
Physics Opportunities at 
Future Colliders

Patrick Meade

Yang Institute for Theoretical Physics


Stony Brook University

1



A minimally-organized collection of 
theory thoughts + Muon collider 

updates for Snowmass
Patrick Meade


Yang Institute for Theoretical Physics

Stony Brook University

Based on conversations w/N. Arkani-Hamed, N. Craig, M. Reece, R. Sundrum 
and some insights from the “Muon Smasher’s Guide” 2103.14043 w/many 

authors 

2



Physics Opportunities at 
Future Colliders

Patrick Meade

Yang Institute for Theoretical Physics


Stony Brook University

3



This could be a standard talk…CERN-ESU-004
10 January 2020

Physics Briefing Book
Input for the European Strategy for Particle Physics Update 2020

Electroweak Physics: Richard Keith Ellis1, Beate Heinemann2,3 (Conveners)
Jorge de Blas4,5, Maria Cepeda6, Christophe Grojean2,7, Fabio Maltoni8,9, Aleandro Nisati10,

Elisabeth Petit11, Riccardo Rattazzi12, Wouter Verkerke13 (Contributors)

Strong Interactions: Jorgen D’Hondt14, Krzysztof Redlich15 (Conveners)
Anton Andronic16, Ferenc Siklér17 (Scientific Secretaries)

Nestor Armesto18, Daniël Boer19, David d’Enterria20, Tetyana Galatyuk21, Thomas Gehrmann 22,
Klaus Kirch23, Uta Klein24, Jean-Philippe Lansberg25, Gavin P. Salam26, Gunar Schnell27,
Johanna Stachel28, Tanguy Pierog29, Hartmut Wittig30, Urs Wiedemann20(Contributors)

Flavour Physics: Belen Gavela31, Antonio Zoccoli32 (Conveners)
Sandra Malvezzi33, Ana M. Teixeira34, Jure Zupan35 (Scientific Secretaries)

Daniel Aloni36, Augusto Ceccucci20, Avital Dery36, Michael Dine37, Svetlana Fajfer38, Stefania Gori37,
Gudrun Hiller39, Gino Isidori22, Yoshikata Kuno40, Alberto Lusiani41, Yosef Nir36,

Marie-Helene Schune42, Marco Sozzi43, Stephan Paul44, Carlos Pena31 (Contributors)

Neutrino Physics & Cosmic Messengers: Stan Bentvelsen45, Marco Zito46,47 (Conveners)
Albert De Roeck 20, Thomas Schwetz29 (Scientific Secretaries)

Bonnie Fleming48, Francis Halzen49, Andreas Haungs29, Marek Kowalski2, Susanne Mertens44,
Mauro Mezzetto5, Silvia Pascoli50, Bangalore Sathyaprakash51, Nicola Serra22 (Contributors)

Beyond the Standard Model: Gian F. Giudice20, Paris Sphicas20,52 (Conveners)
Juan Alcaraz Maestre6, Caterina Doglioni53, Gaia Lanfranchi20,54, Monica D’Onofrio24,

Matthew McCullough20, Gilad Perez36, Philipp Roloff20, Veronica Sanz55, Andreas Weiler44,
Andrea Wulzer4,12,20 (Contributors)

Dark Matter and Dark Sector: Shoji Asai56, Marcela Carena57 (Conveners)
Babette Döbrich20, Caterina Doglioni53, Joerg Jaeckel28, Gordan Krnjaic57, Jocelyn Monroe58,

Konstantinos Petridis59, Christoph Weniger60 (Scientific Secretaries/Contributors)

Accelerator Science and Technology: Caterina Biscari61, Leonid Rivkin62 (Conveners)
Philip Burrows26, Frank Zimmermann20 (Scientific Secretaries)

Michael Benedikt20, Pierluigi Campana54, Edda Gschwendtner20, Erk Jensen20, Mike Lamont20,
Wim Leemans2, Lucio Rossi20, Daniel Schulte20, Mike Seidel62, Vladimir Shiltsev63,

