJWnYBqFFxiy3AjsJMopFEg8CEY38z8hydUmsfy3kwS9CM6lDzkjBorNYf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYq9ds8jiKcwCmcgweXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+ANE8jPo=</latexit>

g

<latexit sha1_base64="/+oSKXoBr2m9duZ+/rHoq+x29lk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nimGLxSJWnYBqFFxiy3AjsJMopFEg8CEY38z8hydUmsfy3kwS9CM6lDzkjBorNYf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYq9ds8jiKcwCmcgweXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+ANE8jPo=</latexit>

t

<latexit sha1_base64="PkCXy9HQ5kYM5SyzhdCNghEIIno=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmu2nXbjZhdyKU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5A/B+GbmPzxxbUSs7nGScD+iQyVCwShaqYn9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5odOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG88jOhkhS5YotFYSoJxmT2NRkIzRnKiSWUaWFvJWxENWVosynZELzll1dJ+6Lq1arXzVqlfpvHUYQTOIVz8OAS6nAHDWgBAw7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5PCNBw==</latexit>

t

<latexit sha1_base64="PkCXy9HQ5kYM5SyzhdCNghEIIno=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmu2nXbjZhdyKU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5A/B+GbmPzxxbUSs7nGScD+iQyVCwShaqYn9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5odOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG88jOhkhS5YotFYSoJxmT2NRkIzRnKiSWUaWFvJWxENWVosynZELzll1dJ+6Lq1arXzVqlfpvHUYQTOIVz8OAS6nAHDWgBAw7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5PCNBw==</latexit>

t

<latexit sha1_base64="PkCXy9HQ5kYM5SyzhdCNghEIIno=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmu2nXbjZhdyKU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5A/B+GbmPzxxbUSs7nGScD+iQyVCwShaqYn9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5odOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG88jOhkhS5YotFYSoJxmT2NRkIzRnKiSWUaWFvJWxENWVosynZELzll1dJ+6Lq1arXzVqlfpvHUYQTOIVz8OAS6nAHDWgBAw7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5PCNBw==</latexit>

t

<latexit sha1_base64="PkCXy9HQ5kYM5SyzhdCNghEIIno=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmu2nXbjZhdyKU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5A/B+GbmPzxxbUSs7nGScD+iQyVCwShaqYn9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5odOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG88jOhkhS5YotFYSoJxmT2NRkIzRnKiSWUaWFvJWxENWVosynZELzll1dJ+6Lq1arXzVqlfpvHUYQTOIVz8OAS6nAHDWgBAw7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5PCNBw==</latexit>

t

<latexit sha1_base64="PkCXy9HQ5kYM5SyzhdCNghEIIno=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmu2nXbjZhdyKU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5A/B+GbmPzxxbUSs7nGScD+iQyVCwShaqYn9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5odOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG88jOhkhS5YotFYSoJxmT2NRkIzRnKiSWUaWFvJWxENWVosynZELzll1dJ+6Lq1arXzVqlfpvHUYQTOIVz8OAS6nAHDWgBAw7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5PCNBw==</latexit>

H,A

<latexit sha1_base64="45jDplroaFPo0nAUXTmnLpPuwmE=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBg5RdKai3qpceK9gPaJeSTbNtaJJdkqxQlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NZRoghtkYhHqhtgTTmTtGWY4bQbK4pFwGknmNxnfueJKs0i+WimMfUFHkkWMoJNJjUu0O2gXHGr7hxolXg5qUCO5qD81R9GJBFUGsKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LJVYUO2n81tn6MwqQxRGypY0aK7+nkix0HoqAtspsBnrZS8T//N6iQmv/ZTJODFUksWiMOHIRCh7HA2ZosTwqSWYKGZvRWSMFSbGxlOyIXjLL6+S9mXVq1VvHmqV+l0eRxFO4BTOwYMrqEMDmtACAmN4hld4c4Tz4rw7H4vWgpPPHMMfOJ8/5x6Ngw==</latexit>
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Here 2HDM+a model also 
looks like a regular 2HDM, 
i.e. a & χ decoupled from 

LHC phenomenology  
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Figure 10. As Figure 9 but as a function of mc. The parameters choices not given in (22) and (23) are
mA = 600 GeV, ma = 250 GeV and sin q = 0.35. The solid lines correspond to the limits arising from the
mono-X searches [151–153], while the dashed blue line corresponds to the calculated relic density for
the studied 2HDM+a benchmark model.

this region. In particular, the h(bb̄) + Emiss
T exclusion at high tan b and low sin q has been

shown to come almost exclusively from a selection with additional b-jets [152]. Notice that
the H± ! tb search is sensitivity to both low and high values of tan b, since the associated
coupling involves both yt cot b and yb tan b tems. Parameter regions with tan b . 0.3 are
incompatible with the requirement of having a perturbative top-quark Yukawa coupling [111]
and therefore this region is not displayed in the exclusion plots, while flavour observables
disfavour very high values of tan b — see for instance [33,138,144].

