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An overview where everyone joining from AF, EF, IF, and TF can understand



An overview where everyone joining from AF, EF, IF, and TF can understand

In other words a talk sure to disappoint all, but it does give me license to go even more meme heavy…



Lots of very respectable collider talks so far



Lots of very respectable collider talks so far

And then finally we reach the last talk…  
(other than the summary) 



What’s the takeaway from this talk? 
That potentially there is…



Wait a minute… that wasn’t in the last P5 right?



Last P5



Last P5



Last P5

No lepton colliders >3 TeV and muon collider is persona non grata



Where has the recent interest in high energy 
lepton colliders come from? 
Especially for muon colliders



August 
2019

Courage, Ambition, something else??



More recent physics efforts just since the pandemic…

Many LOIs



More recent physics efforts just since the pandemic…

There’s even an international Muon collider collaboration



Why am I giving this talk?
It all started with some research into the first snowmass and some memes



Snowmass 1982



We’re still trying to implement these

Snowmass 1982



US has no official HEP collider planned

Obviously we want to help guide prioritization of projects through lens of BSM/Higgs 

However… nothing stops you from dreaming big and theory and experiment have both 
evolved since 1982

CLIC,ILC,CEPC,FCC

NEW IDEAS

US HEP

?



#Snowmass1982 #Snowmass2058



Why am I giving this talk?

Paraphrasing a conversation between EF02 conveners months ago

= Me (Theorist who doesn’t sufficiently appreciate 
all the work that goes into an experiment)

= Isobel Ojalvo (Experimentalist AKA voice of reason)

Which led to the infamous figure



R&D attractiveness

Physics 

Potential

FCC-hh/SPPC

FCC-ee/CEPC ILC

CLIC

-collider 125µ

-collider 14 TeVµ

µ

?
-collider e w/PWFA 30 TeV



And then Nathaniel said…



And then Nathaniel said…



And then Nathaniel said…
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Why new colliders?

To boldly go where no one has gone before
Isn’t it just the energy?



Why new colliders?

To boldly go where no one has gone before
Costs a lot…



Meshes well with last P5 science drivers



Foundational Physics Potential Cases

HIGGS UNKNOWN



Foundational Physics Potential Cases

HIGGS UNKNOWN

If you want a guaranteed return it’s a lot harder





We found the last ingredient, particle physics is done but a bow on it…



We found the last ingredient, particle physics is done but a bow on it…



We are just scratching the surface of the Higgs!

We must measure all its couplings to complete SM
The Higgs is the most unique particle in the SM



We are just scratching the surface of the Higgs!
Obviously we want precision in all couplings

Hubble and expansion of universe -> SN and accelerated expansion

Neptune discovery -> Perturbation theory combined w/ data leads to prediction

Lots of historical precedent where precision leads to discovery!

Precision can lead to revolutionary changes



COMPLETE THE SM!

Higgs BSM

Light Flavor!Self couplings!

Biggest open areas post HL-LHC 

Needs Energy Needs Precision

Both need a lot of Higgs!



How Many Higgs??
Take this with many grains of salt…

Different energies access different dominant processes (different physics you can access), have different experimental challenges
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This is to understand orders of magnitude and what you could do if you could exploit them all!

ILC250/350

FCC-ee 240/365

CEPC 240

CLIC-380

ILC500/1000

CLIC 1500/3000

}
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⇠ 3.4⇥ 106 }

Low energy e+e- Higgs factories  
~ 1 million Higgs

Moderate energy e+e- Higgs factories  
~ few million Higgs

End of LHC ~ O(100) million Higgses!HL-LHC
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FCC-hh
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⇠ 27⇥ 109 27 billion Higgses

Speculative high energy options (run plans specified here)

Muon (or electron colliders)

6 TeV 4/ab
10 TeV 10/ab

14 TeV 20/ab

30 TeV 90/ab
100 TeV 100/ab

Collider in the sea

500 TeV 50/ab
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Millions to 100s of millions



Figure of merit LEP had 17 Million Zs



How Many Higgs??
Take this with many grains of salt…

Different energies access different dominant processes (different physics you can access), have different experimental challenges
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This is to understand orders of magnitude and what you could do if you could exploit them all!

