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• High-energy MC is vector boson collider 

• Neutral gauge boson emissions are associated with high-rapidity muons. Detecting them is: 

๏  Essential if      is invisible 

๏  Important for characterisation of VBF / VBS processes
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• High-energy MC is vector boson collider 

• Neutral gauge boson emissions are associated with high-rapidity muons. Detecting them is: 

๏  Essential if      is invisible 

๏  Important for characterisation of VBF / VBS processes 

•      emissions:
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How to detect forward muons?

tungsten

• Absorber nozzles that reduce BIB  

cut out               with current design 

• But high-energy muons traverse shielding: 

instrument forward region with dedicated muon detector 

• What performance can be achieved? 

Only tagging, measurement of angles,  

measurement of angles + momentum? 

Goals of this work: 

✓  Identify physics opportunities with forward muons at MC 

✓  Evaluate requirements on forward muon detector performance

[EPJC report 2303.08533]
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[Ruhdorfer, Salvioni, Wulzer 2411.00096 and 2303.14202]
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?

[credits: Max Ruhdorfer]
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hV V

EW dark matter
new vector bosons
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Z
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µ+
<latexit sha1_base64="B7okdRwXIC+ATyKEb7Rb2sRmYvU=">AAAB7HicbVBNSwMxEJ2tX7V+tOrRS7AIglB2pVSPBS8eK7htoV1LNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7dzv/NElWaxfDDThAYCjySLGMHGSn5fpI+Xg0rVrbkLoHXi5aQKOVqDyld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaFzqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmlf1bxGrX5frzYbeRxFOIUzuAAPrqEJd9ACHwgweIZXeHOk8+K8Ox/L1oKTz5zAHzifP3kPjnA=</latexit>

µ+
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µ�

Produce on-shell Higgs that decays invisibly 

Predicted by SM + broad BSM motivations 

@ 10 TeV, 10 ab-1 : 620 000 Higgses in ZZ fusion (VBF cuts) 

In SM,                                                    750 invisible decays 

Relative precision of few percent: in principle could be sensitive to 

Bhabha scattering is large background      suppress it with cut on 

We are left with                where       is lost (not recorded by main detector)

→

→
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h
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BRBSM
inv ⇠ 10�4
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BR(h ! 4⌫) = 1.2⇥ 10�3

Invisible Higgs at MC
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µ+µ�X
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X
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Pµµ
? = (pµ+ + pµ�)?
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Two muons + lost objects: 

     is outside main detector, 

or too soft,
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µ+µ� ! µ+µ�X
<latexit sha1_base64="rL6yy3+m1krCC9Lpfk2JEL3GBYI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKX8eCF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZ yWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1rqqXzYtKvZbHUYQTOIVz8OAa6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ftCmM1g==</latexit>

X
<latexit sha1_base64="jeFa2XaTXqszHZSgvTCeRrF01KI=">AAAB9HicbVDLTgJBEJzFF+IL9ehlIjHxtNkl+DgZEi8eMREwgQ2ZHRqYMPtwppeELHyHFw8a49WP8ebfOMAeFKykk0pVd7q7/FgKjY7zbeXW1jc2t/LbhZ3dvf2D4uFRQ0eJ4lDnkYzUo880SBFCHQVKeIwVsMCX0PSHtzO/OQKlRRQ+4DgGL2D9UPQEZ2gkb9IGZBN6Q8t2pdIplhzbmYOuEjcjJZKh1il+tbsRTwIIkUumdct1YvRSplBwCdNCO9EQMz5kfWgZGrIAtJfOj57SM6N0aS9SpkKkc/X3RMoCrceBbzoDhgO97M3E/7xWgr1rLxVhnCCEfLGol0iKEZ0lQLtCAUc5NoRxJcytlA+YYhxNTgUTgrv88ipplG330r64r5Sq5SyOPDkhp+ScuOSKVMkdqZE64eSJPJNX8maNrBfr3fpYtOasbOaY/IH1+QPTiJDK</latexit>

|⌘| > 2.44
<latexit sha1_base64="ZVT+FvNqGqhjk2ARvEjlXVd7rAo=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyUpvkAXBRe6rGBboQlhMp20Q2cmYWYilFDc+CtuXCji1q9w5984abPQ1gMXDufcy733hAmjSjvOt1VaWFxaXimvVtbWNza37O2dtopTiUkLxyyW9yFShFFBWppqRu4TSRAPGemEw6vc7zwQqWgs7vQoIT5HfUEjipE2UmDvJYEXxhpewrrjXXgc6YHk2TVpjwO76tScCeA8cQtSBQWagf3l9WKcciI0Zkiprusk2s+Q1BQzMq54qSIJwkPUJ11DBeJE+dnkhTE8NEoPRrE0JTScqL8nMsSVGvHQdOY3qlkvF//zuqmOzv2MiiTVRODpoihlUMcwzwP2qCRYs5EhCEtqboV4gCTC2qRWMSG4sy/Pk3a95p7WTm6Pq416EUcZ7IMDcARccAYa4AY0QQtg8AiewSt4s56sF+vd+pi2lqxiZhf8gfX5A82NlmM=</latexit>

p? < 20 GeV

<latexit sha1_base64="8xrMX5Ws0r8dDAj2sUvfpQOIJu0=">AAACCnicbZDLSgMxFIYz9VbrbdSlm2gRBLXMFG8gQsGNywr2Ap1azqSZNjSZGZKMUIau3fgqblwo4tYncOfbmF4W2vrDgY//nENyfj/mTGnH+bYyc/MLi0vZ5dzK6tr6hr25VVVRIgmtkIhHsu6DopyFtKKZ5rQeSwrC57Tm966H/doDlYpF4Z3ux7QpoBOygBHQxmrZu3V8hb0OCAFH3iUOPB9kGgyGXLs/NHXcsvNOwRkJz4I7gTyaqNyyv7x2RBJBQ004KNVwnVg3U5CaEU4HOS9RNAbSgw5tGAxBUNVMR6cM8L5x2jiIpKlQ45H7eyMFoVRf+GZSgO6q6d7Q/K/XSHRw0UxZGCeahmT8UJBwrCM8zAW3maRE874BIJKZv2LSBQlEm/RyJgR3+uRZqBYL7lnh9PYkXypO4siiHbSHDpCLzlEJ3aAyqiCCHtEzekVv1pP1Yr1bH+PRjDXZ2UZ/ZH3+AGI5mCA=</latexit>

X = �, f f̄ , W+W�

<latexit sha1_base64="B7okdRwXIC+ATyKEb7Rb2sRmYvU=">AAAB7HicbVBNSwMxEJ2tX7V+tOrRS7AIglB2pVSPBS8eK7htoV1LNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7dzv/NElWaxfDDThAYCjySLGMHGSn5fpI+Xg0rVrbkLoHXi5aQKOVqDyld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaFzqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmlf1bxGrX5frzYbeRxFOIUzuAAPrqEJd9ACHwgweIZXeHOk8+K8Ox/L1oKTz5zAHzifP3kPjnA=</latexit>

µ+

<latexit sha1_base64="zDjrZXimEmKZbvR7Q+/I0rMFMuc=">AAAB7HicbVBNTwIxEJ3FL8QPUI9eGomJF8muIeiRxItHTFwggZV0Sxca2u6m7ZqQDb/BiweN8eoP8ua/scAeFHzJJC/vzWRmXphwpo3rfjuFjc2t7Z3ibmlv/+CwXDk6bus4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0sfLQaXq1twF0DrxclKFHK1B5as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztC5VYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbSval6jVr+vV5uNPI4inMIZXIAH19CEO2iBDwQYPMMrvDnSeXHenY9la8HJZ07gD5zPH3wXjnI=</latexit>

µ�<latexit sha1_base64="zDjrZXimEmKZbvR7Q+/I0rMFMuc=">AAAB7HicbVBNTwIxEJ3FL8QPUI9eGomJF8muIeiRxItHTFwggZV0Sxca2u6m7ZqQDb/BiweN8eoP8ua/scAeFHzJJC/vzWRmXphwpo3rfjuFjc2t7Z3ibmlv/+CwXDk6bus4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0sfLQaXq1twF0DrxclKFHK1B5as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztC5VYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbSval6jVr+vV5uNPI4inMIZXIAH19CEO2iBDwQYPMMrvDnSeXHenY9la8HJZ07gD5zPH3wXjnI=</latexit>

µ�

<latexit sha1_base64="B7okdRwXIC+ATyKEb7Rb2sRmYvU=">AAAB7HicbVBNSwMxEJ2tX7V+tOrRS7AIglB2pVSPBS8eK7htoV1LNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7dzv/NElWaxfDDThAYCjySLGMHGSn5fpI+Xg0rVrbkLoHXi5aQKOVqDyld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaFzqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmlf1bxGrX5frzYbeRxFOIUzuAAPrqEJd9ACHwgweIZXeHOk8+K8Ox/L1oKTz5zAHzifP3kPjnA=</latexit>

µ+

<latexit sha1_base64="vwAcs7ZmBgaFjybbigTgEob6svs=">AAAB7XicbVDJSgNBEO2JW4xb1KOXxiB4CjMSl2PAi8cIZoFkCDWdnqRNL0N3jxCG/IMXD4p49X+8+Td2kjlo4oOCx3tVVNWLEs6M9f1vr7C2vrG5Vdwu7ezu7R+UD49aRqWa0CZRXOlOBIZyJmnTMstpJ9EURMRpOxrfzvz2E9WGKflgJwkNBQwlixkB66RWbwhCQL9c8av+HHiVBDmpoByNfvmrN1AkFVRawsGYbuAnNsxAW0Y4nZZ6qaEJkDEMaddRCYKaMJtfO8VnThngWGlX0uK5+nsiA2HMRESuU4AdmWVvJv7ndVMb34QZk0lqqSSLRXHKsVV49joeME2J5RNHgGjmbsVkBBqIdQGVXAjB8surpHVRDa6ql/e1Sr2Wx1FEJ+gUnaMAXaM6ukMN1EQEPaJn9IrePOW9eO/ex6K14OUzx+gPvM8fhfWPEQ==</latexit>�

<latexit sha1_base64="vwAcs7ZmBgaFjybbigTgEob6svs=">AAAB7XicbVDJSgNBEO2JW4xb1KOXxiB4CjMSl2PAi8cIZoFkCDWdnqRNL0N3jxCG/IMXD4p49X+8+Td2kjlo4oOCx3tVVNWLEs6M9f1vr7C2vrG5Vdwu7ezu7R+UD49aRqWa0CZRXOlOBIZyJmnTMstpJ9EURMRpOxrfzvz2E9WGKflgJwkNBQwlixkB66RWbwhCQL9c8av+HHiVBDmpoByNfvmrN1AkFVRawsGYbuAnNsxAW0Y4nZZ6qaEJkDEMaddRCYKaMJtfO8VnThngWGlX0uK5+nsiA2HMRESuU4AdmWVvJv7ndVMb34QZk0lqqSSLRXHKsVV49joeME2J5RNHgGjmbsVkBBqIdQGVXAjB8surpHVRDa6ql/e1Sr2Wx1FEJ+gUnaMAXaM6ukMN1EQEPaJn9IrePOW9eO/ex6K14OUzx+gPvM8fhfWPEQ==</latexit>�

<latexit sha1_base64="DSc6pWL5FmT4QeuRSYcChl/PY/c=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclaRYFQQpuNBlBfuAJobJdNIOnUnCzEQoIXs3/oobF4q49Qfc+TdO2iy09TADh3Pu5d57/JhRqSzr21haXlldWy9tlDe3tnd2zb39jowSgUkbRywSPR9JwmhI2ooqRnqxIIj7jHT98VXudx+IkDQK79QkJi5Hw5AGFCOlJc+stDzHj9R96vBEvwxewoblXDgcqZHg6TXpZJ5ZtWrWFHCR2AWpggItz/xyBhFOOAkVZkjKvm3Fyk2RUBQzkpWdRJIY4TEakr6mIeJEuun0lgweaWUAg0joHyo4VX93pIhLOeG+rsx3lPNeLv7n9RMVnLspDeNEkRDPBgUJgyqCeTBwQAXBik00QVhQvSvEIyQQVjq+sg7Bnj95kXTqNfu01rg9qTbrRRwlcAgq4BjY4Aw0wQ1ogTbA4BE8g1fwZjwZL8a78TErXTKKngPwB8bnDyf2mnQ=</latexit>

