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EU design study proposal accepted

Now is the time to study physics potential of a muon collider!

Important input to experimentalists: what detector specifications are needed?

Physics Potential Meetings every 3 weeks (https://indico.cern.ch/category/12792/)

https://indico.cern.ch/category/12792/
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• High-energy muon collider is an ideal Higgs factory 
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• High-energy muon collider is an ideal Higgs factory 
 
 
 
 
 
 
 

• At s = 10 TeV, L = 10 ab−1 :
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Taken from Dario Buttazzo’s talk at  
Muon Collider KITP workshop

10 million Higgs bosons are produced 
through VBF

<latexit sha1_base64="4M0TaMhwzIS9pkTBKqzLU33mIZ8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkfhwLXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmqN+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7Yuqd1W9bNYq9VoeRxFO4BTOwYNrqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AM0DjOg=</latexit>

h can test rare Higgs decays

challenging benchmark:  
invisible Higgs decays

Maximilian Ruhdorfer (Cornell)
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• Current best bound at LHC (ATLAS): 
<latexit sha1_base64="Zn51xGxLnPzIc53pIX89pQh1HeA=">AAACEHicbVC7SgNBFJ31GeNr1dJmMIixWXbFqIVI0MYyinlAsoTZySQ7ZPbBzN1oWPIJNv6KjYUitpZ2/o2TR6GJBwYO59zLnXO8WHAFtv1tzM0vLC4tZ1ayq2vrG5vm1nZFRYmkrEwjEcmaRxQTPGRl4CBYLZaMBJ5gVa97NfSrPSYVj8I76MfMDUgn5G1OCWipaR40gD1Aenk7yPsNyTs+ECmjezyWedgbHJ7bllNomjnbskfAs8SZkByaoNQ0vxqtiCYBC4EKolTdsWNwUyKBU8EG2UaiWExol3RYXdOQBEy56SjQAO9rpYXbkdQvBDxSf2+kJFCqH3h6MiDgq2lvKP7n1RNon7k6VpwAC+n4UDsRGCI8bAe3uGQURF8TQiXXf8XUJ5JQ0B1mdQnOdORZUjmynBOrcHOcK15M6sigXbSH8shBp6iIrlEJlRFFj+gZvaI348l4Md6Nj/HonDHZ2UF/YHz+AGbJnMg=</latexit>

BR(h ! inv) < 0.15

Maximilian Ruhdorfer (Cornell)
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• Current best bound at LHC (ATLAS): 

• At 10 TeV muon collider Higgs is produced in ZZ fusion 
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BR(h ! inv) < 0.15

<latexit sha1_base64="3zqOpsn18CT/+05T0Jo3fwJtUEM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxCIo8IGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSzvzThBP6IDyUPOqLFS/aFXLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU1440+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3lX5sl4pVStZHHk4gVM4Bw+uoQp3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbfLjNo=</latexit>
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<latexit sha1_base64="3zqOpsn18CT/+05T0Jo3fwJtUEM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxCIo8IGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSzvzThBP6IDyUPOqLFS/aFXLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU1440+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3lX5sl4pVStZHHk4gVM4Bw+uoQp3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbfLjNo=</latexit>
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µ� <latexit sha1_base64="v6VluL/byT/oYTyF7l8MnvnAPVo=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiRbJrQD2SePGIiQsksJJu6UJD2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpOFaE+iXmsOiHWlDNJfcMMp51EUSxCTtvh+Hbmt5+o0iyWD2aS0EDgoWQRI9hYye+J9PGiX664VXcOtEq8nFQgR7Nf/uoNYpIKKg3hWOuu5yYmyLAyjHA6LfVSTRNMxnhIu5ZKLKgOsvmxU3RmlQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//zuqmJboKMySQ1VJLFoijlyMRo9jkaMEWJ4RNLMFHM3orICCtMjM2nZEPwll9eJa3LqndVrd/XKo1aHkcRTuAUzsGDa2jAHTTBBwIMnuEV3hzpvDjvzseiteDkM8fwB87nD3vPjnE=</latexit>

µ�

<latexit sha1_base64="0W+5b8A09WGqfu9eFC5WnKcOBAA=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMqutOqx4MVjBbcttGvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkt8T6eNFv1xxq+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMT3QQZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8SlqXVe+qWr+vVRq1PI4inMApnIMH19CAO2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3jHjm8=</latexit>