ILC250/350

FCC-ee 240/365

CEPC 240

CLIC-380

ILC500/1000

CLIC 1500/3000

}
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⇠ 1.2⇥ 106
<latexit sha1_base64="4goKZMNn9Xs1I1DwXFCYEMAAqBc=">AAAB/nicbVDLSgMxFM3UV62v8bFzEyyCq2EiRV0W3bisYG2hM5ZMmmlDk8yQZIQ6FH/FjQsFcet3uPNvTNtZaOuBC4dz7uXee6KUM218/9spLS2vrK6V1ysbm1vbO+7u3p1OMkVokyQ8Ue0Ia8qZpE3DDKftVFEsIk5b0fBq4rceqNIskbdmlNJQ4L5kMSPYWKnrHgSaCYg8BAPDBNUQ+fdnXbfqe/4UcJGgglRBgUbX/Qp6CckElYZwrHUH+akJc6wMI5yOK0GmaYrJEPdpx1KJ7aYwn14/hsdW6cE4UbakgVP190SOhdYjEdlOgc1Az3sT8T+vk5n4IsyZTDNDJZktijMOTQInUcAeU5QYPrIEE8XsrZAMsMLE2MAqNgQ0//IiaZ16qOYhdFOr1i+LPMrgEByBE4DAOaiDa9AATUDAI3gGr+DNeXJenHfnY9ZacoqZffAHzucPY0GTtA==</latexit>

⇠ 1.1⇥ 106
<latexit sha1_base64="cY5dOw+qFHE9OhsXsehUc9iGKIs=">AAAB/XicbVBNSwMxEM3Wr1q/Vnv0EiyCp2VTinosevFYwdpCu5Zsmm1Dk+ySZIVlqX/FiwcF8er/8Oa/MW33oK0PBh7vzTAzL0w408b3v53S2vrG5lZ5u7Kzu7d/4B4e3es4VYS2Scxj1Q2xppxJ2jbMcNpNFMUi5LQTTq5nfueRKs1ieWeyhAYCjySLGMHGSgO32tdMQK8O+4YJqiHyH84Hbs33/DngKkEFqYECrYH71R/GJBVUGsKx1j3kJybIsTKMcDqt9FNNE0wmeER7lkpsNwX5/PgpPLXKEEaxsiUNnKu/J3IstM5EaDsFNmO97M3E/7xeaqLLIGcySQ2VZLEoSjk0MZwlAYdMUWJ4ZgkmitlbIRljhYmxeVVsCGj55VXSqXuo4SF026g1r4o8yuAYnIAzgMAFaIIb0AJtQEAGnsEreHOenBfn3flYtJacYqYK/sD5/AHws5N6</latexit>

⇠ .2⇥ 106

<latexit sha1_base64="ZRA+cPqWzzl7eqcFlyCzXAzV5dA=">AAAB/nicbVDLSgMxFM34rPU1PnZugkVwNUykPpZFNy4rWFvojCWTZtrQJDMkGaEOxV9x40JB3Pod7vwb03YW2nrgwuGce7n3nijlTBvf/3YWFpeWV1ZLa+X1jc2tbXdn904nmSK0QRKeqFaENeVM0oZhhtNWqigWEafNaHA19psPVGmWyFszTGkocE+ymBFsrNRx9wPNBKx6pzAwTFANkX9/1nErvudPAOcJKkgFFKh33K+gm5BMUGkIx1q3kZ+aMMfKMMLpqBxkmqaYDHCPti2V2G4K88n1I3hklS6ME2VLGjhRf0/kWGg9FJHtFNj09aw3Fv/z2pmJL8KcyTQzVJLpojjj0CRwHAXsMkWJ4UNLMFHM3gpJHytMjA2sbENAsy/Pk+aJh6oeQjfVSu2yyKMEDsAhOAYInIMauAZ10AAEPIJn8ArenCfnxXl3PqatC04xswf+wPn8AW4+k7s=</latexit>