Pµµ
? > 50 GeV

Invisible Higgs at MC: backgrounds

Largest contributions from 

• suppresses background from photon radiation 

• has mild impact on signal process
<latexit sha1_base64="/Y1E3Ef/tRVAPZm9QQ0QBO1pB4c=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyxC3ZQZkeqy4MZlBfvAzjhk0kwbmmRCkhFK7cJfceNCEbf+hjv/xrSdhbYeuHA4517uvSeWjGrjed/O0vLK6tp6YaO4ubW9s+vu7Td1milMGjhlqWrHSBNGBWkYahhpS0UQjxlpxYOrid96IErTVNyaoSQhRz1BE4qRsVLkHpZlFEii5H3AMxhoyiGP7k4jt+RVvCngIvFzUgI56pH7FXRTnHEiDGZI647vSROOkDIUMzIuBpkmEuEB6pGOpQJxosPR9P4xPLFKFyapsiUMnKq/J0aIaz3kse3kyPT1vDcR//M6mUkuwxEVMjNE4NmiJGPQpHASBuxSRbBhQ0sQVtTeCnEfKYSNjaxoQ/DnX14kzbOKX61Ub85LNS+PowCOwDEoAx9cgBq4BnXQABg8gmfwCt6cJ+fFeXc+Zq1LTj5zAP7A+fwB672VWg==</latexit>

(pµ? ⇠ mZ)
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Truth-level selection
Near-ideal discrimination of S and B is possible:

<latexit sha1_base64="/fbRLbaFY7ZT2lTalYFG6l5uHhI=">AAACDXicbVC7SgNBFJ31GeMramkzGIXYhN3gqxECWmgRiGAekF3D7GSSDJl9OHNXCJv8gI2/YmOhiK29nX/jJNlCEw9cOJxzL/fe44aCKzDNb2NufmFxaTm1kl5dW9/YzGxtV1UQScoqNBCBrLtEMcF9VgEOgtVDyYjnClZzexcjv/bApOKBfwv9kDke6fi8zSkBLTUz+7ZHoCu9uHRdGuJzbKt7CfEgZ18yAQSXD+8Kg2EzkzXz5hh4llgJyaIE5Wbmy24FNPKYD1QQpRqWGYITEwmcCjZM25FiIaE90mENTX3iMeXE42+G+EArLdwOpC4f8Fj9PRETT6m+5+rO0e1q2huJ/3mNCNpnTsz9MALm08midiQwBHgUDW5xySiIviaESq5vxbRLJKGgA0zrEKzpl2dJtZC3TvLHN0fZYiGJI4V20R7KIQudoiK6QmVUQRQ9omf0it6MJ+PFeDc+Jq1zRjKzg/7A+PwBNQ6a9w==</latexit>

MIM =
p

|(�P )2|
<latexit sha1_base64="NF8yzcl7cI77t/uT8ePQtJW54GQ="></latexit>

�P = (2Eb,~0 )� pµ+ � pµ�

<latexit sha1_base64="Ak9lLNWvvhfKnc1ECsTUOAHInsc=">AAACI3icbVDLSgMxFM34tr6qLt0Ei1CxlhnxhSAURHBZwT6gMx0yaVqDSWZIMkIZ5l/c+CtuXCjFjQv/xUw7C60eCJyccy/33hNEjCpt25/WzOzc/MLi0nJhZXVtfaO4udVUYSwxaeCQhbIdIEUYFaShqWakHUmCeMBIK3i4yvzWI5GKhuJODyPicTQQtE8x0kbyixfXfuLyOO0mruSQU5HCS+hypO8lT7KvW4HlSU33IK3AnB6mcN8vluyqPQb8S5yclECOul8cub0Qx5wIjRlSquPYkfYSJDXFjKQFN1YkQvgBDUjHUIE4UV4yvjGFe0bpwX4ozRMajtWfHQniSg15YCqz7dW0l4n/eZ1Y98+9hIoo1kTgyaB+zKAOYRYY7FFJsGZDQxCW1OwK8T2SCGsTa8GE4Eyf/Jc0j6rOafXk9rhUO8rjWAI7YBeUgQPOQA3cgDpoAAyewAt4A+/Ws/VqjayPSemMlfdsg1+wvr4BkBujgw==</latexit>

Emin
µ = min (Eµ+ , Eµ�)

                         & 

force      to be central  veto→<latexit sha1_base64="+HxUyTIg/+uk51uQhGzueFSj0LQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cEzAOSJcxOepMxs7PLzKwQlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU6PTLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGtn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS96+pV47JSc/M4inACp3AOHtxADe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDs4+M1A==</latexit>

X

<latexit sha1_base64="+mOCKtgN2demv1hwGgdc3MnqTQA=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjNiVRCk4EKXFewDOmPJpJk2NI8hyQhlmA9w46+4caGIWz/AnX9j2s5Cq5cEDuecy733hDGj2rjul1NYWFxaXimultbWNza3yts7LS0ThUkTSyZVJ0SaMCpI01DDSCdWBPGQkXY4upzo7XuiNJXi1oxjEnA0EDSiGBlL9cqVRs8PpblLfZ7Yl8ELWHP9c58jM1Q8vSKtDFqXW3WnBf8CLwcVkFejV/70+xInnAiDGdK667mxCVKkDMWMZCU/0SRGeIQGpGuhQJzoIJ0ek8EDy/RhJJX9wsAp+7MjRVzrMQ+tc7Kkntcm5H9aNzHRWZBSESeGCDwbFCUMGgknycA+VQQbNrYAYUXtrhAPkULY2PxKNgRv/uS/oHVU9U6qtZvjSt3N4yiCPbAPDoEHTkEdXIMGaAIMHsATeAGvzqPz7Lw57zNrwcl7dsGvcj6+AYmcmpw=</latexit>

Pµµ
? > 50 GeV

<latexit sha1_base64="G3rRjR56xTUNd2yYSWAdx0xW/5k=">AAACCHicbVDLSsNAFJ34rPUVdenCwVJwVRLxtSxIwWUF+4Amhsl00g6dmYSZiVBCl278FTcuFHHrJ7jzb5ymWWjrgQuHc+7l3nvChFGlHefbWlpeWV1bL22UN7e2d3btvf22ilOJSQvHLJbdECnCqCAtTTUj3UQSxENGOuHoeup3HohUNBZ3epwQn6OBoBHFSBspsI8agcfT+8yTHHIqJtBTlMNGkAvhBAZ2xak5OeAicQtSAQWagf3l9WOcciI0Zkipnusk2s+Q1BQzMil7qSIJwiM0ID1DBeJE+Vn+yARWjdKHUSxNCQ1z9fdEhrhSY27uqnKkh2rem4r/eb1UR1d+RkWSaiLwbFGUMqhjOE0F9qkkWLOxIQhLam6FeIgkwtpkVzYhuPMvL5L2ac29qJ3fnlXqThFHCRyCY3ACXHAJ6uAGNEELYPAInsEreLOerBfr3fqYtS5ZxcwB+APr8weou5kO</latexit>

Emin
µ ⇠ Eb

<latexit sha1_base64="GLUAG3jtFLbtBh0JWvqjuBatamo=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsyIr41QcKOLQgX7gHYYMmmmDU0yQ5IRyzC/4saFIm79EXf+jZl2Ftp6IHA4517uyQliRpV2nG+rtLK6tr5R3qxsbe/s7tn71Y6KEolJG0cskr0AKcKoIG1NNSO9WBLEA0a6weQm97uPRCoaiQc9jYnH0UjQkGKkjeTb1QFHeix52rxrZvAacn/s2zWn7swAl4lbkBoo0PLtr8EwwgknQmOGlOq7Tqy9FElNMSNZZZAoEiM8QSPSN1QgTpSXzrJn8NgoQxhG0jyh4Uz9vZEirtSUB2YyT6oWvVz8z+snOrzyUiriRBOB54fChEEdwbwIOKSSYM2mhiAsqckK8RhJhLWpq2JKcBe/vEw6p3X3on5+f1ZrOEUdZXAIjsAJcMElaIBb0AJtgMETeAav4M3KrBfr3fqYj5asYucA/IH1+QMYv5PI</latexit>

MIM = mh

<latexit sha1_base64="v3Xp6MpE9kvKHkDg8pxeu4obDm0=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUnE17LgxmUF+4Amhsl02g6dScLMRFpCfsWNC0Xc+iPu/BunbRbaeuDC4Zx7ufeeMOFMacf5tkpr6xubW+Xtys7u3v6BfVhtqziVhLZIzGPZDbGinEW0pZnmtJtIikXIaScc3878zhOVisXRg54m1Bd4GLEBI1gbKbCrHtU48ET6mHlSIIEneWDXnLozB1olbkFqUKAZ2F9ePyapoJEmHCvVc51E+xmWmhFO84qXKppgMsZD2jM0woIqP5vfnqNTo/TRIJamIo3m6u+JDAulpiI0nQLrkVr2ZuJ/Xi/Vgxs/Y1GSahqRxaJBypGO0SwI1GeSEs2nhmAimbkVkRGWmGgTV8WE4C6/vEra53X3qn55f1FrOEUcZTiGEzgDF66hAXfQhBYQmMAzvMKblVsv1rv1sWgtWcXMEfyB9fkDM1GUgQ==</latexit>

⌘max
µ

<latexit sha1_base64="ljXpVIRBnKgEmZ77nG8Rt9spfSU=">AAACCXicbZC7TsMwFIadcivlFmBksaiQmKoElctYlYUFqVx6kdoQOa7bWrWdyHYqVVFWFl6FhQGEWHkDNt4Gp+0ALb9k6dN/zpHP+YOIUaUd59vKLS2vrK7l1wsbm1vbO/buXkOFscSkjkMWylaAFGFUkLqmmpFWJAniASPNYHiZ1ZsjIhUNxb0eR8TjqC9oj2KkjeXbEHY40gPJk+pt6icdySEVo/RhQtW769S3i07JmQgugjuDIpip5ttfnW6IY06Exgwp1XadSHsJkppiRtJCJ1YkQniI+qRtUCBOlJdMLknhkXG6sBdK84SGE/f3RIK4UmMemM5sbTVfy8z/au1Y9y68hIoo1kTg6Ue9mEEdwiwW2KWSYM3GBhCW1OwK8QBJhLUJr2BCcOdPXoTGSck9K53elIuV8iyOPDgAh+AYuOAcVMAVqIE6wOARPINX8GY9WS/Wu/Uxbc1Zs5l98EfW5w9IBpoK</latexit>

BRBSM
inv

missing invariant mass

strong degradation if
<latexit sha1_base64="VM9x2jSkFjYGxEpi82++Oua4pg8=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVJKi1WPBi8cK9gOaGDbbabt0Nwm7G7GEnrz4V7x4UMSrv8Gb/8Ztm4O2Phh4vDfDzLww4Uxpx/m2lpZXVtfWCxvFza3tnV17b7+p4lRSaNCYx7IdEgWcRdDQTHNoJxKICDm0wuHVxG/dg1Qsjm71KAFfkH7EeowSbaTAPvJAk8AT6V3mSYEFeRhjj4NSigl8Htglp+xMgReJm5MSylEP7C+vG9NUQKQpJ0p1XCfRfkakZpTDuOilChJCh6QPHUMjIkD52fSNMT4xShf3Ymkq0niq/p7IiFBqJELTKYgeqHlvIv7ndVLdu/QzFiWphojOFvVSjnWMJ5ngLpNANR8ZQqhk5lZMB0QSqk1yRROCO//yImlWym61XL05K9UqeRwFdIiO0Sly0QWqoWtURw1E0SN6Rq/ozXqyXqx362PWumTlMwfoD6zPH/jOmMM=</latexit>

⌘max
µ . 5
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Beam and detector effects