µ+
<latexit sha1_base64="0W+5b8A09WGqfu9eFC5WnKcOBAA=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMqutOqx4MVjBbcttGvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkt8T6eNFv1xxq+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMT3QQZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8SlqXVe+qWr+vVRq1PI4inMApnIMH19CAO2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3jHjm8=</latexit>

µ+

~ 620’000 Higgses in ZZ fusion (after VBF baseline cuts)

WW fusion has completely invisible final state

Maximilian Ruhdorfer (Cornell)
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• Current best bound at LHC (ATLAS): 

• At 10 TeV muon collider Higgs is produced in ZZ fusion 
 
 
 
 

• In SM: 

<latexit sha1_base64="Zn51xGxLnPzIc53pIX89pQh1HeA=">AAACEHicbVC7SgNBFJ31GeNr1dJmMIixWXbFqIVI0MYyinlAsoTZySQ7ZPbBzN1oWPIJNv6KjYUitpZ2/o2TR6GJBwYO59zLnXO8WHAFtv1tzM0vLC4tZ1ayq2vrG5vm1nZFRYmkrEwjEcmaRxQTPGRl4CBYLZaMBJ5gVa97NfSrPSYVj8I76MfMDUgn5G1OCWipaR40gD1Aenk7yPsNyTs+ECmjezyWedgbHJ7bllNomjnbskfAs8SZkByaoNQ0vxqtiCYBC4EKolTdsWNwUyKBU8EG2UaiWExol3RYXdOQBEy56SjQAO9rpYXbkdQvBDxSf2+kJFCqH3h6MiDgq2lvKP7n1RNon7k6VpwAC+n4UDsRGCI8bAe3uGQURF8TQiXXf8XUJ5JQ0B1mdQnOdORZUjmynBOrcHOcK15M6sigXbSH8shBp6iIrlEJlRFFj+gZvaI348l4Md6Nj/HonDHZ2UF/YHz+AGbJnMg=</latexit>

BR(h ! inv) < 0.15

<latexit sha1_base64="3zqOpsn18CT/+05T0Jo3fwJtUEM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxCIo8IGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSzvzThBP6IDyUPOqLFS/aFXLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU1440+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3lX5sl4pVStZHHk4gVM4Bw+uoQp3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbfLjNo=</latexit>

Z
<latexit sha1_base64="3zqOpsn18CT/+05T0Jo3fwJtUEM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxCIo8IGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSzvzThBP6IDyUPOqLFS/aFXLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU1440+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3lX5sl4pVStZHHk4gVM4Bw+uoQp3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbfLjNo=</latexit>

Z

<latexit sha1_base64="v6VluL/byT/oYTyF7l8MnvnAPVo=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiRbJrQD2SePGIiQsksJJu6UJD2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpOFaE+iXmsOiHWlDNJfcMMp51EUSxCTtvh+Hbmt5+o0iyWD2aS0EDgoWQRI9hYye+J9PGiX664VXcOtEq8nFQgR7Nf/uoNYpIKKg3hWOuu5yYmyLAyjHA6LfVSTRNMxnhIu5ZKLKgOsvmxU3RmlQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//zuqmJboKMySQ1VJLFoijlyMRo9jkaMEWJ4RNLMFHM3orICCtMjM2nZEPwll9eJa3LqndVrd/XKo1aHkcRTuAUzsGDa2jAHTTBBwIMnuEV3hzpvDjvzseiteDkM8fwB87nD3vPjnE=</latexit>

µ� <latexit sha1_base64="v6VluL/byT/oYTyF7l8MnvnAPVo=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiRbJrQD2SePGIiQsksJJu6UJD2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpOFaE+iXmsOiHWlDNJfcMMp51EUSxCTtvh+Hbmt5+o0iyWD2aS0EDgoWQRI9hYye+J9PGiX664VXcOtEq8nFQgR7Nf/uoNYpIKKg3hWOuu5yYmyLAyjHA6LfVSTRNMxnhIu5ZKLKgOsvmxU3RmlQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//zuqmJboKMySQ1VJLFoijlyMRo9jkaMEWJ4RNLMFHM3orICCtMjM2nZEPwll9eJa3LqndVrd/XKo1aHkcRTuAUzsGDa2jAHTTBBwIMnuEV3hzpvDjvzseiteDkM8fwB87nD3vPjnE=</latexit>