⇠ 4.5⇥ 106
<latexit sha1_base64="+OOG+y3bUH2zUn6ExgjpjR/wE4c=">AAAB/nicbVDLSgMxFM34rPU1PnZugkVwNUy0qMuiG5cVrC10xpJJM21okhmSjFCH4q+4caEgbv0Od/6NaTsLbT1w4XDOvdx7T5Rypo3vfzsLi0vLK6ultfL6xubWtruze6eTTBHaIAlPVCvCmnImacMww2krVRSLiNNmNLga+80HqjRL5K0ZpjQUuCdZzAg2Vuq4+4FmAp56VRgYJqiGyL8/67gV3/MngPMEFaQCCtQ77lfQTUgmqDSEY63byE9NmGNlGOF0VA4yTVNMBrhH25ZKbDeF+eT6ETyyShfGibIlDZyovydyLLQeish2Cmz6etYbi/957czEF2HOZJoZKsl0UZxxaBI4jgJ2maLE8KElmChmb4WkjxUmxgZWtiGg2ZfnSfPEQ1UPoZtqpXZZ5FECB+AQHAMEzkENXIM6aAACHsEzeAVvzpPz4rw7H9PWBaeY2QN/4Hz+AGsak7k=</latexit>

⇠ 3.4⇥ 106 }

Low energy e+e- Higgs factories  
~ 1 million Higgs

Moderate energy e+e- Higgs factories  
~ few million Higgs

End of LHC ~ O(100) million Higgses!HL-LHC
<latexit sha1_base64="tq1ziFCTB/JuPUdYx7SUC4i7ik8=">AAAB/nicbVDLSgMxFM3UV62v8bFzEyyCq2GiFXVXdOOygrWFzlgyaaYNTTJDkhHqUPwVNy4UxK3f4c6/MX0stPXAhcM593LvPVHKmTa+/+0UFhaXlleKq6W19Y3NLXd7504nmSK0ThKeqGaENeVM0rphhtNmqigWEaeNqH818hsPVGmWyFszSGkocFeymBFsrNR29wLNBPROTmFgmKAaIv/+ou2Wfc8fA84TNCVlMEWt7X4FnYRkgkpDONa6hfzUhDlWhhFOh6Ug0zTFpI+7tGWpxHZTmI+vH8JDq3RgnChb0sCx+nsix0LrgYhsp8Cmp2e9kfif18pMfB7mTKaZoZJMFsUZhyaBoyhghylKDB9Ygoli9lZIelhhYmxgJRsCmn15njSOPVTxELqplKuX0zyKYB8cgCOAwBmogmtQA3VAwCN4Bq/gzXlyXpx352PSWnCmM7vgD5zPH3E1k70=</latexit>

⇠ .35⇥ 109

FCC-hh
<latexit sha1_base64="3hOHnQ8VxIx6h52YsVnd2swwWJI=">AAAB/XicbVBNSwMxEM36WevXao9egkXwVDalUL0VvXisYG2hu5Zsmm1Dk+ySZIVlqX/FiwcF8er/8Oa/MW33oK0PBh7vzTAzL0w408bzvp219Y3Nre3STnl3b//g0D06vtdxqgjtkJjHqhdiTTmTtGOY4bSXKIpFyGk3nFzP/O4jVZrF8s5kCQ0EHkkWMYKNlQZuxddMwHoT+oYJqiHyHi4HbtWreXPAVYIKUgUF2gP3yx/GJBVUGsKx1n3kJSbIsTKMcDot+6mmCSYTPKJ9SyW2m4J8fvwUnlllCKNY2ZIGztXfEzkWWmcitJ0Cm7Fe9mbif14/NdFFkDOZpIZKslgUpRyaGM6SgEOmKDE8swQTxeytkIyxwsTYvMo2BLT88irp1muoUUPotlFtXRV5lMAJOAXnAIEmaIEb0AYdQEAGnsEreHOenBfn3flYtK45xUwF/IHz+QMDbpOG</latexit>