<latexit sha1_base64="B7okdRwXIC+ATyKEb7Rb2sRmYvU=">AAAB7HicbVBNSwMxEJ2tX7V+tOrRS7AIglB2pVSPBS8eK7htoV1LNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7dzv/NElWaxfDDThAYCjySLGMHGSn5fpI+Xg0rVrbkLoHXi5aQKOVqDyld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaFzqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmlf1bxGrX5frzYbeRxFOIUzuAAPrqEJd9ACHwgweIZXeHOk8+K8Ox/L1oKTz5zAHzifP3kPjnA=</latexit>

µ+<latexit sha1_base64="zDjrZXimEmKZbvR7Q+/I0rMFMuc=">AAAB7HicbVBNTwIxEJ3FL8QPUI9eGomJF8muIeiRxItHTFwggZV0Sxca2u6m7ZqQDb/BiweN8eoP8ua/scAeFHzJJC/vzWRmXphwpo3rfjuFjc2t7Z3ibmlv/+CwXDk6bus4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0sfLQaXq1twF0DrxclKFHK1B5as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztC5VYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbSval6jVr+vV5uNPI4inMIZXIAH19CEO2iBDwQYPMMrvDnSeXHenY9la8HJZ07gD5zPH3wXjnI=</latexit>

µ�

<latexit sha1_base64="RAcUeGYBC36LERfjD8j8MqgpH/E="></latexit>

Eb(1+ �BES)

Beam energy spread of 0.1%

Truth level

MIM does not discriminate anymore

(BES spoils large cancellations in MIM)

 Finite resolution in measurement of muon  
 momentum: Gaussian smearing with                  

<latexit sha1_base64="qteoxC4AadriRQ1T1WBkZd+jVMo=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgZLwVVJiq+NUHDjsoKthSaEyeSmHTp5MDMRSsjGX3HjQhG3foY7/8Zpm4W2HrhwOOde7r3HTzmTyrK+jcrK6tr6RnWztrW9s7tn7h/0ZJIJCl2a8ET0fSKBsxi6iikO/VQAiXwOD/74Zuo/PIKQLInv1SQFNyLDmIWMEqUlzzxyAuCKeLkjIixAFvga25bT8My61bRmwMvELkkdleh45pcTJDSLIFaUEykHtpUqNydCMcqhqDmZhJTQMRnCQNOYRCDdfPZAgRtaCXCYCF2xwjP190ROIiknka87I6JGctGbiv95g0yFV27O4jRTENP5ojDjWCV4mgYOmACq+EQTQgXTt2I6IoJQpTOr6RDsxZeXSa/VtC+a53dn9XarjKOKjtEJOkU2ukRtdIs6qIsoKtAzekVvxpPxYrwbH/PWilHOHKI/MD5/APYVlUw=</latexit>

�res = 10%
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Beam and detector effects

<latexit sha1_base64="B7okdRwXIC+ATyKEb7Rb2sRmYvU=">AAAB7HicbVBNSwMxEJ2tX7V+tOrRS7AIglB2pVSPBS8eK7htoV1LNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7dzv/NElWaxfDDThAYCjySLGMHGSn5fpI+Xg0rVrbkLoHXi5aQKOVqDyld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaFzqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmlf1bxGrX5frzYbeRxFOIUzuAAPrqEJd9ACHwgweIZXeHOk8+K8Ox/L1oKTz5zAHzifP3kPjnA=</latexit>

µ+<latexit sha1_base64="zDjrZXimEmKZbvR7Q+/I0rMFMuc=">AAAB7HicbVBNTwIxEJ3FL8QPUI9eGomJF8muIeiRxItHTFwggZV0Sxca2u6m7ZqQDb/BiweN8eoP8ua/scAeFHzJJC/vzWRmXphwpo3rfjuFjc2t7Z3ibmlv/+CwXDk6bus4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0sfLQaXq1twF0DrxclKFHK1B5as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztC5VYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbSval6jVr+vV5uNPI4inMIZXIAH19CEO2iBDwQYPMMrvDnSeXHenY9la8HJZ07gD5zPH3wXjnI=</latexit>

µ�

<latexit sha1_base64="RAcUeGYBC36LERfjD8j8MqgpH/E="></latexit>

Eb(1+ �BES)

Beam energy spread of 0.1%

 Finite resolution in measurement of muon  
 momentum: Gaussian smearing with                  

<latexit sha1_base64="qteoxC4AadriRQ1T1WBkZd+jVMo=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgZLwVVJiq+NUHDjsoKthSaEyeSmHTp5MDMRSsjGX3HjQhG3foY7/8Zpm4W2HrhwOOde7r3HTzmTyrK+jcrK6tr6RnWztrW9s7tn7h/0ZJIJCl2a8ET0fSKBsxi6iikO/VQAiXwOD/74Zuo/PIKQLInv1SQFNyLDmIWMEqUlzzxyAuCKeLkjIixAFvga25bT8My61bRmwMvELkkdleh45pcTJDSLIFaUEykHtpUqNydCMcqhqDmZhJTQMRnCQNOYRCDdfPZAgRtaCXCYCF2xwjP190ROIiknka87I6JGctGbiv95g0yFV27O4jRTENP5ojDjWCV4mgYOmACq+EQTQgXTt2I6IoJQpTOr6RDsxZeXSa/VtC+a53dn9XarjKOKjtEJOkU2ukRtdIs6qIsoKtAzekVvxpPxYrwbH/PWilHOHKI/MD5/APYVlUw=</latexit>

�res = 10%

Truth level

(BES spoils large cancellations in MIM)

Final selection:

10



LHC now

[Ruhdorfer, Salvioni, Wulzer 2303.14202 + 2411.00096]

Resolution on muon momentum measurement is limiting factor 

For 10% find                                    , close to SM prediction

Invisible Higgs at MC: sensitivity

<latexit sha1_base64="954sDEYjpdHriTAXMrofSSFSPOU=">AAACCHicbZDLSgMxFIYzXmu9jbp0YbAIrsqMlOqy1I0boV56gXYsmTRtQ5PMkGQKZZilG1/FjQtF3PoI7nwbM+0stPWHwMd/ziHn/H7IqNKO820tLa+srq3nNvKbW9s7u/befkMFkcSkjgMWyJaPFGFUkLqmmpFWKAniPiNNf3SZ1ptjIhUNxL2ehMTjaCBon2KkjdW1jzoc6aHkcfU26cYdySEV4+RhStW766RrF5yiMxVcBDeDAshU69pfnV6AI06Exgwp1XadUHsxkppiRpJ8J1IkRHiEBqRtUCBOlBdPD0ngiXF6sB9I84SGU/f3RIy4UhPum850bTVfS83/au1I9y+8mIow0kTg2Uf9iEEdwDQV2KOSYM0mBhCW1OwK8RBJhLXJLm9CcOdPXoTGWdEtF8s3pUKllMWRA4fgGJwCF5yDCrgCNVAHGDyCZ/AK3qwn68V6tz5mrUtWNnMA/sj6/AHuqpnh</latexit>

BRBSM
inv

<latexit sha1_base64="nvs2TdlBEbCJwUDLlW9QsH5PAt4="></latexit>

BRBSM
inv < 1.3⇥ 10�3

<latexit sha1_base64="13xSizI2BLF7sHYXhlRt0Cr/5fk=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JIqR4LXjxWsK3QxLDZTtqlu0nY3UhL6F/x4kERr/4Rb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbG5t75R3K3v7B4dH9nG1q5JMUujQhCfyISQKOIuho5nm8JBKICLk0AvHN3O/9wRSsSS+19MUfEGGMYsYJdpIgV31QJPAE9lj7kmBBZnMArvm1J0F8DpxC1JDBdqB/eUNEpoJiDXlRKm+66Taz4nUjHKYVbxMQUromAyhb2hMBCg/X9w+w+dGGeAokaZijRfq74mcCKWmIjSdguiRWvXm4n9eP9PRtZ+zOM00xHS5KMo41gmeB4EHTALVfGoIoZKZWzEdEUmoNnFVTAju6svrpHtZd5v15l2j1moUcZTRKTpDF8hFV6iFblEbdRBFE/SMXtGbNbNerHfrY9lasoqZE/QH1ucPNNeUhg==</latexit>

⌘max
µ

<latexit sha1_base64="ZDPimEK3q0pm8rb81153EGM5i54=">AAACD3icbVC7SgNBFJ2NrxhfUUubwaBYhV0JUbAJ2FhGMA/IrmF2MkmGzMwuM3eFsOwf2PgrNhaK2Nra+TdOHoUmHrhwOOde7r0njAU34LrfTm5ldW19I79Z2Nre2d0r7h80TZRoyho0EpFuh8QwwRVrAAfB2rFmRIaCtcLR9cRvPTBteKTuYByzQJKB4n1OCVipWzz1YciAdFNfJtl96muJJVeZf9XxJYGhlqkmvSzoFktu2Z0CLxNvTkpojnq3+OX3IppIpoAKYkzHc2MIUqKBU8Gygp8YFhM6IgPWsVQRyUyQTv/J8IlVergfaVsK8FT9PZESacxYhrZzcqRZ9Cbif14ngf5lkHIVJ8AUnS3qJwJDhCfh4B7XjIIYW0Ko5vZWTIdEEwo2woINwVt8eZk0z8tetVy9rZRqlXkceXSEjtEZ8tAFqqEbVEcNRNEjekav6M15cl6cd+dj1ppz5jOH6A+czx9uIp2D</latexit>

✓min
µ [rad]
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FCC-hh

FCC-ee / ILC

LHC now

[Ruhdorfer, Salvioni, Wulzer 2303.14202 + 2411.00096]

[De Blas et al. 1905.03764] 
[CERN-ACC-2018-0045]

Invisible Higgs at MC: sensitivity

<latexit sha1_base64="954sDEYjpdHriTAXMrofSSFSPOU=">AAACCHicbZDLSgMxFIYzXmu9jbp0YbAIrsqMlOqy1I0boV56gXYsmTRtQ5PMkGQKZZilG1/FjQtF3PoI7nwbM+0stPWHwMd/ziHn/H7IqNKO820tLa+srq3nNvKbW9s7u/befkMFkcSkjgMWyJaPFGFUkLqmmpFWKAniPiNNf3SZ1ptjIhUNxL2ehMTjaCBon2KkjdW1jzoc6aHkcfU26cYdySEV4+RhStW766RrF5yiMxVcBDeDAshU69pfnV6AI06Exgwp1XadUHsxkppiRpJ8J1IkRHiEBqRtUCBOlBdPD0ngiXF6sB9I84SGU/f3RIy4UhPum850bTVfS83/au1I9y+8mIow0kTg2Uf9iEEdwDQV2KOSYM0mBhCW1OwK8RBJhLXJLm9CcOdPXoTGWdEtF8s3pUKllMWRA4fgGJwCF5yDCrgCNVAHGDyCZ/AK3qwn68V6tz5mrUtWNnMA/sj6/AHuqpnh</latexit>

BRBSM
inv

<latexit sha1_base64="ZDPimEK3q0pm8rb81153EGM5i54=">AAACD3icbVC7SgNBFJ2NrxhfUUubwaBYhV0JUbAJ2FhGMA/IrmF2MkmGzMwuM3eFsOwf2PgrNhaK2Nra+TdOHoUmHrhwOOde7r0njAU34LrfTm5ldW19I79Z2Nre2d0r7h80TZRoyho0EpFuh8QwwRVrAAfB2rFmRIaCtcLR9cRvPTBteKTuYByzQJKB4n1OCVipWzz1YciAdFNfJtl96muJJVeZf9XxJYGhlqkmvSzoFktu2Z0CLxNvTkpojnq3+OX3IppIpoAKYkzHc2MIUqKBU8Gygp8YFhM6IgPWsVQRyUyQTv/J8IlVergfaVsK8FT9PZESacxYhrZzcqRZ9Cbif14ngf5lkHIVJ8AUnS3qJwJDhCfh4B7XjIIYW0Ko5vZWTIdEEwo2woINwVt8eZk0z8tetVy9rZRqlXkceXSEjtEZ8tAFqqEbVEcNRNEjekav6M15cl6cd+dj1ppz5jOH6A+czx9uIp2D</latexit>

✓min
µ [rad]