µ�

<latexit sha1_base64="0W+5b8A09WGqfu9eFC5WnKcOBAA=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMqutOqx4MVjBbcttGvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkt8T6eNFv1xxq+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMT3QQZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8SlqXVe+qWr+vVRq1PI4inMApnIMH19CAO2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3jHjm8=</latexit>

µ+
<latexit sha1_base64="0W+5b8A09WGqfu9eFC5WnKcOBAA=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMqutOqx4MVjBbcttGvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkt8T6eNFv1xxq+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMT3QQZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8SlqXVe+qWr+vVRq1PI4inMApnIMH19CAO2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3jHjm8=</latexit>

µ+

~ 620’000 Higgses in ZZ fusion (after VBF baseline cuts)

WW fusion has completely invisible final state

<latexit sha1_base64="XvRGGJ4m5kUX6HEqaOELOPIQ3fk="></latexit>

BR(h ! ZZ⇤ ! 4⌫) = 1.2 · 10�3

percent-level relative accuracy possible for
<latexit sha1_base64="irbRUtegSAfTVsnJMXsUSeEUm5Q=">AAACO3icdZBLSwMxFIUz9VXra9Slm2ARBKHMiC8EQerGjeCrVWhryaRpG5rJDMkdsQzzv9z4J9y5ceNCEbfuTaez8FEvBD7OuZebe7xQcA2O82TlxsYnJqfy04WZ2bn5BXtxqaqDSFFWoYEI1LVHNBNcsgpwEOw6VIz4nmBXXu9o4F/dMqV5IC+hH7KGTzqStzklYKSmfV4Hdgdx+TxpxnXlYy5vE3yAR6g3KV2cJHjjf7ts/KZddEpOWvgvuBkUUVanTfux3gpo5DMJVBCta64TQiMmCjgVLCnUI81CQnukw2oGJfGZbsTp7QleM0oLtwNlngScqt8nYuJr3fc90+kT6Orf3kAc5dUiaO81Yi7DCJikw0XtSGAI8CBI3OKKURB9A4Qqbv6KaZcoQsHEXTAhuL9P/gvVzZK7U9o+2yoe7mdx5NEKWkXryEW76BAdo1NUQRTdo2f0it6sB+vFerc+hq05K5tZRj/K+vwCGmCusQ==</latexit>

BRinv = BRSM
inv + BRBSM

inv

can theoretically probe 
<latexit sha1_base64="UM9Bc50xpHffuHwLsKWdndU8OWk=">AAACE3icbZDLSgMxFIYz3q23UZdugkUQwTIj3nBVdONG8NYLdNqSSdM2mGSG5EyxDPMObnwVNy4UcevGnW9jWrvw9kPg4z/ncHL+MBbcgOd9OGPjE5NT0zOzubn5hcUld3mlbKJEU1aikYh0NSSGCa5YCTgIVo01IzIUrBLenAzqlR7ThkfqGvoxq0vSUbzNKQFrNd2tANgtpMeXWTMNtMRc9bLGkI6vzjIcGC6x7zXS7d2s6ea9gjcU/gv+CPJopPOm+x60IppIpoAKYkzN92Kop0QDp4JluSAxLCb0hnRYzaIikpl6OrwpwxvWaeF2pO1TgIfu94mUSGP6MrSdkkDX/K4NzP9qtQTah/WUqzgBpujXonYiMER4EBBucc0oiL4FQjW3f8W0SzShYGPM2RD83yf/hfJOwd8v7F3s5otHozhm0BpaR5vIRweoiE7ROSohiu7QA3pCz8698+i8OK9frWPOaGYV/ZDz9gkAE52N</latexit>

BRBSM
inv ⇠ 10�4

~ 1’000 invisible decays can be observed

Maximilian Ruhdorfer (Cornell)



Forward Muons

5

• Caveat: Muons are extremely forward
μ+ μ- -> μ+ μ- h (10 TeV)

μ+ μ- -> μ+ μ- h (3 TeV)
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Forward Muons