Scans in sin q

In Figure 9 we show the 95% CL exclusion limits as a function of sin q that follow
from [151–153] for two sets of pseudoscalar masses mA and ma. The sensitivity of all searches
improves as sin q increases from zero, since for sin q = 0 the DM mediator a decouples. The
shape of the exclusion curves is due to the interplay between the production cross section
and the acceptance, in particular at intermediate values of sin q values, the Emiss

T spectrum
becomes harder, leading to an increased signal acceptance. The improvement of the sensitivity
of the h(gg) + Emiss

T search at high mA and sin q is due to the scaling of the ghaa coupling (21),
as discussed previously.

DM mass scan
Mono-X searches can also provide constraints on the mass mc of the DM candidate. Fig-

ure 10 illustrates these constraints at 95% CL for (22), (23), mA = 600 GeV, ma = 250 GeV and
sin q = 0.35. In the region mc < ma/2, where the a ! cc̄ decay is kinematically allowed,
a variation of mc has a negligible impact on the production cross sections and the Emiss

T
spectrum, and in consequence the sensitivity of the X + Emiss

T searches is independent of mc.
For higher masses, the production cross sections decrease significantly and the Emiss

T becomes
softer, significantly worsening the sensitivity. For this particular benchmark the existing
searches can exclude DM masses below mc . 140 GeV. The DM relic density calculation for
this benchmark is also shown in Figure 10 . This calculation is performed using MadDM [83]
and relies on the simplified assumption that the DM relic density is solely determined by the
interactions predicted in the model. This assumption would be violated in the presence of
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Constraints on 2HDM+a model

[Agryopoulos, Brandt & UH, 2109.13597]
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Constraints on alignment in 2HDM

1− 0.5− 0 0.5 1

)α-βcos(

1−10

1

10

β
ta

n ATLAS
-1 = 13 TeV, 24.5 - 79.8 fbs

| < 2.5
H

y = 125.09 GeV, |Hm

2HDM Type-I

Obs. 95% CL
Best Fit Obs.

Exp. 95% CL
SM

(a)

1− 0.5− 0 0.5 1

)α-βcos(

1−10

1

10

β
ta

n ATLAS
-1 = 13 TeV, 24.5 - 79.8 fbs

| < 2.5
H

y = 125.09 GeV, |Hm

2HDM Type-II

Obs. 95% CL
Best Fit Obs.

Exp. 95% CL
SM

(b)

1− 0.5− 0 0.5 1

)α-βcos(

1−10

1

10

β
ta

n ATLAS
-1 = 13 TeV, 24.5 - 79.8 fbs

| < 2.5
H

y = 125.09 GeV, |Hm

2HDM Lepton-specific

Obs. 95% CL
Best Fit Obs.

Exp. 95% CL
SM

(c)

1− 0.5− 0 0.5 1

)α-βcos(

1−10

1

10

β
ta

n ATLAS
-1 = 13 TeV, 24.5 - 79.8 fbs

| < 2.5
H

y = 125.09 GeV, |Hm

2HDM Flipped

Obs. 95% CL
Best Fit Obs.

Exp. 95% CL
SM

(d)

Figure 18: Regions of the (cos(� � ↵), tan �) plane of four types of 2HDMs excluded by fits to the measured rates of
Higgs boson production and decays. Contours at 95% CL, defined in the asymptotic approximation by �2 ln⇤ = 5.99,
are drawn for both the data and the expectation for the SM Higgs sector. The cross in each plot marks the observed
best-fit value. The angles ↵ and � are taken to satisfy 0  �  ⇡/2 and 0  � � ↵  ⇡ without loss of generality.
The alignment limit at cos(� � ↵) = 0, in which all Higgs boson couplings take their SM values, is indicated by the
dashed red line.
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Bounds on 2HDM from 4-top searches
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

 [TeV]Hm

3−10

2−10

1−10

1

) [
pb

]
t t

→
 B

R(
H 

×
H)

 
t t

→
(p

p 
σ

Theory (NNLO):
 = 0.3βtan
 = 0.5βtan
 = 1.0βtan

Observed limit
Expected limit

σ 1 ±
σ 2 ±

All limits at 95% C.L.