⇠ 27⇥ 109 27 billion Higgses

Speculative high energy options (run plans specified here)

Muon (or electron colliders)

6 TeV 4/ab
10 TeV 10/ab

14 TeV 20/ab

30 TeV 90/ab
100 TeV 100/ab

Collider in the sea

500 TeV 50/ab
<latexit sha1_base64="Aqhb+Mq3L7Q+kL0M46923MQNuEU=">AAAB/XicbVBNSwMxEM36WevXao9egkXwVBIpqLeiF48VrC1015JNs21okl2SrLCU+le8eFAQr/4Pb/4b03YP2vpg4PHeDDPzolRwYxH69lZW19Y3Nktb5e2d3b19/+Dw3iSZpqxFE5HoTkQME1yxluVWsE6qGZGRYO1odD31249MG56oO5unLJRkoHjMKbFO6vmVwHAJ6wgFlktmIEYPlz2/impoBrhMcEGqoECz538F/YRmkilLBTGmi1FqwzHRllPBJuUgMywldEQGrOuoIm5TOJ4dP4EnTunDONGulIUz9ffEmEhjchm5Tkns0Cx6U/E/r5vZ+CIcc5Vmlik6XxRnAtoETpOAfa4ZtSJ3hFDN3a2QDokm1Lq8yi4EvPjyMmmf1XC9hvFtvdq4KvIogSNwDE4BBuegAW5AE7QABTl4Bq/gzXvyXrx372PeuuIVMxXwB97nDxSbk5E=</latexit>

⇠ 400⇥ 109 Can approach a trillion Higgs

<latexit sha1_base64="8udIRQm7qIcD5wkZHEpP+NHEBEc=">AAAB/nicbVDLSgMxFM3UV62v8bFzEyyCq2FSi7osunFZwdpCZyyZNG1Dk8yQZIQ6FH/FjQsFcet3uPNvTNtZaOuBC4dz7uXee6KEM218/9spLC2vrK4V10sbm1vbO+7u3p2OU0Vog8Q8Vq0Ia8qZpA3DDKetRFEsIk6b0fBq4jcfqNIslrdmlNBQ4L5kPUawsVLHPQg0E/DUq8DAMEE1RP79Wcct+54/BVwkKCdlkKPecb+CbkxSQaUhHGvdRn5iwgwrwwin41KQappgMsR92rZUYrspzKbXj+GxVbqwFytb0sCp+nsiw0LrkYhsp8BmoOe9ifif105N7yLMmExSQyWZLeqlHJoYTqKAXaYoMXxkCSaK2VshGWCFibGBlWwIaP7lRdKseKjqIXRTLdcu8zyK4BAcgROAwDmogWtQBw1AwCN4Bq/gzXlyXpx352PWWnDymX3wB87nD2f4k7c=</latexit>

⇠ 3.2⇥ 106
<latexit sha1_base64="oQUvGMiBEAr2A0v4lc5Gs4XZjP0=">AAAB/XicbVDLSgMxFM3UV62v0S7dBIvgapiIz13RjcsK1hY6Y8mkmTY0yQxJRhhK/RU3LhTErf/hzr8xbWehrQcuHM65l3vviVLOtPH9b6e0tLyyulZer2xsbm3vuLt79zrJFKFNkvBEtSOsKWeSNg0znLZTRbGIOG1Fw+uJ33qkSrNE3pk8paHAfcliRrCxUtetBpoJeOmdBoYJqiHyH866bs33/CngIkEFqYECja77FfQSkgkqDeFY6w7yUxOOsDKMcDquBJmmKSZD3KcdSyW2m8LR9PgxPLRKD8aJsiUNnKq/J0ZYaJ2LyHYKbAZ63puI/3mdzMQX4YjJNDNUktmiOOPQJHCSBOwxRYnhuSWYKGZvhWSAFSbG5lWxIaD5lxdJ69hDJx5Ctye1+lWRRxnsgwNwBBA4B3VwAxqgCQjIwTN4BW/Ok/PivDsfs9aSU8xUwR84nz8clJOW</latexit>