5

• Caveat: Muons are extremely forward

• Tungsten nozzle shields detector from beam induced BG 
 
 
 
 
 

μ+ μ- -> μ+ μ- h (10 TeV)

μ+ μ- -> μ+ μ- h (3 TeV)
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muons decay along the beam

limits main detector coverage to θ > 10∘
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Forward Muons

5

• Caveat: Muons are extremely forward

• Tungsten nozzle shields detector from beam induced BG 
 
 
 
 
 

• But: high-energy muons are penetrating particles

μ+ μ- -> μ+ μ- h (10 TeV)

μ+ μ- -> μ+ μ- h (3 TeV)
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muons decay along the beam

limits main detector coverage to θ > 10∘

Maximilian Ruhdorfer (Cornell)

one could imagine a detector some distance after interaction point

invisible Higgs decays are benchmark for study 
of forward muon detector physics potential

taken from 2203.07964

μ±



Backgrounds

6 Maximilian Ruhdorfer (Cornell)

2303.14202

Backgrounds:
<latexit sha1_base64="Fy7T1B0Rh4HaqiYC11wWxiaEb6E=">AAACGXicbVDLSgMxFM3UV62vUZdugkUQxDIjvnBVcOOygn1AZyyZNNOGZpIhyShl6G+48VfcuFDEpa78GzPtLGzrgRsO59zLzT1BzKjSjvNjFRYWl5ZXiqultfWNzS17e6ehRCIxqWPBhGwFSBFGOalrqhlpxZKgKGCkGQyuM7/5QKSigt/pYUz8CPU4DSlG2kgd2/Gi5P4YZu8R9CTt9TWSUjzCKT1AMvV4MjLVsctOxRkDzhM3J2WQo9axv7yuwElEuMYMKdV2nVj7KZKaYkZGJS9RJEZ4gHqkbShHEVF+Or5sBA+M0oWhkKa4hmP170SKIqWGUWA6I6T7atbLxP+8dqLDSz+lPE404XiyKEwY1AJmMcEulQRrNjQEYUnNXyHuI4mwNmGWTAju7MnzpHFScc8rZ7en5epVHkcR7IF9cAhccAGq4AbUQB1g8ARewBt4t56tV+vD+py0Fqx8ZhdMwfr+BXKGn/k=</latexit>

µ�µ+ ! µ�µ+⌫̄⌫1. Irreducible BG  

2. SM BG 

3. Lost particles
<latexit sha1_base64="7YloF+FFpbmd1O+nXPakBfsLlfk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQaksivnBVcOOygn1AE8tkOmmHziRhZqKU0I9w46+4caGIWxfu/BsnaRbaeuAOh3Pu5c49XsSoVJb1bRQWFpeWV4qrpbX1jc0tc3unJcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdJX67XsiJA2DWzWOiMvRIKA+xUhpqWdWHB7fVWH6VqAj6GCokBDhQ6ZUc/kIVnR1embZqlkZ4Dyxc1IGORo988vphzjmJFCYISm7thUpN0FCUczIpOTEkkQIj9CAdDUNECfSTbKjJvBAK33oh0JXoGCm/p5IEJdyzD3dyZEaylkvFf/zurHyL9yEBlGsSICni/yYQRXCNCHYp4JgxcaaICyo/ivEQyQQVjrHkg7Bnj15nrSOa/ZZ7fTmpFy/zOMogj2wDw6BDc5BHVyDBmgCDB7BM3gFb8aT8WK8Gx/T1oKRz+yCPzA+fwBZ6pxz</latexit>

µ�µ+ ! µ�µ+ + X

largest contributions
<latexit sha1_base64="sSOHX7tHsKPRoeL0VF1gUhoNRQk=">AAACBnicbVDLSgNBEJyNrxhfqx5FGAyCYAy74gtBCHjxGME8IImhdzKbDJnZXWZmhbDk5MVf8eJBEa9+gzf/xkmyB00saCiquunu8iLOlHacbyszN7+wuJRdzq2srq1v2JtbVRXGktAKCXko6x4oyllAK5ppTuuRpCA8Tmte/3rk1x6oVCwM7vQgoi0B3YD5jIA2UtvereMr3OyCEFDAftMDmfjDAq7dH5o6att5p+iMgWeJm5I8SlFu21/NTkhiQQNNOCjVcJ1ItxKQmhFOh7lmrGgEpA9d2jA0AEFVKxm/McT7RulgP5SmAo3H6u+JBIRSA+GZTgG6p6a9kfif14i1f9FKWBDFmgZkssiPOdYhHmWCO0xSovnAECCSmVsx6YEEok1yOROCO/3yLKkeF92z4untSb50mcaRRTtoDx0gF52jErpBZVRBBD2iZ/SK3qwn68V6tz4mrRkrndlGf2B9/gDfxpbS</latexit>