-1 = 13 TeV, 36.1 fbs

SS dilepton / trilepton + b-jets
t t→2HDM type-II H 

ATLAS

(a)

 [GeV]Hm
400 500 600 700 800 900 1000

β
 ta

n

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
Excluded region
Observed
Expected

σ 1 ±

σ 2 ±

All limits at 95% C.L.

ATLAS
-1 = 13 TeV, 36.1 fbs

SS dilepton / trilepton + b-jets
t t→2HDM type-II H

(b)

 [GeV]H/Am
400 500 600 700 800 900 1000

β
 ta

n

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
Excluded region
Observed
Expected

σ 1 ±

σ 2 ±

All limits at 95% C.L.

ATLAS
-1 = 13 TeV, 36.1 fbs

SS dilepton / trilepton + b-jets
t t→2HDM type-II A/H

(c)

Figure 12: Limits on the two-Higgs-doublet model interpretation. (a) Limits on the cross-section of the four-top-
quark production through a heavy scalar Higgs boson times the branching ratio for the Higgs boson to decay into
tt̄. Theoretical predictions for three values of tan � are shown. (b) Limits on four-top-quark production through
a heavy scalar Higgs boson in the plane (mH , tan �). (c) Limits on four-top-quark production considering both
a heavy pseudo-scalar and a scalar Higgs boson having the same mass mH/A in the plane (mH/A, tan �). In all
plots, the expected 95% CL limits are shown with their ±1 and ±2 standard deviation bands. In the context of the
two-Higgs-doublet model, the Higgs boson width can be large for low tan �. In spite of that, it was checked that the
signal e�ciency has a negligible dependence on tan � in the region of interest.
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Interference in ditop resonance searches
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Figure 1: Distributions of the invariant mass of the tt̄ pair from the decay of a pseudoscalar A of mass mA =
500 GeV before the emission of final-state radiation and before the parton shower for the pure resonance S (filled)
and signal+interference contribution S + I (unfilled). Events from all tt̄ decay modes are included.

Correction factors KS were applied to normalize the generated signal (S ) cross-section to the value cal-
culated at partial next-to-next-to-leading-order (NNLO) precision in QCD [50–52]. The correction factor
for the interference component I is KI =

p
KS ⇥ KB, as suggested in Ref. [53], where KB = 1.87 is

the correction factor to normalize the total cross-section of the SM tt̄ background generated at LO with
MadGraph to the cross-section calculated at NNLO accuracy in the strong coupling constant ↵S, including
resummation of next-to-next-to-leading-logarithmic soft gluon terms. The values of KS range between
two and three for the tested signal hypotheses.

3 Event selection

The event selection criteria for the signal regions provide a high selection e�ciency for tt̄ events. Only
events with a resolved topology, in which the three jets from the hadronically decaying top quark are well
separated in the detector, are selected. This is the most e�cient selection strategy for signal hypotheses
with mA/H < 800 GeV. Events with a merged topology, in which the top quark is reconstructed as a single
jet, are not considered. The event reconstruction and selection criteria are identical to those in Ref. [22]
except that events that would satisfy the criteria for both topologies are classified as “resolved” instead of
“merged”.

Events are required to contain exactly one isolated electron [54] or muon [55] with pT > 25 GeV and
pseudorapidity |⌘| < 2.5 [56]. Events must have large missing transverse momentum, Emiss

T > 20 GeV,
computed as the magnitude of the negative vector sum of lepton and jet transverse momenta [57]. In
addition, Emiss

T + mW
T > 60 GeV, is required to further suppress the contribution from multijet events,

where mW
T is the lepton–Emiss

T transverse mass [22]. Events must contain at least four hadronic jets with
pT > 25 GeV and |⌘| < 2.5, reconstructed using the anti-kt algorithm [58, 59] with radius parameter
R = 0.4. Jets from additional collisions in the same bunch crossing are rejected using dedicated tracking
and vertex requirements [60]. At least one of the jets must be identified as originating from the decay of
a b-hadron (b-jet) using a multivariate tagging algorithm with a 70% e�ciency for b-jets and light-quark
and gluon mistag rates of 0.5-2% [61].