<latexit sha1_base64="13xSizI2BLF7sHYXhlRt0Cr/5fk=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JIqR4LXjxWsK3QxLDZTtqlu0nY3UhL6F/x4kERr/4Rb/4bt20O2vpg4PHeDDPzwpQzpR3n2yptbG5t75R3K3v7B4dH9nG1q5JMUujQhCfyISQKOIuho5nm8JBKICLk0AvHN3O/9wRSsSS+19MUfEGGMYsYJdpIgV31QJPAE9lj7kmBBZnMArvm1J0F8DpxC1JDBdqB/eUNEpoJiDXlRKm+66Taz4nUjHKYVbxMQUromAyhb2hMBCg/X9w+w+dGGeAokaZijRfq74mcCKWmIjSdguiRWvXm4n9eP9PRtZ+zOM00xHS5KMo41gmeB4EHTALVfGoIoZKZWzEdEUmoNnFVTAju6svrpHtZd5v15l2j1moUcZTRKTpDF8hFV6iFblEbdRBFE/SMXtGbNbNerHfrY9lasoqZE/QH1ucPNNeUhg==</latexit>

⌘max
µ

Resolution on muon momentum measurement is limiting factor 

For 10% find                                    , close to SM prediction
<latexit sha1_base64="nvs2TdlBEbCJwUDLlW9QsH5PAt4="></latexit>

BRBSM
inv < 1.3⇥ 10�3
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Invisible Higgs portals

• Invisible BSM scalar      coupled to the SM through

or

•                  : invisible Higgs signal 

•                  : same final state, but off-shell kinematics

<latexit sha1_base64="B3c7DeQ5XG8xdntiR2OlfxfzBGQ=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CRAuLgI1lBPMByXHsbfaSJbt75+5eIBz5HTYWitj6Y+z8N26SKzTxwcDjvRlm5oUJZ9q47rdT2Njc2t4p7pb29g8Oj8rHJ20dp4rQFol5rLoh1pQzSVuGGU67iaJYhJx2wvHd3O9MqNIslo9mmlBf4KFkESPYWMmviaCfjBi6RSIYBeWKW3UXQOvEy0kFcjSD8ld/EJNUUGkIx1r3PDcxfoaVYYTTWamfappgMsZD2rNUYkG1ny2OnqELqwxQFCtb0qCF+nsiw0LrqQhtp8BmpFe9ufif10tNdONnTCapoZIsF0UpRyZG8wTQgClKDJ9agoli9lZERlhhYmxOJRuCt/ryOmnXql69Wn+4qjTcPI4inME5XIIH19CAe2hCCwg8wTO8wpszcV6cd+dj2Vpw8plT+APn8weFyZFA</latexit>

2m� < mh

<latexit sha1_base64="1aPEgWOzmb8UtwHTIrTYaY360O8=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwFSapqXUjBTcuK1hbaEOYTKfN0JkkzkwKJfQ73LhQxK0f486/cfoQVPTAhcM593LvPWHKmdIIfViFldW19Y3iZmlre2d3r7x/cKeSTBLaIglPZCfEinIW05ZmmtNOKikWIaftcHQ189tjKhVL4ls9Sakv8DBmA0awNpLviqCXRgxeQhFEQbmCbFTzqhceRLaHnLo7I67nIFSFjo3mqIAlmkH5vddPSCZorAnHSnUdlGo/x1Izwum01MsUTTEZ4SHtGhpjQZWfz4+ewhOj9OEgkaZiDefq94kcC6UmIjSdAutI/fZm4l9eN9ODup+zOM00jcli0SDjUCdwlgDsM0mJ5hNDMJHM3ApJhCUm2uRUMiF8fQr/J3eu7dTs2s1ZpYGWcRTBETgGp8AB56ABrkETtAAB9+ABPIFna2w9Wi/W66K1YC1nDsEPWG+f4DeRfg==</latexit>

2m� > mh

• “Nightmare scenarios” for new physics,  

notoriously difficult to test 

Yet well motivated: first order electroweak  

phase transition, neutral naturalness,  

pseudo-Goldstone dark matter 

…

<latexit sha1_base64="SbGgNU2fpHg4UZKKlVj1a+Ff+oE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Ae0oWy2m2bp7ibsboQQ+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9diobm1vbO9Xd2t7+weFR/fikp+NUEdolMY/VIMCaciZp1zDD6SBRFIuA034wuyv8/hNVmsXy0WQJ9QWeShYygk0hjZKIjesNt+kugNaJV5IGlOiM61+jSUxSQaUhHGs99NzE+DlWhhFO57VRqmmCyQxP6dBSiQXVfr64dY4urDJBYaxsSYMW6u+JHAutMxHYToFNpFe9QvzPG6YmvPVzJpPUUEmWi8KUIxOj4nE0YYoSwzNLMFHM3opIhBUmxsZTsyF4qy+vk95V02s1Ww/XjbZbxlGFMziHS/DgBtpwDx3oAoEInuEV3hzhvDjvzseyteKUM6fwB87nDxGwjjg=</latexit>

�

<latexit sha1_base64="F2/AilnB3prXUSFTKc2PKaFxo2o="></latexit>

Lrenormalizable = ��

2
�
2
H

†
H

<latexit sha1_base64="tYzYn/PDxI9b2aGNwgtCmuCPrdI="></latexit>

Lderivative =
1

2f2
@µ(�

2)@µ(H†
H)

thermal abundance

13
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Invisible Higgs portals: analysis

• Compared to on-shell Higgs decay, the larger invisible mass 

reduces             reduced S vs B discrimination →

<latexit sha1_base64="2uVD1u3Tcsm5xh2WuNElcRQFUqs=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktUj1JwYvHCvYD2mXJptk2NMmuSbZQlv4OLx4U8eqP8ea/MW33oK0PBh7vzTAzL0w408Z1v53CxubW9k5xt7S3f3B4VD4+aes4VYS2SMxj1Q2xppxJ2jLMcNpNFMUi5LQTju/mfmdClWaxfDTThPoCDyWLGMHGSn5NBP1kxNAtEsEoKFfcqrsAWideTiqQoxmUv/qDmKSCSkM41rrnuYnxM6wMI5zOSv1U0wSTMR7SnqUSC6r9bHH0DF1YZYCiWNmSBi3U3xMZFlpPRWg7BTYjverNxf+8XmqiGz9jMkkNlWS5KEo5MjGaJ4AGTFFi+NQSTBSztyIywgoTY3Mq2RC81ZfXSbtW9erV+sNVpeHmcRThDM7hEjy4hgbcQxNaQOAJnuEV3pyJ8+K8Ox/L1oKTz5zCHzifP4jZkUI=</latexit>

2m� > mh
<latexit sha1_base64="peKakd1f+LZiIT9xj7CgJZd3RL0=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIVJcFEVxWsA9oYphMJ+3QmUmYh1BDv8SNC0Xc+inu/BunbRbaeuDC4Zx7ufeeOGNUac/7dkpr6xubW+Xtys7u3n7VPTjsqNRITNo4ZansxUgRRgVpa6oZ6WWSIB4z0o3H1zO/+0ikoqm415OMhBwNBU0oRtpKkVu9iQJuHvJAcsipmEZuzat7c8BV4hekBgq0IvcrGKTYcCI0Zkipvu9lOsyR1BQzMq0ERpEM4TEakr6lAnGiwnx++BSeWmUAk1TaEhrO1d8TOeJKTXhsOznSI7XszcT/vL7RyVWYU5EZTQReLEoMgzqFsxTggEqCNZtYgrCk9laIR0girG1WFRuCv/zyKumc1/1GvXF3UWt6RRxlcAxOwBnwwSVoglvQAm2AgQHP4BW8OU/Oi/PufCxaS04xcwT+wPn8Aa2NkxE=</latexit>

Emin
µ

Extending angular coverage of main detector helps:  for                backgrounds  

can veto less central        remove events with smaller   →
<latexit sha1_base64="peKakd1f+LZiIT9xj7CgJZd3RL0=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIVJcFEVxWsA9oYphMJ+3QmUmYh1BDv8SNC0Xc+inu/BunbRbaeuDC4Zx7ufeeOGNUac/7dkpr6xubW+Xtys7u3n7VPTjsqNRITNo4ZansxUgRRgVpa6oZ6WWSIB4z0o3H1zO/+0ikoqm415OMhBwNBU0oRtpKkVu9iQJuHvJAcsipmEZuzat7c8BV4hekBgq0IvcrGKTYcCI0Zkipvu9lOsyR1BQzMq0ERpEM4TEakr6lAnGiwnx++BSeWmUAk1TaEhrO1d8TOeJKTXhsOznSI7XszcT/vL7RyVWYU5EZTQReLEoMgzqFsxTggEqCNZtYgrCk9laIR0girG1WFRuCv/zyKumc1/1GvXF3UWt6RRxlcAxOwBnwwSVoglvQAm2AgQHP4BW8OU/Oi/PufCxaS04xcwT+wPn8Aa2NkxE=</latexit>

Emin
µ

<latexit sha1_base64="cp03Qbwh654IsipVyOeOTplEcOg=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBEEscyIVJcFNy4r2Ae0Y8mkmTY0yYxJplCGfocbF4q49WPc+Tdm2llo64F7OZxzL7k5QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6DbzW2OqNIvkg5nE1Bd4IFnICDZW8rsieTxHWb9A7V6p7FbcGdAy8XJShhz1Xumr249IIqg0hGOtO54bGz/FyjDC6bTYTTSNMRnhAe1YKrGg2k9nR0/RqVX6KIyULWnQTP29kWKh9UQEdlJgM9SLXib+53USE974KZNxYqgk84fChCMToSwB1GeKEsMnlmCimL0VkSFWmBibU9GG4C1+eZk0LytetVK9vyrX3DyOAhzDCZyBB9dQgzuoQwMIPMEzvMKbM3ZenHfnYz664uQ7R/AHzucPUZWRHQ==</latexit>

µ+µ�X
<latexit sha1_base64="q+qEsKQWGmKlgcKe/m5M9h5S0lM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2R2UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tWqteV2pu3kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBs+GM1Q==</latexit>

X

<latexit sha1_base64="VBiUfPdDGtgeoc4m5M6Y/GFU8zg="></latexit>

�
Emin

µ

�
endpoint

' Eb �
Pµµ
?

✓MD

Higgs portal signals

Baseline: 

Extended:

<latexit sha1_base64="Wb3KVOe8MbX7vt1fBzVuDjYhZR8="></latexit>

✓MD = 10o
<latexit sha1_base64="WpOQxlsNb3Hr24asi/tIeH38RcU="></latexit>

✓MD = 5o
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Derivative Higgs portal: results

<latexit sha1_base64="jCaJZieCG9UwtVGu5ylJgbdLgAE=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsxIqYKbggtdVrAPmBlKJs20oUlmSDJKGfspblwo4tYvceffmGlnoa0HAodz7uWenDBhVGnH+bZKa+sbm1vl7crO7t7+gV097Ko4lZh0cMxi2Q+RIowK0tFUM9JPJEE8ZKQXTq5zv/dApKKxuNfThAQcjQSNKEbaSAO7GvlXns+RHkue3ZDuLBjYNafuzAFXiVuQGijQHthf/jDGKSdCY4aU8lwn0UGGpKaYkVnFTxVJEJ6gEfEMFYgTFWTz6DN4apQhjGJpntBwrv7eyBBXaspDM5mHVMteLv7neamOLoOMiiTVRODFoShlUMcw7wEOqSRYs6khCEtqskI8RhJhbdqqmBLc5S+vku553W3Wm3eNWqtR1FEGx+AEnAEXXIAWuAVt0AEYPIJn8ArerCfrxXq3PhajJavYOQJ/YH3+ACMsk+Y=</latexit>

f [GeV]

MC 10 TeV

<latexit sha1_base64="qfWb1bAqTitvQ1W3aabU4+auZnQ=">AAACEXicdVBNS0JBFJ1nX2ZfVss2QxK4CJknaroIhFq0CQxSAzWZN446OO+DmfsCefgX2vRX2rQoom27dv2b5vkBFXXgwplz7mXuPU4ghQZCPq3E0vLK6lpyPbWxubW9k97da2g/VIzXmS99deNQzaXweB0ESH4TKE5dR/KmMzqL/eYdV1r43jWMA95x6cATfcEoGKmbzrZhyIF2o7Zy8eX5BJ9im9xOX/7kGBcXFHfTGZIjU2 CSK+aLhUpMykVSKRNsz60MmqPWTX+0ez4LXe4Bk1Trlk0C6ERUgWCST1LtUPOAshEd8JahHnW57kTTiyb4yCg93PeVKQ/wVP0+EVFX67HrmE6XwlD/9mLxL68VQr/ciYQXhMA9NvuoH0oMPo7jwT2hOAM5NoQyJcyumA2pogxMiCkTwuJS/D9p5HN2KVe6KmSqZB5HEh2gQ5RFNjpBVXSBaqiOGLpHj+gZvVgP1pP1ar3NWhPWfGYf/YD1/gUQ15vf</latexit>

✓MD = 10o, 5o

10% mom. res.