X = �, f f̄ ,W+W�

outside central detector ( )  
or too soft ( )

|η | > 2.44
p⊥ < 20 GeV

<latexit sha1_base64="DyUVqPesYET2SqYFU5uBB0AhFD0=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0WoiCWR+sBVwY3LCvYBTSyT6aQdOpmEmYlSQn/Ejb/ixoUiLtyIf+OkDVhbD9zL4Zx7mbnHixiVyrK+jdzC4tLySn61sLa+sbllbu80ZBgLTOo4ZKFoeUgSRjmpK6oYaUWCoMBjpOkNrlK/eU+EpCG/VcOIuAHqcepTjJSWOmbFCeK747QdOYL2+goJET7AXxWW+tNGxeHxYccsWmVrDDhP7IwUQYZax/x0uiGOA8IVZkjKtm1Fyk2QUBQzMio4sSQRwgPUI21NOQqIdJPxdSN4oJUu9EOhiys4Vqc3EhRIOQw8PRkg1ZezXir+57Vj5V+4CeVRrAjHk4f8mEEVwjQq2KWCYMWGmiAsqP4rxH0kEFY60IIOwZ49eZ40Tsr2Wfn0plKsXmZx5MEe2AclYINzUAXXoAbqAINH8AxewZvxZLwY78bHZDRnZDu74A+Mrx+7OaGr</latexit>

µ�µ+ ! µ�µ+(h ! 4⌫)



Backgrounds

6 Maximilian Ruhdorfer (Cornell)

2303.14202

Backgrounds:
<latexit sha1_base64="Fy7T1B0Rh4HaqiYC11wWxiaEb6E=">AAACGXicbVDLSgMxFM3UV62vUZdugkUQxDIjvnBVcOOygn1AZyyZNNOGZpIhyShl6G+48VfcuFDEpa78GzPtLGzrgRsO59zLzT1BzKjSjvNjFRYWl5ZXiqultfWNzS17e6ehRCIxqWPBhGwFSBFGOalrqhlpxZKgKGCkGQyuM7/5QKSigt/pYUz8CPU4DSlG2kgd2/Gi5P4YZu8R9CTt9TWSUjzCKT1AMvV4MjLVsctOxRkDzhM3J2WQo9axv7yuwElEuMYMKdV2nVj7KZKaYkZGJS9RJEZ4gHqkbShHEVF+Or5sBA+M0oWhkKa4hmP170SKIqWGUWA6I6T7atbLxP+8dqLDSz+lPE404XiyKEwY1AJmMcEulQRrNjQEYUnNXyHuI4mwNmGWTAju7MnzpHFScc8rZ7en5epVHkcR7IF9cAhccAGq4AbUQB1g8ARewBt4t56tV+vD+py0Fqx8ZhdMwfr+BXKGn/k=</latexit>

µ�µ+ ! µ�µ+⌫̄⌫1. Irreducible BG  

2. SM BG 

3. Lost particles
<latexit sha1_base64="7YloF+FFpbmd1O+nXPakBfsLlfk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQaksivnBVcOOygn1AE8tkOmmHziRhZqKU0I9w46+4caGIWxfu/BsnaRbaeuAOh3Pu5c49XsSoVJb1bRQWFpeWV4qrpbX1jc0tc3unJcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdJX67XsiJA2DWzWOiMvRIKA+xUhpqWdWHB7fVWH6VqAj6GCokBDhQ6ZUc/kIVnR1embZqlkZ4Dyxc1IGORo988vphzjmJFCYISm7thUpN0FCUczIpOTEkkQIj9CAdDUNECfSTbKjJvBAK33oh0JXoGCm/p5IEJdyzD3dyZEaylkvFf/zurHyL9yEBlGsSICni/yYQRXCNCHYp4JgxcaaICyo/ivEQyQQVjrHkg7Bnj15nrSOa/ZZ7fTmpFy/zOMogj2wDw6BDc5BHVyDBmgCDB7BM3gFb8aT8WK8Gx/T1oKRz+yCPzA+fwBZ6pxz</latexit>