4

g

<latexit sha1_base64="/+oSKXoBr2m9duZ+/rHoq+x29lk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nimGLxSJWnYBqFFxiy3AjsJMopFEg8CEY38z8hydUmsfy3kwS9CM6lDzkjBorNYf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYq9ds8jiKcwCmcgweXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+ANE8jPo=</latexit>

g

<latexit sha1_base64="/+oSKXoBr2m9duZ+/rHoq+x29lk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nimGLxSJWnYBqFFxiy3AjsJMopFEg8CEY38z8hydUmsfy3kwS9CM6lDzkjBorNYf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYq9ds8jiKcwCmcgweXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+ANE8jPo=</latexit>

t

<latexit sha1_base64="PkCXy9HQ5kYM5SyzhdCNghEIIno=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmu2nXbjZhdyKU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5A/B+GbmPzxxbUSs7nGScD+iQyVCwShaqYn9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5odOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG88jOhkhS5YotFYSoJxmT2NRkIzRnKiSWUaWFvJWxENWVosynZELzll1dJ+6Lq1arXzVqlfpvHUYQTOIVz8OAS6nAHDWgBAw7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5PCNBw==</latexit>

t

<latexit sha1_base64="PkCXy9HQ5kYM5SyzhdCNghEIIno=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmu2nXbjZhdyKU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5A/B+GbmPzxxbUSs7nGScD+iQyVCwShaqYn9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5odOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG88jOhkhS5YotFYSoJxmT2NRkIzRnKiSWUaWFvJWxENWVosynZELzll1dJ+6Lq1arXzVqlfpvHUYQTOIVz8OAS6nAHDWgBAw7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5PCNBw==</latexit>

t

<latexit sha1_base64="PkCXy9HQ5kYM5SyzhdCNghEIIno=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmu2nXbjZhdyKU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5A/B+GbmPzxxbUSs7nGScD+iQyVCwShaqYn9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5odOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG88jOhkhS5YotFYSoJxmT2NRkIzRnKiSWUaWFvJWxENWVosynZELzll1dJ+6Lq1arXzVqlfpvHUYQTOIVz8OAS6nAHDWgBAw7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5PCNBw==</latexit>

g

<latexit sha1_base64="/+oSKXoBr2m9duZ+/rHoq+x29lk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nimGLxSJWnYBqFFxiy3AjsJMopFEg8CEY38z8hydUmsfy3kwS9CM6lDzkjBorNYf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYq9ds8jiKcwCmcgweXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+ANE8jPo=</latexit>

g

<latexit sha1_base64="/+oSKXoBr2m9duZ+/rHoq+x29lk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nimGLxSJWnYBqFFxiy3AjsJMopFEg8CEY38z8hydUmsfy3kwS9CM6lDzkjBorNYf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYq9ds8jiKcwCmcgweXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+ANE8jPo=</latexit>

t

<latexit sha1_base64="PkCXy9HQ5kYM5SyzhdCNghEIIno=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmu2nXbjZhdyKU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5A/B+GbmPzxxbUSs7nGScD+iQyVCwShaqYn9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5odOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG88jOhkhS5YotFYSoJxmT2NRkIzRnKiSWUaWFvJWxENWVosynZELzll1dJ+6Lq1arXzVqlfpvHUYQTOIVz8OAS6nAHDWgBAw7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5PCNBw==</latexit>

t

<latexit sha1_base64="PkCXy9HQ5kYM5SyzhdCNghEIIno=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmu2nXbjZhdyKU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5A/B+GbmPzxxbUSs7nGScD+iQyVCwShaqYn9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5odOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG88jOhkhS5YotFYSoJxmT2NRkIzRnKiSWUaWFvJWxENWVosynZELzll1dJ+6Lq1arXzVqlfpvHUYQTOIVz8OAS6nAHDWgBAw7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5PCNBw==</latexit>

t

<latexit sha1_base64="PkCXy9HQ5kYM5SyzhdCNghEIIno=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmu2nXbjZhdyKU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5A/B+GbmPzxxbUSs7nGScD+iQyVCwShaqYn9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5odOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG88jOhkhS5YotFYSoJxmT2NRkIzRnKiSWUaWFvJWxENWVosynZELzll1dJ+6Lq1arXzVqlfpvHUYQTOIVz8OAS6nAHDWgBAw7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5PCNBw==</latexit>

t

<latexit sha1_base64="PkCXy9HQ5kYM5SyzhdCNghEIIno=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmu2nXbjZhdyKU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5A/B+GbmPzxxbUSs7nGScD+iQyVCwShaqYn9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5odOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG88jOhkhS5YotFYSoJxmT2NRkIzRnKiSWUaWFvJWxENWVosynZELzll1dJ+6Lq1arXzVqlfpvHUYQTOIVz8OAS6nAHDWgBAw7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5PCNBw==</latexit>