⇠ 9.5⇥ 106
<latexit sha1_base64="hjxOsdek8mGeM27d9LiyNb9ykyA=">AAAB/XicbVBNSwMxEM3Wr1q/Vnv0EiyCp7IpRT0WvXisYG2hu5Zsmm1Dk+ySZIVlqX/FiwcF8er/8Oa/MW33oK0PBh7vzTAzL0w408bzvp3S2vrG5lZ5u7Kzu7d/4B4e3es4VYR2SMxj1QuxppxJ2jHMcNpLFMUi5LQbTq5nfveRKs1ieWeyhAYCjySLGMHGSgO36msmYKMBfcME1RB5D+cDt+bVvTngKkEFqYEC7YH75Q9jkgoqDeFY6z7yEhPkWBlGOJ1W/FTTBJMJHtG+pRLbTUE+P34KT60yhFGsbEkD5+rviRwLrTMR2k6BzVgvezPxP6+fmugyyJlMUkMlWSyKUg5NDGdJwCFTlBieWYKJYvZWSMZYYWJsXhUbAlp+eZV0G3XUrCN026y1roo8yuAYnIAzgMAFaIEb0AYdQEAGnsEreHOenBfn3flYtJacYqYK/sD5/AH2+5N+</latexit>

⇠ 22⇥ 106
<latexit sha1_base64="VKDgc4pnOQC/5jOUBOb5mEMuTpE=">AAAB/nicbVDLSgMxFM34rPU1PnZugkVwNUxKQd0V3bisYG2hM5ZMmmlDk8yQZIQ6FH/FjQsFcet3uPNvTNtZaOuBC4dz7uXee6KUM218/9tZWl5ZXVsvbZQ3t7Z3dt29/TudZIrQJkl4otoR1pQzSZuGGU7bqaJYRJy2ouHVxG89UKVZIm/NKKWhwH3JYkawsVLXPQw0E9BDVRgYJqiGyL+/6LoV3/OngIsEFaQCCjS67lfQS0gmqDSEY607yE9NmGNlGOF0XA4yTVNMhrhPO5ZKbDeF+fT6MTyxSg/GibIlDZyqvydyLLQeich2CmwGet6biP95nczE52HOZJoZKslsUZxxaBI4iQL2mKLE8JElmChmb4VkgBUmxgZWtiGg+ZcXSavqoZqH0E2tUr8s8iiBI3AMTgECZ6AOrkEDNAEBj+AZvII358l5cd6dj1nrklPMHIA/cD5/AGlek7g=</latexit>

⇠ .12⇥ 109
<latexit sha1_base64="PN/LU/pCcy34l8BAhoaSOrh8guc=">AAAB/nicbVDLSgMxFM34rPU1PnZugkVwNUykYN0V3bisYG2hM5ZMmmlDk8yQZIQ6FH/FjQsFcet3uPNvTNtZaOuBC4dz7uXee6KUM218/9tZWl5ZXVsvbZQ3t7Z3dt29/TudZIrQJkl4otoR1pQzSZuGGU7bqaJYRJy2ouHVxG89UKVZIm/NKKWhwH3JYkawsVLXPQw0E9BDNRgYJqiGyL+/6LoV3/OngIsEFaQCCjS67lfQS0gmqDSEY607yE9NmGNlGOF0XA4yTVNMhrhPO5ZKbDeF+fT6MTyxSg/GibIlDZyqvydyLLQeich2CmwGet6biP95nczEtTBnMs0MlWS2KM44NAmcRAF7TFFi+MgSTBSzt0IywAoTYwMr2xDQ/MuLpHXmoaqH0E21Ur8s8iiBI3AMTgEC56AOrkEDNAEBj+AZvII358l5cd6dj1nrklPMHIA/cD5/AHLEk74=</latexit>

⇠ .18⇥ 109

Millions to 100s of millions



Precision needs precision (Higgs factories yesterday), but leptons give you a head start!