µ�µ+ ! µ�µ+ + X

largest contributions
<latexit sha1_base64="sSOHX7tHsKPRoeL0VF1gUhoNRQk=">AAACBnicbVDLSgNBEJyNrxhfqx5FGAyCYAy74gtBCHjxGME8IImhdzKbDJnZXWZmhbDk5MVf8eJBEa9+gzf/xkmyB00saCiquunu8iLOlHacbyszN7+wuJRdzq2srq1v2JtbVRXGktAKCXko6x4oyllAK5ppTuuRpCA8Tmte/3rk1x6oVCwM7vQgoi0B3YD5jIA2UtvereMr3OyCEFDAftMDmfjDAq7dH5o6att5p+iMgWeJm5I8SlFu21/NTkhiQQNNOCjVcJ1ItxKQmhFOh7lmrGgEpA9d2jA0AEFVKxm/McT7RulgP5SmAo3H6u+JBIRSA+GZTgG6p6a9kfif14i1f9FKWBDFmgZkssiPOdYhHmWCO0xSovnAECCSmVsx6YEEok1yOROCO/3yLKkeF92z4untSb50mcaRRTtoDx0gF52jErpBZVRBBD2iZ/SK3qwn68V6tz4mrRkrndlGf2B9/gDfxpbS</latexit>

X = �, f f̄ ,W+W�

outside central detector ( )  
or too soft ( )

|η | > 2.44
p⊥ < 20 GeV

We include QED radiation for signal and some BGs

<latexit sha1_base64="IKkckTfaTAcuFZq4AC0r2iqqyoc=">AAACIHicbZDLSgMxFIYzXmu9VV26CRZB6IUZ8YarghuXFWwtdGrJpGkbzCRDckYtQx/Fja/ixoUiutOnMW1nodYDCT/ffw7J+YNIcAOu++nMzM7NLyxmlrLLK6tr67mNzbpRsaasRpVQuhEQwwSXrAYcBGtEmpEwEOwquDkb+Ve3TBuu5CUMItYKSU/yLqcELGrnjv0wvi7h0V3Avua9PhCt1d2YlFJcxAW/6AO7hyTqK1DSDNu5vFt2x4WnhZeKPEqr2s59+B1F45BJoIIY0/TcCFoJ0cCpYMOsHxsWEXpDeqxppSQhM61kvOAQ71rSwV2l7ZGAx/TnREJCYwZhYDtDAn3z1xvB/7xmDN2TVsJlFAOTdPJQNxYYFB6lhTtcMwpiYAWhmtu/YtonmlCwmWZtCN7fladFfb/sHZUPLw7yldM0jgzaRjtoD3noGFXQOaqiGqLoAT2hF/TqPDrPzpvzPmmdcdKZLfSrnK9vfl2ilw==</latexit>

µ�µ+ ! µ�µ+ + photons

cut on 
<latexit sha1_base64="8fh7tBgF2X8T6V0PX4yx7n6rtIk="></latexit>

Pµµ
? = (pµ+ + pµ�)? > 50 GeV

to reduce large QCD BG of soft  
and collinear photon radiation

<latexit sha1_base64="DyUVqPesYET2SqYFU5uBB0AhFD0=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0WoiCWR+sBVwY3LCvYBTSyT6aQdOpmEmYlSQn/Ejb/ixoUiLtyIf+OkDVhbD9zL4Zx7mbnHixiVyrK+jdzC4tLySn61sLa+sbllbu80ZBgLTOo4ZKFoeUgSRjmpK6oYaUWCoMBjpOkNrlK/eU+EpCG/VcOIuAHqcepTjJSWOmbFCeK747QdOYL2+goJET7AXxWW+tNGxeHxYccsWmVrDDhP7IwUQYZax/x0uiGOA8IVZkjKtm1Fyk2QUBQzMio4sSQRwgPUI21NOQqIdJPxdSN4oJUu9EOhiys4Vqc3EhRIOQw8PRkg1ZezXir+57Vj5V+4CeVRrAjHk4f8mEEVwjQq2KWCYMWGmiAsqP4rxH0kEFY60IIOwZ49eZ40Tsr2Wfn0plKsXmZx5MEe2AclYINzUAXXoAbqAINH8AxewZvxZLwY78bHZDRnZDu74A+Mrx+7OaGr</latexit>