t

<latexit sha1_base64="PkCXy9HQ5kYM5SyzhdCNghEIIno=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KInhswdZCG8pmu2nXbjZhdyKU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5A/B+GbmPzxxbUSs7nGScD+iQyVCwShaqYn9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5odOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG88jOhkhS5YotFYSoJxmT2NRkIzRnKiSWUaWFvJWxENWVosynZELzll1dJ+6Lq1arXzVqlfpvHUYQTOIVz8OAS6nAHDWgBAw7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5PCNBw==</latexit>

+

A

<latexit sha1_base64="ePxj15IQnOmwblppiEwjTuWHdOI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4qXjxWsR/QhrLZbtqlm03YnQgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHshNv1xxq+4cZJV4OalAjka//NUbxCyNuEImqTFdz03Qz6hGwSSflnqp4QllYzrkXUsVjbjxs/mlU3JmlQEJY21LIZmrvycyGhkziQLbGVEcmWVvJv7ndVMMr/xMqCRFrthiUZhKgjGZvU0GQnOGcmIJZVrYWwkbUU0Z2nBKNgRv+eVV0rqoerXq9X2tUq/ncRThBE7hHDy4hDrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD+unjPk=</latexit>

Signal-background interference turns 
Breit-Wigner into peak-dip structure



88

Bounds on 2HDM from ditop searches

500 550 600 650 700 750
mA [GeV]

0.5

1.0

1.5

2.0

ta
n
β

Obs. Exp.± 1σ/2σ Signal Samples

500 550 600 650 700 750
mH [GeV]

500 550 600 650 700 750
mA = mH [GeV]

√
s = 8 TeV, 20.3 fb−1, all limits at 95% CL

Figure 3: The 95% CL observed and expected exclusion regions for the type-II 2HDM (µ = 1) considering only
a pseudoscalar A (left), only a scalar H (middle), and the mass-degenerate scenario mA = mH (right). Blue points
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Direct detection in 2HDM+s model

[Bell et al., 1612.03475, 1710.10764, 1803.01574]
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Constraints in 2HDM+s model

[Agryopoulos, Brandt & UH, 2109.13597]
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2HDM+Z′ model: T parameter
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SUSY vector & fermion portal models  

[Falkowski, Ruderman, Volansky & Zupan, 1002.2952, 1007.3496]

hypercharge portal gaugino portal
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SUSY vector & fermion portal models  

[Falkowski, Ruderman, Volansky & Zupan, 1002.2952, 1007.3496]

Dark photons arise from cascades involving SUSY & hidden particles with masses of 
O(10 GeV). γd therefore typically produced with large boost. This leads to lepton-jet 
plus ET,miss signature with amount of ET,miss depending on decay pattern 
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Inelastic DM  

[see for instance Tucker-Smith & Weiner, hep-ph/0101138]
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Inelastic DM  

[see for instance Tucker-Smith & Weiner, hep-ph/0101138]
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Inelastic DM  

[see for instance Arkani-Hamed & Weiner, hep-ph/0810.0714]
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l
<latexit sha1_base64="PuefClEa7aovI3ZIppdSaKRp+dA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB2MWM/w==</latexit>

l

<latexit sha1_base64="PuefClEa7aovI3ZIppdSaKRp+dA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB2MWM/w==</latexit>

l

<latexit sha1_base64="PuefClEa7aovI3ZIppdSaKRp+dA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1fM4inAG53AJHtxCDerQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB2MWM/w==</latexit>

l

<latexit sha1_base64="VzePOs+Uk80FTWpqVC8mPTURYRI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeClx4r2A9oQ5lsNu3S3STuboRS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBVcG9f9dgobm1vbO8Xd0t7+weFR+fikrZNMUdaiiUhUN0DNBI9Zy3AjWDdVDGUgWCcY3839zhNTmifxg5mkzJc4jHnEKRordftDlBIH4aBccavuAmSdeDmpQI7moPzVDxOaSRYbKlDrnuemxp+iMpwKNiv1M81SpGMcsp6lMUqm/eni3hm5sEpIokTZig1ZqL8npii1nsjAdko0I73qzcX/vF5molt/yuM0Myymy0VRJohJyPx5EnLFqBETS5Aqbm8ldIQKqbERlWwI3urL66R9VfWuq7X7WqXeyOMowhmcwyV4cAN1aEATWkBBwDO8wpvz6Lw4787HsrXg5DOn8AfO5w8CTI/7</latexit>�d