Why do high energy leptons produce so many 
Higgs particles?



Muon colliders are gauge boson colliders
That’s why a lot of this physics case ports directly to high energy e, mu, gamma colliders

Winner at moderate energies!

Can think of this as VV to H fusion, with VV initial states (PDF like for hadron colliders)

<latexit sha1_base64="7unVcYC1kBNjo/w18/JrT9IpK5o=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5IURY9FETxWsB/QxrLZbtqlm03Y3Sgl5qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5fsyZ0o7zbRVWVtfWN4qbpa3tnd09u7zfUlEiCW2SiEey42NFORO0qZnmtBNLikOf07Y/vpr67QcqFYvEnZ7E1AvxULCAEayN1LfLPcXCXiAxSd0svb6vZX274lSdGdAycXNSgRyNvv3VG0QkCanQhGOluq4Tay/FUjPCaVbqJYrGmIzxkHYNFTikyktnp2fo2CgDFETSlNBopv6eSHGo1CT0TWeI9UgtelPxP6+b6ODCS5mIE00FmS8KEo50hKY5oAGTlGg+MQQTycytiIywyUGbtEomBHfx5WXSqlXds6pze1qpX+ZxFOEQjuAEXDiHOtxAA5pA4BGe4RXerCfrxXq3PuatBSufOYA/sD5/ACZlk+w=</latexit>

⇠ 1

E2

<latexit sha1_base64="ao8gF9qlSqf4YHR/GA11YnFF2QI=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DEogscI5gHZNcxOZpMh81hmZoUQ8htePCji1Z/x5t84SfagiQUNRVU33V1xypmxvv/trayurW9sFraK2zu7e/ulg8OmUZkmtEEUV7odY0M5k7RhmeW0nWqKRcxpKx7eTP3WE9WGKflgRymNBO5LljCCrZPC0DARctVHt4/VbqnsV/wZ0DIJclKGHPVu6SvsKZIJKi3h2JhO4Kc2GmNtGeF0UgwzQ1NMhrhPO45KLKiJxrObJ+jUKT2UKO1KWjRTf0+MsTBmJGLXKbAdmEVvKv7ndTKbXEVjJtPMUknmi5KMI6vQNADUY5oSy0eOYKKZuxWRAdaYWBdT0YUQLL68TJrVSnBR8e/Py7XrPI4CHMMJnEEAl1CDO6hDAwik8Ayv8OZl3ov37n3MW1e8fOYI/sD7/AFG45Eu</latexit>

⇠ logE2



Muon colliders are gauge boson colliders
That’s why a lot of this physics case ports directly to high energy e, mu, gamma colliders

Can think of this as VV to H fusion, with VV initial states (PDF like for hadron colliders)

Vector Boson really wants to be soft or collinear….



Multi-Higgs results

2008.12204 T. Han, D. Liu, I. Low, X. Wang

2003.13628 M. Chiesa, F. Maltoni, L. Mantani, B. Mele, 
F. Piccinini, X. Zhao

Triple Higgs bounds!!!

HE lepton collider = Precision + Energy?



Is that it?

Just potentially amazing all in one Higgs?