µ�µ+ ! µ�µ+(h ! 4⌫)



• Efficient BG suppression possible using MIM and Emin
μ

μ+μ-h μ+μ-νν μ+μ-γ
μ+ μ-f f μ+ μ-W +W -

1000 2000 3000 4000 5000
10-6

10-5

10-4

10-3

10-2

Eμ
min [GeV]

dσ
/d
E μm

in
[p
b/
G
eV

] 2Eb= 10 TeV

μ+μ-h μ+μ-νν μ+μ-γ
μ+ μ-f f μ+ μ-W +W -

0 100 200 300 400 500 600
10-6
10-5
10-4
10-3
10-2
10-1

MIM [GeV]

dσ
/d
M
IM

[p
b/
G
eV

] 2Eb= 10 TeV

Kinematic Variables

7 Maximilian Ruhdorfer (Cornell)

2303.14202



• Efficient BG suppression possible using MIM and Emin
μ

μ+μ-h μ+μ-νν μ+μ-γ
μ+ μ-f f μ+ μ-W +W -

1000 2000 3000 4000 5000
10-6

10-5

10-4

10-3

10-2

Eμ
min [GeV]

dσ
/d
E μm

in
[p
b/
G
eV

] 2Eb= 10 TeV

μ+μ-h μ+μ-νν μ+μ-γ
μ+ μ-f f μ+ μ-W +W -

0 100 200 300 400 500 600
10-6
10-5
10-4
10-3
10-2
10-1

MIM [GeV]

dσ
/d
M
IM

[p
b/
G
eV

] 2Eb= 10 TeV

Kinematic Variables

7 Maximilian Ruhdorfer (Cornell)

2303.14202

large  and  forces “lost” particle to be centralEmin
μ Pμμ

⊥ > 50 GeV

can be vetoed
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nearly optimal sensitivity  
is achievable at truth level
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• But: MIM loses discriminatory power with accelerator + detector effects
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0.1% beam energy spread
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0.6 mrad beam angular spreadΔθ ∼

has negligible effect
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• Muon energy gets smeared when traversing nozzle
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for 10% smearing MIM is almost flat

10% smearing is inspired by preliminary 
simulation results by Daniele Calzolari 

see: KITP talk
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https://online.kitp.ucsb.edu/online/muoncollider-m23/calzolari/
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coverage up to pseudorapidity of 5-6 needed for ultimate sensitivity
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FCC-ee, ILC
1905.03764

FCC-hh
CERN-ACC-2018-0045

coverage up to pseudorapidity of 5-6 needed for ultimate sensitivity
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Effect of finite angular resolution

Δθμ±



Angular Resolution
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Effect of finite angular resolution

Δθμ±

along this slice

no significant loss in sensitivity  
for  mradΔθ < 5
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• A forward muon detector would ideally allow a sensitivity of 
 
 
 

• Realistic sensitivity is limited by muon energy uncertainty / detector resolution 
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BR(h ! inv) ⇠ 10�4

<latexit sha1_base64="ee0mutT3jrlLjtVQVFS+WYihK74="></latexit>

�res = 10% : BR(h ! inv) . 10�3

ultimate sensitivity is reached for ηmax
μ = 5 − 6
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BR(h ! inv) ⇠ 10�4

<latexit sha1_base64="ee0mutT3jrlLjtVQVFS+WYihK74="></latexit>

�res = 10% : BR(h ! inv) . 10�3

ultimate sensitivity is reached for ηmax
μ = 5 − 6

Outlook: forward muon detector has bigger physics potential  

(Higgs coupling measurments, Higgs portal models,…)

Detailed study on physics potential of forward  
muon detector is currently in work
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Invisible Higgs Decays 3 TeV
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Effects of Main Detector 
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Parton Level Distributions
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Distributions after 1% and 10% Energy Smearing
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