(region below lines is excluded)

With ~ 10% momentum resolution, MC would have strongest sensitivity  

Probing thermal abundance for                           remains a challenge
<latexit sha1_base64="ziJ8tf5pprmk+Z1lvOq3goVuyWw=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4GjJtbStuCi50WcG2QmcYMmmmDU1mhiQjlKFbN/6KGxeKuPUP3Pk3pg9BRQ8EDuecS+49QcKZ0gh9WLml5ZXVtfx6YWNza3unuLvXUXEqCW2TmMfyJsCKchbRtmaa05tEUiwCTrvB6Hzqd2+pVCyOrvU4oZ7Ag4iFjGBtJL8Ihe8mQwbdgTYhAR2E3DNXYD2UIrugnYlfLCG7etpAlTqck5PyglQr0LHRDCWwQMsvvrv9mKSCRppwrFTPQYn2Miw1I5xOCm6qaILJCA9oz9AIC6q8bHbJBB4ZpQ/DWJoXaThTv09kWCg1FoFJTndUv72p+JfXS3XY8DIWJammEZl/FKYc6hhOa4F9JinRfGwIJpKZXSEZYomJNuUVTAlfl8L/SadsOzW7dlUtNdGijjw4AIfgGDigDprgErRAGxBwBx7AE3i27q1H68V6nUdz1mJmH/yA9fYJ9seZ3Q==</latexit>

m� & 100 GeV
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Direct searches for BSM particles Precision measurements

tagging

angles

angles 
+ 

momentum invisible Higgs decays
Higgs portal  

models

Higgs couplings

VBS interference 
resurrection

CP - violating    
    couplings

[Forslund, Meade 2022]

inclusive Higgs production

[Ruhdorfer, Salvioni, Wulzer 2024]

[Ruhdorfer, Salvioni, Wulzer 2024]

[Ruhdorfer, Salvioni, Wulzer 2023 + 2024] [Li, Liu, Lyu 2024]

[Forslund, Meade 2023]

Physics opportunities with forward muons

[Ruhdorfer, Salvioni, Wulzer 2024]

[credits: Max Ruhdorfer]

<latexit sha1_base64="9HMM8uyA7g2V+0Qirj2w6T3QjYM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48VbVpoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZemEph0HW/nNLa+sbmVnm7srO7t39QPTzyTZJpxtsskYnuhtRwKRRvo0DJu6nmNA4l74STm7nfeeTaiEQ94DTlQUxHSkSCUbTS/dj3B9WaW3cXIH+JV5AaFGgNqp/9YcKymCtkkhrT89wUg5xqFEzyWaWfGZ5SNqEj3rNU0ZibIF+cOiNnVhmSKNG2FJKF+nMip7Ex0zi0nTHFsVn15uJ/Xi/D6DrIhUoz5IotF0WZJJiQ+d9kKDRnKKeWUKaFvZWwMdWUoU2nYkPwVl/+S/yLuteoN+4ua023iKMMJ3AK5+DBFTThFlrQBgYjeIIXeHWk8+y8Oe/L1pJTzBzDLzgf3xvfjaU=</latexit>

hV V

Requirements 
on detector

EW dark matter
new vector bosons
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[Airen, Broadberry,  
Marques-Tavares, Ricci 2024]

[Han, Liu, Wang, Wang 2021]
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CP-violation and interference resurrection

-violating  couplingCP hZZ

only quadratic dependence on (small) c̃zz

<latexit sha1_base64="QS14hA4d6Ai/e+yTmEDQcDLe6DA=">AAACHHicbZDLSsNAFIYn9VbrLerSzWARXJVEpbqsuHFZwV6giWEynbZDJxdmToQ25EHc+CpuXCjixoXg2zhpu7CtPwx8/Occ5pzfjwVXYFk/RmFldW19o7hZ2tre2d0z9w+aKkokZQ0aiUi2faKY4CFrAAfB2rFkJPAFa/nDm7zeemRS8Si8h1HM3ID0Q97jlIC2PPPcCQgMKBHpdeal1BtneM5xgIsuS6nG8TjLHhyiwDPLVsWaCC+DPYMymqnumV9ON6JJwEKggijVsa0Y3JRI4FSwrOQkisWEDkmfdTSGJGDKTSfHZfhEO13ci6R+IeCJ+3ciJYFSo8DXnfniarGWm//VOgn0rtyUh3ECLKTTj3qJwBDhPCnc5ZJRECMNhEqud8V0QCShoPMs6RDsxZOXoXlWsauV6t1FuWbP4iiiI3SMTpGNLlEN3aI6aiCKntALekPvxrPxanwYn9PWgjGbOURzMr5/Ab8Vo6E=</latexit>

AczA⇤
c̃zz

linear dependence on c̃zz

• In inclusive observables, interference effects such as                vanish 

For instance, total cross section: 

• Forward detector enables access to angular information 

 “resurrect” interference effects that vanish upon integration over angles 

• Access interference of amplitudes with initial Z bosons of different helicities 

• General strategy applicable to VBF and VBS processes  

Probing -violating Higgs couplings illustrates approach: exploit azimuthal angle     of muons 

(momentum measurement is not necessary)

→

CP
<latexit sha1_base64="1TvChmNHWVwim+2jxOGPYM9U+8Y=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKtB4LXjxWsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7C73+09UaRbLRzNPqC/wVLKQEWxyaZREbFytuXV3CbRJvILUoEBnXP0aTWKSCioN4Vjroecmxs+wMoxwuqiMUk0TTGZ4SoeWSiyo9rPlrQt0ZZUJCmNlSxq0VH9PZFhoPReB7RTYRHrdy8X/vGFqwls/YzJJDZVktShMOTIxyh9HE6YoMXxuCSaK2VsRibDCxNh4KjYEb/3lTdJr1L1mvflwU2s3ijjKcAGXcA0etKAN99CBLhCI4Ble4c0Rzovz7nysWktOMXMOf+B8/gASSo46</latexit>

�

<latexit sha1_base64="oxm4obsxhDqMbF9ndQlIIDmoM54=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KolI9Vjw4rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqjPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0ripetVJtXJdrF3kcBTiFM7gED26gBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDyR+M2w==</latexit>

h
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CP-violation and interference resurrection
• Density matrices in effective Z approximation 

<latexit sha1_base64="Q6vOqusfM/zLXn81Mc4TJfKNunc=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHhRHaJQY8kXjxilEeEDZkdemHC7OxmZtaEED7BiweN8eoXefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm7nffkKleSwfzCRBP6JDyUPOqLHS/WO/2i+W3Iq7AFknXkZKkKHRL371BjFLI5SGCap113MT40+pMpwJnBV6qcaEsjEdYtdSSSPU/nRx6oxcWGVAwljZkoYs1N8TUxppPYkC2xlRM9Kr3lz8z+umJrz2p1wmqUHJlovCVBATk/nfZMAVMiMmllCmuL2VsBFVlBmbTsGG4K2+vE5a1YpXq9TuLkv1chZHHs7gHMrgwRXU4RYa0AQGQ3iGV3hzhPPivDsfy9ack82cwh84nz/bMY10</latexit>

Z2

<latexit sha1_base64="hjHVv0ixbbOKCRiQTGUMqDzFJ40=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSL0VBKR6rHgxWNF+4FtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8M/PbT6g0j+WDmSToR3QoecgZNVa6f+x7/VLZrbpzkFXi5aQMORr90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/mpU3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SloXVa9Wrd1dluuVPI4CnMIZVMCDK6jDLTSgCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gDZrY1z</latexit>

Z1

splittings hard scattering

…

function of muon azimuthal angle 
and  helicity Z

no dependence on muon azimuthal angles

 measuring      allows to isolate contribution 

of individual helicity amplitudes to hard scattering 

<latexit sha1_base64="XeCXoWUzJT4aUrh253vLCoguw5o=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5RESvVY8OKxgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpne533uiSrNYPppZQn2BJ5KFjGCTS8MkYqNqza27C6B14hWkBgXao+rXcByTVFBpCMdaDzw3MX6GlWGE03llmGqaYDLFEzqwVGJBtZ8tbp2jC6uMURgrW9Kghfp7IsNC65kIbKfAJtKrXi7+5w1SE976GZNJaqgky0VhypGJUf44GjNFieEzSzBRzN6KSIQVJsbGU7EheKsvr5Pudd1r1psPjVrrqoijDGdwDpfgwQ204B7a0AECETzDK7w5wnlx3p2PZWvJKWZO4Q+czx8QfI40</latexit>

�

• For Higgs production, only hard amplitudes with                       are nonzero and

<latexit sha1_base64="bUby9AiJMb2dVLhkNFzfdIiW5rw=">AAACBXicbZDLSgMxFIbP1Futt1GXuggWQZCWGZHqRijowmUFe4HOMGTSTBuauZBkhFK6ceOruHGhiFvfwZ1vY6adhbYeCPn4/3NIzu8nnEllWd9GYWl5ZXWtuF7a2Nza3jF391oyTgWhTRLzWHR8LClnEW0qpjjtJILi0Oe07Q+vM7/9QIVkcXSvRgl1Q9yPWMAIVlryzEPnhnKFnWTA0BXKLu8UVWZQ8cyyVbWmhRbBzqEMeTU888vpxSQNaaQIx1J2bStR7hgLxQink5KTSppgMsR92tUY4ZBKdzzdYoKOtdJDQSz0iRSaqr8nxjiUchT6ujPEaiDnvUz8z+umKrh0xyxKUkUjMnsoSDlSMcoiQT0mKFF8pAETwfRfERlggYnSwZV0CPb8yovQOqvatWrt7rxct/I4inAAR3ACNlxAHW6hAU0g8AjP8ApvxpPxYrwbH7PWgpHP7MOfMj5/AOBqltk=</latexit>

�� = �+ � ��

<latexit sha1_base64="YgbmG4ohZJrDk2LTAh6dRbXg5IQ=">AAACEnicbVDLSgMxFM3UV62vqks3wSIoaJkpUt0IBV24rGAf0BlLJr3thCYzQ5IRytBvcOOvuHGhiFtX7vwb03YWWj1wyck595Lc48ecKW3bX1ZuYXFpeSW/Wlhb39jcKm7vNFWUSAoNGvFItn2igLMQGpppDu1YAhE+h5Y/vJz4rXuQikXhrR7F4AkyCFmfUaKN1C0euVfANcEBvjB1goM7N5ZMgLnax9iNBXZmR6VbLNllewr8lzgZKaEM9W7x0+1FNBEQasqJUh3HjrWXEqkZ5TAuuImCmNAhGUDH0JAIUF46XWmMD4zSw/1Imgo1nqo/J1IilBoJ33QKogM1703E/7xOovvnXsrCONEQ0tlD/YRjHeFJPrjHJFDNR4YQKpn5K6YBkYRqk2LBhODMr/yXNCtlp1qu3pyWanYWRx7toX10iBx0hmroGtVRA1H0gJ7QC3q1Hq1n6816n7XmrGxmF/2C9fENLZOZ9w==</latexit>