<latexit sha1_base64="VzePOs+Uk80FTWpqVC8mPTURYRI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeClx4r2A9oQ5lsNu3S3STuboRS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBVcG9f9dgobm1vbO8Xd0t7+weFR+fikrZNMUdaiiUhUN0DNBI9Zy3AjWDdVDGUgWCcY3839zhNTmifxg5mkzJc4jHnEKRordftDlBIH4aBccavuAmSdeDmpQI7moPzVDxOaSRYbKlDrnuemxp+iMpwKNiv1M81SpGMcsp6lMUqm/eni3hm5sEpIokTZig1ZqL8npii1nsjAdko0I73qzcX/vF5molt/yuM0Myymy0VRJohJyPx5EnLFqBETS5Aqbm8ldIQKqbERlWwI3urL66R9VfWuq7X7WqXeyOMowhmcwyV4cAN1aEATWkBBwDO8wpvz6Lw4787HsrXg5DOn8AfO5w8CTI/7</latexit>�d

<latexit sha1_base64="g8kyXzQwdW1NfFZZblrNjbc5uFs=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLz1WsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64STu7nfeWLacCUf7DRhQUxGkkecEuukdp+O+cAflCte1VsArxM/JxXI0RyUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLaGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QYZl0lqmaTLRVEqsFV4/joecs2oFVNHCNXc3YrpmGhCrQuo5ELwV19eJ+2rqn9drd3XKvVGHkcRzuAcLsGHG6hDA5rQAgqP8Ayv8IYUekHv6GPZWkD5zCn8Afr8ASwajuU=</latexit>�1

<latexit sha1_base64="CnSAWZzjq3ElqbBZ2IBFUpd4Q9M=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8ld1S1GPBS48V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfaGNza3tnt7BX3D84PDounZy2jUo1ZS2qhNLdkBgmuGQty61g3UQzEoeCdcLJ3dzvPDFtuJIPdpqwICYjySNOiXVSu0/HfFAdlMpexVsArxM/J2XI0RyUvvpDRdOYSUsFMabne4kNMqItp4LNiv3UsITQCRmxnqOSxMwE2eLaGb50yhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QYZl0lqmaTLRVEqsFV4/joecs2oFVNHCNXc3YrpmGhCrQuo6ELwV19eJ+1qxb+u1O5r5Xojj6MA53ABV+DDDdShAU1oAYVHeIZXeEMKvaB39LFs3UD5zBn8Afr8AS2ejuY=</latexit>�2

<latexit sha1_base64="g8kyXzQwdW1NfFZZblrNjbc5uFs=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLz1WsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64STu7nfeWLacCUf7DRhQUxGkkecEuukdp+O+cAflCte1VsArxM/JxXI0RyUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLaGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QYZl0lqmaTLRVEqsFV4/joecs2oFVNHCNXc3YrpmGhCrQuo5ELwV19eJ+2rqn9drd3XKvVGHkcRzuAcLsGHG6hDA5rQAgqP8Ayv8IYUekHv6GPZWkD5zCn8Afr8ASwajuU=</latexit>�1

<latexit sha1_base64="CnSAWZzjq3ElqbBZ2IBFUpd4Q9M=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8ld1S1GPBS48V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfaGNza3tnt7BX3D84PDounZy2jUo1ZS2qhNLdkBgmuGQty61g3UQzEoeCdcLJ3dzvPDFtuJIPdpqwICYjySNOiXVSu0/HfFAdlMpexVsArxM/J2XI0RyUvvpDRdOYSUsFMabne4kNMqItp4LNiv3UsITQCRmxnqOSxMwE2eLaGb50yhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QYZl0lqmaTLRVEqsFV4/joecs2oFVNHCNXc3YrpmGhCrQuo6ELwV19eJ+1qxb+u1O5r5Xojj6MA53ABV+DDDdShAU1oAYVHeIZXeEMKvaB39LFs3UD5zBn8Afr8AS2ejuY=</latexit>�2

Dark photons arise from exotic Higgs decay 
to exited DM state χ2. If γd is light with mass 
of O(1 GeV) it is produced with large boost. 
Resulting smoking-gun signal are so-called 
lepton-jets, i.e. collimated groups of leptons 
in a jet-like structure, plus ET,miss provided by 
DM candidate χ1
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