Since so much of my time is otherwise occupied

I thought a relevant segue was…





But that is not ALL I can do! Said the high-energy lepton collider…



Muon colliders are more than gauge boson colliders
That’s why not everything ports to gamma colliders, but still e and mu are good

2007.14300 T. Han, Y. Ma, K. Xie

You get tons of Gauge Bosons at low x - like gluons at a Hadron collider

you ALSO get muons peaking at x~1 unlike quarks at hadron colliders!!
BUT





Similar to what’s in 1901.06150 Delahaye et al



Roughly there is equivalence to a 100 TeV pp collider for

<latexit sha1_base64="+6KOfy3ifnCbkBhvTAsmj/WAHnM=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFcaEnEUpdFNy4r9AVNCJPppB06k8SZiVBC9m78FTcuFHHrD7jzb5y0WWjrgQuHc+7l3nv8mFGpLOvbWFldW9/YLG2Vt3d29/bNg8OujBKBSQdHLBJ9H0nCaEg6iipG+rEgiPuM9PzJTe73HoiQNArbahoTl6NRSAOKkdKSZ1YceS9UKj2HJ5kjKYf184Zz5nCkxoKnbdLNPLNq1awZ4DKxC1IFBVqe+eUMI5xwEirMkJQD24qVmyKhKGYkKzuJJDHCEzQiA01DxIl009kvGTzRyhAGkdAVKjhTf0+kiEs55b7uzG+Ui14u/ucNEhVcuSkN40SREM8XBQmDKoJ5MHBIBcGKTTVBWFB9K8RjJBBWOr6yDsFefHmZdC9qdr1m3V1Wm9dFHCVwDCrgFNigAZrgFrRAB2DwCJ7BK3gznowX4934mLeuGMXMEfgD4/MHAYybAw==</latexit>p
sµ ⇠ 5� 7TeV

<latexit sha1_base64="2ZleQU/2KJZbBerG+hvKcx7rRoE=">AAACCnicbVDLSsNAFJ34rPUVdelmtAgupCRF0WXRjcsKfUETwmQ6aYfOTOLMRCihazf+ihsXirj1C9z5N07aLLT1wIXDOfdy7z1hwqjSjvNtLS2vrK6tlzbKm1vbO7v23n5bxanEpIVjFstuiBRhVJCWppqRbiIJ4iEjnXB0k/udByIVjUVTjxPiczQQNKIYaSMF9pGn7qXOVODxdOIpymHN8c48jvRQ8qxJ2pPArjhVZwq4SNyCVECBRmB/ef0Yp5wIjRlSquc6ifYzJDXFjEzKXqpIgvAIDUjPUIE4UX42fWUCT4zSh1EsTQkNp+rviQxxpcY8NJ35jWrey8X/vF6qoys/oyJJNRF4tihKGdQxzHOBfSoJ1mxsCMKSmlshHiKJsDbplU0I7vzLi6Rdq7oXVefuvFK/LuIogUNwDE6BCy5BHdyCBmgBDB7BM3gFb9aT9WK9Wx+z1iWrmDkAf2B9/gB+hJrC</latexit>p
sµ ⇠ 20TeV

<latexit sha1_base64="xlYsBE5SAAMZx7dpjeMMjizggXg=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxRHaJRo9ELx4xkUcCK5kdZmHC7M5mpldCCP/hxYPGePVfvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUMCrVjNeZkkq3Amq4FDGvo0DJW4nmNAokbwbD25nffOLaCBU/4DjhfkT7sQgFo2ilx0pHi/4AqdZqRLxuseSW3TnIKvEyUoIMtW7xq9NTLI14jExSY9qem6A/oRoFk3xa6KSGJ5QNaZ+3LY1pxI0/mV89JWdW6ZFQaVsxkrn6e2JCI2PGUWA7I4oDs+zNxP+8dorhtT8RcZIij9liUZhKgorMIiA9oTlDObaEMi3srYQNqKYMbVAFG4K3/PIqaVTK3mXZvb8oVW+yOPJwAqdwDh5cQRXuoAZ1YKDhGV7hzRk5L86787FozTnZzDH8gfP5AwWZkjI=</latexit>