�h = h� h0 = 0,±1,±2

<latexit sha1_base64="j4yRlUepRJFvREA1bTWdFzv3izo="></latexit>

d�

d��
= constant + f(��) + g(2��)

our observable:  
difference of muon azimuthal angles

trigonometric functions, vanish upon integration over 
<latexit sha1_base64="PU3ewarPtBCeC84h/OwdjBP7SK4=">AAAB8XicbVBNS8NAEN34WetX1aOXxSJ4kJKIVI8FPXisYD+wCWWznbRLN5uwOxFK6b/w4kERr/4bb/4bt20O2vpg4PHeDDPzwlQKg6777aysrq1vbBa2its7u3v7pYPDpkkyzaHBE5nodsgMSKGggQIltFMNLA4ltMLhzdRvPYE2IlEPOEohiFlfiUhwhlZ69G9BIvPTgeiWym7FnYEuEy8nZZKj3i19+b2EZzEo5JIZ0/HcFIMx0yi4hEnRzwykjA9ZHzqWKhaDCcaziyf01Co9GiXalkI6U39PjFlszCgObWfMcGAWvan4n9fJMLoOxkKlGYLi80VRJikmdPo+7QkNHOXIEsa1sLdSPmCacbQhFW0I3uLLy6R5UfGqler9Zbl2nsdRIMfkhJwRj1yRGrkjddIgnCjyTF7Jm2OcF+fd+Zi3rjj5zBH5A+fzB27ZkLY=</latexit>

��
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<latexit sha1_base64="AgoBskUOcyThFt6o/vJ+1JztFys="></latexit>

d� /
X

h,h0

e�i�h��d⇢Hh,h0

<latexit sha1_base64="ajX137JGJ4a3dUdqV0GS7LJPtGY=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgqiRFqhuh4MZlBfuANpTJdNIMnUzizKRQQr/DjQtF3Pox7vwbJ2kW2nrgXg7n3MvcOV7MmdK2/W2VNja3tnfKu5W9/YPDo+rxSVdFiSS0QyIeyb6HFeVM0I5mmtN+LCkOPU573vQu83szKhWLxKOex9QN8UQwnxGsjeQGIwfdomDUyHu1ZtftHGidOAWpQYH2qPo1HEckCanQhGOlBo4dazfFUjPC6aIyTBSNMZniCR0YKnBIlZvmRy/QhVHGyI+kKaFRrv7eSHGo1Dz0zGSIdaBWvUz8zxsk2r9xUybiRFNBlg/5CUc6QlkCaMwkJZrPDcFEMnMrIgGWmGiTU8WE4Kx+eZ10G3WnWW8+XNVadhFHGc7gHC7BgWtowT20oQMEnuAZXuHNmlkv1rv1sRwtWcXOKfyB9fkDCL6QSA==</latexit>

h1 = h2 = h



CP-violation in the  couplinghZZ
<latexit sha1_base64="ullXO6lJ9Nrl5VLX5bPfNS0jkOg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8laRI9Vjw4rGC/YC2ls1m0y7dbMLuRGlD/ocXD4p49b9489+4bXPQ1gcDj/dmmJnnxYJrdJxva219Y3Nru7BT3N3bPzgsHR23dJQoypo0EpHqeEQzwSVrIkfBOrFiJPQEa3vjm5nffmRK80je4yRm/ZAMJQ84JWikhx5y4bOUZoN0Os0GpbJTceawV4mbkzLkaAxKXz0/oknIJFJBtO66Toz9lCjkVLCs2Es0iwkdkyHrGipJyHQ/nV+d2edG8e0gUqYk2nP190RKQq0noWc6Q4IjvezNxP+8boLBdT/lMk6QSbpYFCTCxsieRWD7XDGKYmIIoYqbW206IopQNEEVTQju8surpFWtuLVK7e6yXK/mcRTgFM7gAly4gjrcQgOaQEHBM7zCm/VkvVjv1seidc3KZ07gD6zPH2w+kxU=</latexit>

c̃zz

provides excellent fit for
<latexit sha1_base64="bLp8iM0cIUcVPdt5hGnV3rf7mKY=">AAACFHicbVDLSgMxFM34rPU16tJNsAiVYpkRqS4LblxWsA/ojCVJM21oMjMkGaEM/Qg3/oobF4q4deHOvzHTzqK2Xkg4Oedebs7BMWdKO86PtbK6tr6xWdgqbu/s7u3bB4ctFSWS0CaJeCQ7GCnKWUibmmlOO7GkSGBO23h0k+ntRyoVi8J7PY6pL9AgZAEjSBuqZ1c8kTxUYHafQ09HcP5dHmYM9jCSKZ6c9eySU3WmBZeBm4MSyKvRs7+9fkQSQUNNOFKq6zqx9lMkNSOcTopeomiMyAgNaNfAEAmq/HRqagJPDdOHQSTNCTWcsvMTKRJKjQU2nQLpoVrUMvI/rZvo4NpPWRgnmoZktihIODRWs4Rgn0lKNB8bgIhk5q+QDJFERJsciyYEd9HyMmhdVN1atXZ3Wao7eRwFcAxOQBm44ArUwS1ogCYg4Am8gDfwbj1br9aH9TlrXbHymSPwp6yvX7g4nLY=</latexit>

µ+µ� ! µ+µ�(h ! bb̄)

<latexit sha1_base64="ullXO6lJ9Nrl5VLX5bPfNS0jkOg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8laRI9Vjw4rGC/YC2ls1m0y7dbMLuRGlD/ocXD4p49b9489+4bXPQ1gcDj/dmmJnnxYJrdJxva219Y3Nru7BT3N3bPzgsHR23dJQoypo0EpHqeEQzwSVrIkfBOrFiJPQEa3vjm5nffmRK80je4yRm/ZAMJQ84JWikhx5y4bOUZoN0Os0GpbJTceawV4mbkzLkaAxKXz0/oknIJFJBtO66Toz9lCjkVLCs2Es0iwkdkyHrGipJyHQ/nV+d2edG8e0gUqYk2nP190RKQq0noWc6Q4IjvezNxP+8boLBdT/lMk6QSbpYFCTCxsieRWD7XDGKYmIIoYqbW206IopQNEEVTQju8surpFWtuLVK7e6yXK/mcRTgFM7gAly4gjrcQgOaQEHBM7zCm/VkvVjv1seidc3KZ07gD6zPH2w+kxU=</latexit>

c̃zz

<latexit sha1_base64="NzK7W9mBztd+DzL/ecv2SDyQfMc="></latexit>

A��
fb ⌘ �f � �b

�tot
/ l

1cz c̃zz
linear dependence on c̃zz

• Viewing        as spurion of  violation fully fixes functional form:CP

• Extract        via forward-backward asymmetry:

combine with  
total cross section measurement

<latexit sha1_base64="x26FgXh6wmihq1auwsvHZykyhhQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxWNF+wFtKJvtpl262YTdiVBDf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTSPes/9Utlt+LOQVaJl5My5Gj0S1+9QczSiCtkkhrT9dwE/YxqFEzyabGXGp5QNqZD3rVU0YgbP5ufOiXnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2naEPwll9eJa1qxatVaneX5Xo1j6MAp3AGF+DBFdThFhrQBAZDeIZXeHOk8+K8Ox+L1jUnnzmBP3A+fwBZGI3P</latexit>cz

<latexit sha1_base64="ullXO6lJ9Nrl5VLX5bPfNS0jkOg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8laRI9Vjw4rGC/YC2ls1m0y7dbMLuRGlD/ocXD4p49b9489+4bXPQ1gcDj/dmmJnnxYJrdJxva219Y3Nru7BT3N3bPzgsHR23dJQoypo0EpHqeEQzwSVrIkfBOrFiJPQEa3vjm5nffmRK80je4yRm/ZAMJQ84JWikhx5y4bOUZoN0Os0GpbJTceawV4mbkzLkaAxKXz0/oknIJFJBtO66Toz9lCjkVLCs2Es0iwkdkyHrGipJyHQ/nV+d2edG8e0gUqYk2nP190RKQq0noWc6Q4IjvezNxP+8boLBdT/lMk6QSbpYFCTCxsieRWD7XDGKYmIIoYqbW206IopQNEEVTQju8surpFWtuLVK7e6yXK/mcRTgFM7gAly4gjrcQgOaQEHBM7zCm/VkvVjv1seidc3KZ07gD6zPH2w+kxU=</latexit>

c̃zz

only stat uncertainties

results for SM couplings consistent with [Forslund, Meade 2203.09425]
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CP-violation in the  couplinghZZ
<latexit sha1_base64="ullXO6lJ9Nrl5VLX5bPfNS0jkOg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8laRI9Vjw4rGC/YC2ls1m0y7dbMLuRGlD/ocXD4p49b9489+4bXPQ1gcDj/dmmJnnxYJrdJxva219Y3Nru7BT3N3bPzgsHR23dJQoypo0EpHqeEQzwSVrIkfBOrFiJPQEa3vjm5nffmRK80je4yRm/ZAMJQ84JWikhx5y4bOUZoN0Os0GpbJTceawV4mbkzLkaAxKXz0/oknIJFJBtO66Toz9lCjkVLCs2Es0iwkdkyHrGipJyHQ/nV+d2edG8e0gUqYk2nP190RKQq0noWc6Q4IjvezNxP+8boLBdT/lMk6QSbpYFCTCxsieRWD7XDGKYmIIoYqbW206IopQNEEVTQju8surpFWtuLVK7e6yXK/mcRTgFM7gAly4gjrcQgOaQEHBM7zCm/VkvVjv1seidc3KZ07gD6zPH2w+kxU=</latexit>

c̃zz

provides excellent fit for
<latexit sha1_base64="bLp8iM0cIUcVPdt5hGnV3rf7mKY=">AAACFHicbVDLSgMxFM34rPU16tJNsAiVYpkRqS4LblxWsA/ojCVJM21oMjMkGaEM/Qg3/oobF4q4deHOvzHTzqK2Xkg4Oedebs7BMWdKO86PtbK6tr6xWdgqbu/s7u3bB4ctFSWS0CaJeCQ7GCnKWUibmmlOO7GkSGBO23h0k+ntRyoVi8J7PY6pL9AgZAEjSBuqZ1c8kTxUYHafQ09HcP5dHmYM9jCSKZ6c9eySU3WmBZeBm4MSyKvRs7+9fkQSQUNNOFKq6zqx9lMkNSOcTopeomiMyAgNaNfAEAmq/HRqagJPDdOHQSTNCTWcsvMTKRJKjQU2nQLpoVrUMvI/rZvo4NpPWRgnmoZktihIODRWs4Rgn0lKNB8bgIhk5q+QDJFERJsciyYEd9HyMmhdVN1atXZ3Wao7eRwFcAxOQBm44ArUwS1ogCYg4Am8gDfwbj1br9aH9TlrXbHymSPwp6yvX7g4nLY=</latexit>

µ+µ� ! µ+µ�(h ! bb̄)

<latexit sha1_base64="ullXO6lJ9Nrl5VLX5bPfNS0jkOg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8laRI9Vjw4rGC/YC2ls1m0y7dbMLuRGlD/ocXD4p49b9489+4bXPQ1gcDj/dmmJnnxYJrdJxva219Y3Nru7BT3N3bPzgsHR23dJQoypo0EpHqeEQzwSVrIkfBOrFiJPQEa3vjm5nffmRK80je4yRm/ZAMJQ84JWikhx5y4bOUZoN0Os0GpbJTceawV4mbkzLkaAxKXz0/oknIJFJBtO66Toz9lCjkVLCs2Es0iwkdkyHrGipJyHQ/nV+d2edG8e0gUqYk2nP190RKQq0noWc6Q4IjvezNxP+8boLBdT/lMk6QSbpYFCTCxsieRWD7XDGKYmIIoYqbW206IopQNEEVTQju8surpFWtuLVK7e6yXK/mcRTgFM7gAly4gjrcQgOaQEHBM7zCm/VkvVjv1seidc3KZ07gD6zPH2w+kxU=</latexit>

c̃zz

<latexit sha1_base64="NzK7W9mBztd+DzL/ecv2SDyQfMc="></latexit>

A��
fb ⌘ �f � �b

�tot
/ l

1cz c̃zz
linear dependence on c̃zz

• Viewing        as spurion of  violation fully fixes functional form:CP

• Extract        via forward-backward asymmetry:

combine with  
total cross section measurement

<latexit sha1_base64="x26FgXh6wmihq1auwsvHZykyhhQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxWNF+wFtKJvtpl262YTdiVBDf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTSPes/9Utlt+LOQVaJl5My5Gj0S1+9QczSiCtkkhrT9dwE/YxqFEzyabGXGp5QNqZD3rVU0YgbP5ufOiXnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2naEPwll9eJa1qxatVaneX5Xo1j6MAp3AGF+DBFdThFhrQBAZDeIZXeHOk8+K8Ox+L1jUnnzmBP3A+fwBZGI3P</latexit>cz

<latexit sha1_base64="ullXO6lJ9Nrl5VLX5bPfNS0jkOg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8laRI9Vjw4rGC/YC2ls1m0y7dbMLuRGlD/ocXD4p49b9489+4bXPQ1gcDj/dmmJnnxYJrdJxva219Y3Nru7BT3N3bPzgsHR23dJQoypo0EpHqeEQzwSVrIkfBOrFiJPQEa3vjm5nffmRK80je4yRm/ZAMJQ84JWikhx5y4bOUZoN0Os0GpbJTceawV4mbkzLkaAxKXz0/oknIJFJBtO66Toz9lCjkVLCs2Es0iwkdkyHrGipJyHQ/nV+d2edG8e0gUqYk2nP190RKQq0noWc6Q4IjvezNxP+8boLBdT/lMk6QSbpYFCTCxsieRWD7XDGKYmIIoYqbW206IopQNEEVTQju8surpFWtuLVK7e6yXK/mcRTgFM7gAly4gjrcQgOaQEHBM7zCm/VkvVjv1seidc3KZ07gD6zPH2w+kxU=</latexit>

c̃zz

HL-LHC

 @ 1 TeVe+e−

only stat uncertainties

[CMS 2205.05120] 
[Gritsan et al. 2205.07715]

results for SM couplings consistent with [Forslund, Meade 2203.09425]

20



Outlook

• Physics case for forward muon detector is strong.  

Momentum measurement would expand impact significantly 

• To do on theory side: explore more opportunities, both in precision measurements 

and direct searches for BSM particles 

• To do on detector/MDI side: new ideas for detector design 

Quoting from the supplementary report to 2026 ESPPU [2504.21417]:
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Backup slides



Renormalizable Higgs portal: results

<latexit sha1_base64="Ji+3GXs9xZfpPIdSm2yd0FRLlmg=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi1WXBjcsK9gFtKDeTSTt0MgkzE6GEfoQbF4q49Xvc+TdO2yy09cDA4ZxzmXtPkAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmKGvTRCSqF6BmgkvWNtwI1ksVwzgQrBtM7uZ+94kpzRP5aKYp82McSR5xisZK3YGw0RCH1Zpbdxcg68QrSA0KtIbVr0GY0Cxm0lCBWvc9NzV+jspwKtisMsg0S5FOcMT6lkqMmfbzxbozcmGVkESJsk8aslB/T+QYaz2NA5uM0Yz1qjcX//P6mYlu/ZzLNDNM0uVHUSaIScj8dhJyxagRU0uQKm53JXSMCqmxDVVsCd7qyeukc1X3GvXGw3Wt2SjqKMMZnMMleHADTbiHFrSBwgSe4RXenNR5cd6dj2W05BQzp/AHzucPPLuPfA==</latexit>

�
MC 10 TeV

<latexit sha1_base64="qfWb1bAqTitvQ1W3aabU4+auZnQ="></latexit>

✓MD = 10o, 5o

(region above lines is excluded)

10% mom. res.

With ~ 10% momentum resolution, MC would have strongest direct sensitivity  

Indirect sensitivity from Higgs self-coupling measurement



Direct searches for BSM particles Precision measurements

tagging

angles

angles 
+ 

momentum invisible Higgs decays
Higgs portal  

models

Higgs couplings

VBS interference 
resurrection

CP - violating    
    couplings

[Forslund, Meade 2022]

inclusive Higgs production

[Ruhdorfer, Salvioni, Wulzer 2024]

[Ruhdorfer, Salvioni, Wulzer 2024]

[Ruhdorfer, Salvioni, Wulzer 2023 + 2024] [Li, Liu, Lyu 2024]

[Forslund, Meade 2023]

Physics opportunities with forward muons

[Ruhdorfer, Salvioni, Wulzer 2024]

?

[credits: Max Ruhdorfer]

<latexit sha1_base64="9HMM8uyA7g2V+0Qirj2w6T3QjYM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48VbVpoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZemEph0HW/nNLa+sbmVnm7srO7t39QPTzyTZJpxtsskYnuhtRwKRRvo0DJu6nmNA4l74STm7nfeeTaiEQ94DTlQUxHSkSCUbTS/dj3B9WaW3cXIH+JV5AaFGgNqp/9YcKymCtkkhrT89wUg5xqFEzyWaWfGZ5SNqEj3rNU0ZibIF+cOiNnVhmSKNG2FJKF+nMip7Ex0zi0nTHFsVn15uJ/Xi/D6DrIhUoz5IotF0WZJJiQ+d9kKDRnKKeWUKaFvZWwMdWUoU2nYkPwVl/+S/yLuteoN+4ua023iKMMJ3AK5+DBFTThFlrQBgYjeIIXeHWk8+y8Oe/L1pJTzBzDLzgf3xvfjaU=</latexit>

hV V

Requirements 
on detector

new vector bosons
EW dark matter
[Han, Liu, Wang, Wang 2021]

[Airen, Broadberry,  
Marques-Tavares, Ricci 2024]

?



<latexit sha1_base64="cOEOnTh+ZcjpeFtEQRJdZ6hB/Bg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2FZsQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84RK81jemUmCfkSHkoecUWOl5kO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ft3mM2Q==</latexit>

Z
<latexit sha1_base64="cOEOnTh+ZcjpeFtEQRJdZ6hB/Bg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2FZsQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84RK81jemUmCfkSHkoecUWOl5kO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ft3mM2Q==</latexit>

Z

<latexit sha1_base64="zDjrZXimEmKZbvR7Q+/I0rMFMuc=">AAAB7HicbVBNTwIxEJ3FL8QPUI9eGomJF8muIeiRxItHTFwggZV0Sxca2u6m7ZqQDb/BiweN8eoP8ua/scAeFHzJJC/vzWRmXphwpo3rfjuFjc2t7Z3ibmlv/+CwXDk6bus4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0sfLQaXq1twF0DrxclKFHK1B5as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztC5VYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbSval6jVr+vV5uNPI4inMIZXIAH19CEO2iBDwQYPMMrvDnSeXHenY9la8HJZ07gD5zPH3wXjnI=</latexit>

µ�

<latexit sha1_base64="B7okdRwXIC+ATyKEb7Rb2sRmYvU=">AAAB7HicbVBNSwMxEJ2tX7V+tOrRS7AIglB2pVSPBS8eK7htoV1LNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7dzv/NElWaxfDDThAYCjySLGMHGSn5fpI+Xg0rVrbkLoHXi5aQKOVqDyld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaFzqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmlf1bxGrX5frzYbeRxFOIUzuAAPrqEJd9ACHwgweIZXeHOk8+K8Ox/L1oKTz5zAHzifP3kPjnA=</latexit>

µ+
<latexit sha1_base64="B7okdRwXIC+ATyKEb7Rb2sRmYvU=">AAAB7HicbVBNSwMxEJ2tX7V+tOrRS7AIglB2pVSPBS8eK7htoV1LNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7dzv/NElWaxfDDThAYCjySLGMHGSn5fpI+Xg0rVrbkLoHXi5aQKOVqDyld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaFzqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmlf1bxGrX5frzYbeRxFOIUzuAAPrqEJd9ACHwgweIZXeHOk8+K8Ox/L1oKTz5zAHzifP3kPjnA=</latexit>

µ+

<latexit sha1_base64="zDjrZXimEmKZbvR7Q+/I0rMFMuc=">AAAB7HicbVBNTwIxEJ3FL8QPUI9eGomJF8muIeiRxItHTFwggZV0Sxca2u6m7ZqQDb/BiweN8eoP8ua/scAeFHzJJC/vzWRmXphwpo3rfjuFjc2t7Z3ibmlv/+CwXDk6bus4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0sfLQaXq1twF0DrxclKFHK1B5as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztC5VYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbSval6jVr+vV5uNPI4inMIZXIAH19CEO2iBDwQYPMMrvDnSeXHenY9la8HJZ07gD5zPH3wXjnI=</latexit>

µ�

Measure inclusive cross section of Higgs production 

Absolute measurement of          coupling 

(independent of other Higgs couplings and width) 

Analysis: 

• no main detector veto 

• for                     momentum resolution, recoil mass loses discriminating power  

<latexit sha1_base64="S/Pz9A+COLv55z97lsYy/UCrWjY=">AAAB6XicdVDLSgNBEOz1GeMr6tHLYBA8LbOajckt4MVjFPOAZAmzk9lkyOyDmVkhLPkDLx4U8eofefNvnE0iqGhBQ1HVTXeXnwiuNMYf1srq2vrGZmGruL2zu7dfOjhsqziVlLVoLGLZ9YligkespbkWrJtIRkJfsI4/ucr9zj2TisfRnZ4mzAvJKOIBp0Qb6XZcHJTK2MZu3XUwwraLnfpFTur1WsV1kWPjOcqwRHNQeu8PY5qGLNJUEKV6Dk60lxGpORVsVuyniiWETsiI9QyNSMiUl80vnaFTowxREEtTkUZz9ftERkKlpqFvOkOix+q3l4t/eb1UBzUv41GSahbRxaIgFUjHKH8bDblkVIupIYRKbm5FdEwkodqEk4fw9Sn6n7TPbadqV24q5UZ1GUcBjuEEzsCBS2jANTShBRQCeIAneLYm1qP1Yr0uWles5cwR/ID19glyG41L</latexit>

h

Inclusive Higgs production at MC

<latexit sha1_base64="cvDRYeKku9Dd8OnU3+Atk8Zp+EU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48VbS1tQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6HVDDpVC8iQIlbyea0yiQ/DEY38z8xyeujYjVA04S7kd0qEQoGEUr3Y86nX654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfVq1drdZaXu5nEU4QRO4Rw8uII63EIDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wcoA42t</latexit>

hZZ

<latexit sha1_base64="qteoxC4AadriRQ1T1WBkZd+jVMo=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgZLwVVJiq+NUHDjsoKthSaEyeSmHTp5MDMRSsjGX3HjQhG3foY7/8Zpm4W2HrhwOOde7r3HTzmTyrK+jcrK6tr6RnWztrW9s7tn7h/0ZJIJCl2a8ET0fSKBsxi6iikO/VQAiXwOD/74Zuo/PIKQLInv1SQFNyLDmIWMEqUlzzxyAuCKeLkjIixAFvga25bT8My61bRmwMvELkkdleh45pcTJDSLIFaUEykHtpUqNydCMcqhqDmZhJTQMRnCQNOYRCDdfPZAgRtaCXCYCF2xwjP190ROIiknka87I6JGctGbiv95g0yFV27O4jRTENP5ojDjWCV4mgYOmACq+EQTQgXTt2I6IoJQpTOr6RDsxZeXSa/VtC+a53dn9XarjKOKjtEJOkU2ukRtdIs6qIsoKtAzekVvxpPxYrwbH/PWilHOHKI/MD5/APYVlUw=</latexit>