2 ! 1
<latexit sha1_base64="TV/UzfQPza07B5ORO3fxVNQ2CqU=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxRHaJRo9ELx4xkUcCK5kdBpgwu7OZ6ZWQDf/hxYPGePVfvPk3DrAHBSvppFLVne6uIJbCoOt+O7m19Y3Nrfx2YWd3b/+geHjUMCrRjNeZkkq3Amq4FBGvo0DJW7HmNAwkbwaj25nffOLaCBU94CTmfkgHkegLRtFKj5WOFoMhUq3VmFS6xZJbducgq8TLSAky1LrFr05PsSTkETJJjWl7box+SjUKJvm00EkMjykb0QFvWxrRkBs/nV89JWdW6ZG+0rYiJHP190RKQ2MmYWA7Q4pDs+zNxP+8doL9az8VUZwgj9hiUT+RBBWZRUB6QnOGcmIJZVrYWwkbUk0Z2qAKNgRv+eVV0qiUvcuye39Rqt5kceThBE7hHDy4gircQQ3qwEDDM7zCmzN2Xpx352PRmnOymWP4A+fzBwcdkjM=</latexit>

2 ! 2

The devil is in the details always…  but O(10) TeV is also interesting from Higgs



Lots of BSM Targets

Electroweak Symmetry Breaking 
Electroweak Phase Transition 

Electroweak Baryogenesis 
Flavor

Naturalness Dark Matter

Complementarity



Complementarity with other Frontiers
While slow at the start, the energy frontier is ultimately needed to “win the race”

Rare Processes/Cosmological Frontiers

Energy Frontier

Nevertheless if we get indirect hints from existing  

or planned experiments its important to know how to test them!

Gravitational Waves, Astrophysics, Dark Matter, Rare Processes



What can you do with energy and EWSB?
Perturbative Unitarity Bounds!

Lee-Quigg-Thacker Higgs mass bound
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What can you do with energy and EWSB?
These delicate cancellations persist all over the place!

For example a modified Top Yukawa… 



What can you do with energy and EWSB?
These delicate cancellations persist all over the place!

For example a modified Top Yukawa… 



The Nightmare Higgs Portal Scenario
EWPT and Neutral Naturalness Prototype

Takeaway - even the hardest things are doable!



Dark Matter
The WIMP still can be the DM

2009.11287 T. Han, Z. Liu, L. Wang, X. Wang



Naturalness Example

Stop mass reach 
rough background assumptions 

for collider up to 100 TeV

Can even do gluinos at a lepton collider!
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These were just a few physics 
examples but hopefully it gives 

you a taste of what can be done…



Sloganeering time



High energy muon collider= 
Precision + Energy

Replace muon with electron as you see fit

End the energy/precision dichotomy



A muon collider is a vector boson 
collider

A muon collider is more than just a 
vector boson collider

A muon collider is like a hadron 
collider only better (j/k)



Optimal one project?

Complete the SM and large reach



What’s the takeaway from this talk? 
That potentially there is…



Who knows what the future holds?
#2020

Even back at the first Snowmass in 1982 they understood…



• We don’t know if ILC , FCC, CEPC/SPPC will go forwards 

• It’s hard to imagine more than one mega project gets a greenlight soon… 

• IF a high energy lepton collider could be an all-in-one collider we need to demonstrate it now as an alternative 

• There is work to be done on the Accelerator side - muons maybe closer? But we need something concrete and                            ! 

• New detector technologies to deal with backgrounds, nuts and bolts estimates to show whether precision means precision 

• R&D for this can be good for all, timing, trigger, radiation mitigation for detector, magnets etc. so investing this effort isn’t 
taking away from something else

Who knows what the future holds?
AKA Why now?
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J. Siegrist - Monday

“Snowmass - Let a thousand flowers bloom”



Conclusion

The physics case for a high energy lepton collider is strong and exciting across fields! 

Lots of exciting work to do for AF, EF, TF, IF! 

This is not just scaling up what we've done before, exciting opportunity to launch a wide 
range of R&D projects with specific research goals 

Please join these efforts since we are at a rare point in our field!