�res = 10%

<latexit sha1_base64="uhH/noj7dh0zZISroM4mZfdYG3k="></latexit>

Mrec =
p

|(�P )2|
<latexit sha1_base64="QE9wFJ9YyiiwhUD6r2IYawvPM0c="></latexit>

�P = (2Eb,~0 )� pµ+ � pµ�

<latexit sha1_base64="K6FypInVWIgUyrD/+s8ICb5Jza4=">AAACGHicbVBNSwMxEM36WetX1aOXYBF6kLorooIeCh70qGBroVtLNp22oUk2JFmhLPszvPhXvHhQxKs3/43ZWsGvBwOP92aYmRcpzoz1/Xdvanpmdm6+sFBcXFpeWS2trTdMnGgKdRrzWDcjYoAzCXXLLIem0kBExOE6Gp7m/vUtaMNieWVHCtqC9CXrMUqskzqlXdUJFWh1k4Yi2cGhIHagRSqYzDJ8gvd8Pzz+Es+gkXVKZb/qj4H/kmBCymiCi07pLezGNBEgLeXEmFbgK9tOibaMcsiKYWJAETokfWg5KokA007Hj2V42yld3Iu1K2nxWP0+kRJhzEhErjO/0fz2cvE/r5XY3lE7ZVIlFiT9XNRLOLYxzlPCXaaBWj5yhFDN3K2YDogm1Losiy6E4PfLf0ljrxocVA8u98u1yiSOAtpEW6iCAnSIaugcXaA6ougOPaAn9Ozde4/ei/f62TrlTWY20A94bx9KJJ/Z</latexit>

pµ,min
? < 200 GeV

<latexit sha1_base64="2vjLBzPeE9EhPPq3ON+Ue1p7z/8=">AAACC3icbVDLSgMxFM3UV62vqks3oUXoapjxUQVBCiK4rNAXdMYhk6ZtaJIZkoxQhu7d+CtuXCji1h9w59+YabvQ6oELh3Pu5d57wphRpR3ny8otLa+sruXXCxubW9s7xd29looSiUkTRyySnRApwqggTU01I51YEsRDRtrh6Crz2/dEKhqJhh7HxOdoIGifYqSNFBRL14HHk7vUkxxyKiaX8Ng+9S48jvRQ8rRBWpOgWHZsZwr4l7hzUgZz1IPip9eLcMKJ0JghpbquE2s/RVJTzMik4CWKxAiP0IB0DRWIE+Wn018m8NAoPdiPpCmh4VT9OZEirtSYh6Yzu1Etepn4n9dNdP/cT6mIE00Eni3qJwzqCGbBwB6VBGs2NgRhSc2tEA+RRFib+AomBHfx5b+kdWS7Vbt6e1KuVeZx5MEBKIEKcMEZqIEbUAdNgMEDeAIv4NV6tJ6tN+t91pqz5jP74Besj2/bfJo+</latexit>

Emin
µ > 3.5 TeV

<latexit sha1_base64="sFmb++1a0C0omLHUp58/Sth07Zo="></latexit>

|�ghZZ/�g
SM
hZZ | < 2.5⇥ 10�3

similar to FCC-ee: 
<latexit sha1_base64="Gr6VlpHUhuJoP5VLm9W4OTkjid4=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCF0ui0nosePFYwX5AG8tmu2mXbjZhdyOWkL/ixYMiXv0j3vw3btsctPXBwOO9GWbm+TFnSjvOt1VYW9/Y3Cpul3Z29/YP7MNyW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+5Gbmdx6pVCwS93oaUy/EI8ECRrA20sAuu9U66msWUoVc5yE9v8wGdsWpOnOgVeLmpAI5mgP7qz+MSBJSoQnHSvVcJ9ZeiqVmhNOs1E8UjTGZ4BHtGSqwWeal89szdGqUIQoiaUpoNFd/T6Q4VGoa+qYzxHqslr2Z+J/XS3Rw7aVMxImmgiwWBQlHOkKzINCQSUo0nxqCiWTmVkTGWGKiTVwlE4K7/PIqaV9U3Vq1dndVaTh5HEU4hhM4Axfq0IBbaEILCDzBM7zCm5VZL9a79bFoLVj5zBH8gfX5A30kksM=</latexit>

1.7⇥ 10�3

Results in agreement with first study in [Li, Liu, Lyu 2401.08756]

[Ruhdorfer, Salvioni,  
Wulzer 2411.00096]

[De Blas et al. 1905.03764]



Uncertainty in muon direction measurement

For fixed                  :
<latexit sha1_base64="mqTB5JPy+Y4iMsM8CXTzLKeUapk=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRSqxuh4MZlBfuAJoTJdNIOnZmEmYm0hPyKGxeKuPVH3Pk3TtsstPXAhcM593LvPWHCqNKO822VNja3tnfKu5W9/YPDI/u42lVxKjHp4JjFsh8iRRgVpKOpZqSfSIJ4yEgvnNzN/d4TkYrG4lHPEuJzNBI0ohhpIwV21SMaBZknOeRomsNb2AzsmlN3FoDrxC1IDRRoB/aXN4xxyonQmCGlBq6TaD9DUlPMSF7xUkUShCdoRAaGCsSJ8rPF7Tk8N8oQRrE0JTRcqL8nMsSVmvHQdHKkx2rVm4v/eYNURzd+RkWSaiLwclGUMqhjOA8CDqkkWLOZIQhLam6FeIwkwtrEVTEhuKsvr5PuZd1t1q8eGrVWo4ijDE7BGbgALrgGLXAP2qADMJiCZ/AK3qzcerHerY9la8kqZk7AH1ifP9HCk5w=</latexit>

⌘max = 6

As long as                         , no significant degradation of sensitivity
<latexit sha1_base64="DLYS9ceOH/uOJvDRuwOHLvDZAXQ=">AAACEHicbVA9SwNBEN3zM8avqKXNYhCtwp3ED7ARtLCMYGIgd4S9zcQs7t4du3NCOPITbPwrNhaK2Fra+W/cS67Q6INlH+/NMDMvTKQw6Lpfzszs3PzCYmmpvLyyurZe2dhsmTjVHJo8lrFuh8yAFBE0UaCEdqKBqVDCTXh3nvs396CNiKNrHCYQKHYbib7gDK3Urez5FyCRUR8HkH8SjDFC0UP/1FcMB1plSrPeqFupujV3DPqXeAWpkgKNbuXT78U8VRAhl8yYjucmGGRMo+ASRmU/NZAwfsduoWNpxBSYIBsfNKK7VunRfqzti5CO1Z8dGVPGDFVoK/MlzbSXi/95nRT7J0EmoiRFiPhkUD+VFGOap0N7QgNHObSEcS3srpQPmGYcbYZlG4I3ffJf0jqoeUe1w6t69axexFEi22SH7BOPHJMzckkapEk4eSBP5IW8Oo/Os/PmvE9KZ5yiZ4v8gvPxDZbHnO4=</latexit>

�✓ . 5 mrad

<latexit sha1_base64="hxxdjMnczhqH/PXM/0WfVfvsb2A=">AAAB83icdVDLSgNBEJz1GeMr6tHLYBQ8hV3JJuYW0IPHCOYB2RBmJ51kyOyDmV4hLPkNLx4U8erPePNvnCQrqGhBQ1HVTXeXH0uh0bY/rJXVtfWNzdxWfntnd2+/cHDY0lGiODR5JCPV8ZkGKUJookAJnVgBC3wJbX9yNffb96C0iMI7nMbQC9goFEPBGRrJ865BIvNwDMj6haJdcm2n5tboklTLGam41CnZCxRJhka/8O4NIp4EECKXTOuuY8fYS5lCwSXM8l6iIWZ8wkbQNTRkAeheurh5Rs+MMqDDSJkKkS7U7xMpC7SeBr7pDBiO9W9vLv7ldRMcXvZSEcYJQsiXi4aJpBjReQB0IBRwlFNDGFfC3Er5mCnG0cSUNyF8fUr/J62LklMpubflYv00iyNHjskJOScOqZI6uSEN0iScxOSBPJFnK7EerRfrddm6YmUzR+QHrLdPdmiR5w==</latexit>

�✓<latexit sha1_base64="zDjrZXimEmKZbvR7Q+/I0rMFMuc=">AAAB7HicbVBNTwIxEJ3FL8QPUI9eGomJF8muIeiRxItHTFwggZV0Sxca2u6m7ZqQDb/BiweN8eoP8ua/scAeFHzJJC/vzWRmXphwpo3rfjuFjc2t7Z3ibmlv/+CwXDk6bus4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0sfLQaXq1twF0DrxclKFHK1B5as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztC5VYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbSval6jVr+vV5uNPI4inMIZXIAH19CEO2iBDwQYPMMrvDnSeXHenY9la8HJZ07gD5zPH3wXjnI=</latexit>

µ�<latexit sha1_base64="FCcF+6bL4O7yIzDkQ7VXjwxjYyo=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqewWqR4LXjxWtB/QLiWbZtvQJLskWaEs/QlePCji1V/kzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNObud+54lpw2P1aKcJCyQZKR5xSqyTHvoyHZQrXtVbAK8TPycVyNEclL/6w5imkilLBTGm53uJDTKiLaeCzUr91LCE0AkZsZ6jikhmgmxx6gxfOGWIo1i7UhYv1N8TGZHGTGXoOiWxY7PqzcX/vF5qo5sg4ypJLVN0uShKBbYxnv+Nh1wzasXUEUI1d7diOiaaUOvSKbkQ/NWX10m7VvXr1fr9VaVRy+MowhmcwyX4cA0NuIMmtIDCCJ7hFd6QQC/oHX0sWwsonzmFP0CfP1wgjdE=</latexit>µ

gaussian with standard  

      deviation

<latexit sha1_base64="JPsLEKDFqjhukhFW3mLjX9Na1II=">AAAB7XicdVBNSwMxEM36WetX1aOXYBE8LdliW70VvHisYD+gXUo2zbax2eySzApl6X/w4kERr/4fb/4b03YFFX0w8Hhvhpl5QSKFAUI+nJXVtfWNzcJWcXtnd2+/dHDYNnGqGW+xWMa6G1DDpVC8BQIk7yaa0yiQvBNMruZ+555rI2J1C9OE+xEdKREKRsFK7T6MOdBBqUzc6qVFHRO3RgjxqjkhVey5ZIEyytEclN77w5ilEVfAJDWm55EE/IxqEEzyWbGfGp5QNqEj3rNU0YgbP1tcO8OnVhniMNa2FOCF+n0io5Ex0yiwnRGFsfntzcW/vF4K4YWfCZWkwBVbLgpTiSHG89fxUGjOQE4toUwLeytmY6opAxtQ0Ybw9Sn+n7Qrrldzazfn5UYlj6OAjtEJOkMeqqMGukZN1EIM3aEH9ISendh5dF6c12XripPPHKEfcN4+AQrVj2o=</latexit>

✓

<latexit sha1_base64="A/f1JV2xv3NYexA1KiqhSJLphs4=">AAAB83icdVBNS0JBFJ1nX2ZfVss2QxK0esyT1NoJtWhpkCn4ROaNVx2c98HMfYGIf6NNiyLa9mfa9W8a9QUVdeDC4Zx7ufeeIFHSIGMfTm5ldW19I79Z2Nre2d0r7h/cmTjVApoiVrFuB9yAkhE0UaKCdqKBh4GCVjC+nPute9BGxtEtThLohnwYyYEUHK3k+1egkPs4AuS9Yom5lQuLGmVulTHmVTLCKtRz2QIlkqHRK777/VikIUQoFDem47EEu1OuUQoFs4KfGki4GPMhdCyNeAimO13cPKMnVunTQaxtRUgX6veJKQ+NmYSB7Qw5jsxvby7+5XVSHJx3pzJKUoRILBcNUkUxpvMAaF9qEKgmlnChpb2VihHXXKCNqWBD+PqU/k/uyq5Xdas3Z6V6OYsjT47IMTklHqmROrkmDdIkgiTkgTyRZyd1Hp0X53XZmnOymUPyA87bJ23Wkew=</latexit>

�✓

<latexit sha1_base64="hGRtAOuG9DBK1EesF0vBC65V2KE=">AAAB+nicdVBLSwMxGMzWV62vrR69BIvgacnW7WNvBS8eK9gHtMuSTdM2dDe7JNlKWftTvHhQxKu/xJv/xvQhqOhAYJj5JvkyQRIyqRD6MHIbm1vbO/ndwt7+weGRWTxuyzgVhLZIHMaiG2BJQ8ZpSzEV0m4iKI6CkHaCydXC70ypkCzmt2qWUC/CI86GjGClJd8sjv2sLyLI+JRJplNz3ywhC1Vcp1aGyKog23UuNXHdulOtQNtCS5TAGk3ffO8PYpJGlCsSYil7NkqUl2GhGNH3FfqppAkmEzyiPU05jqj0suXqc3iulQEcxkIfruBS/Z7IcCTlLAr0ZITVWP72FuJfXi9Vw7qXMZ6kinKyemiYhlDFcNEDHDBBiQpnmmAimN4VkjEWmCjdVkGX8PVT+D9ply27alVvnFIDrevIg1NwBi6ADWqgAa5BE7QAAXfgATyBZ+PeeDRejNfVaM5YZ07ADxhvnxgQlIc=</latexit>

hinvisible