Steinar Stapnes20, Akira Yamamoto20,64 (Contributors)

Instrumentation and Computing: Xinchou Lou65, Brigitte Vachon66 (Conveners)
Roger Jones67, Emilia Leogrande20 (Scientific Secretaries)

Ian Bird20, Simone Campana20, Ariella Cattai20, Didier Contardo68, Cinzia Da Via69, Francesco Forti70,
Maria Girone20, Matthias Kasemann2, Lucie Linssen20, Felix Sefkow2, Graeme Stewart20(Contributors)

Editors: Halina Abramowicz71, Roger Forty20, and the Conveners

ar
X

iv
:1

91
0.

11
77

5v
2 

 [h
ep

-e
x]

  1
0 

Ja
n 

20
20
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Fig. 3.10: Sensitivity at 68% probability on the Higgs self-coupling parameter k3 at the various
future colliders. All the numbers reported correspond to a simplified combination of the consid-
ered collider with HL-LHC, which is approximated by a 50% constraint on k3. For each future
collider, the result from the single-H from a global fit, and double-H are shown separately. For
FCC-ee and CEPC, double-H production is not available due to the too low

p
s value. FCC-ee

is also shown with 4 experiments (IPs) as discussed in Ref. [75] although this option is not part
of the baseline proposal. LE-FCC corresponds to a pp collider at

p
s = 37.5 TeV.

be achieved based on the developments in the field in the last years, for both e+e� and pp
colliders. Figure 3.2 has already shown that the dominant uncertainties in most Higgs couplings
at the HL-LHC are theoretical, even after assuming a factor of two improvement with respect to
the current state of the art. Higgs couplings will be approaching the percent level at HL-LHC.
At the e+e� Higgs factories detailed measurements of the electroweak Higgs production cross
sections and (independently) of the decay branching ratios will be performed. Higgs couplings
will be probed at approaching the per mille level. At e+e� colliders, a campaign of electroweak
measurements at the Z-pole and at the WW threshold is foreseen. The increase in the number of
Z and WW events with respect to LEP/SLD, as shown in Fig. 3.5, indicates that statistical errors
will decrease by as much as two orders of magnitude at the future machines. As a consequence
of this increased statistical precision, the requirements on the theoretical errors for EWPO [78]
are even more stringent than for precision Higgs physics.

To interpret these precise results significant theoretical improvements in several directions
are required. The first is the increase of the accuracy of fixed order computations of inclusive
quantities, e.g. from next-to-leading-order (NLO) to next-to-next-to-leading order (NNLO) and
beyond. This reduces the so-called intrinsic uncertainties, i.e. those corresponding to the left-
over unknown higher order terms in the perturbative expansion. Another important element is
the accuracy in the logarithmic resummations that are needed to account for effects of multiple
gluon or photon radiation in a large class of observables. In this case, different techniques and
results are available, some numerical and some analytic, of different accuracy (from next-to-
leading log (NLL) to next-to-next-to-leading log (NNLL) and beyond) and applicability. Im-

An enormous amount of work has gone into Euro Strategy Update and now 
Snowmass, and some collider proposals have been around quite a long time!
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Which goes first?
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CLIC 
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Basic collider options well known

10
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Higher Energy 
“dirtier” events 

Composite particle

Linear Circular

Energy limited (practically) 
“cleaner” events - fundamental particle



Basic collider options well known
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Electrons Protons

Higher Energy 
“dirtier” events 

Composite particle

Linear Circular

Energy limited (practically) 
“cleaner” events - fundamental particle

Muons
Best of both worlds? - Never been done before…
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Physics  
Reach 
Goals

ILC 
FCC-ee/CEPC 

CLIC 
FCC-hh/SPPC 
Muon Collider 

?

A more concrete version

Are there quantitative differences that lead to 
qualitative differences in our understanding?16



My aim is not going to be a particular 
conclusion… but more along the lines of food 
for thought and an incomplete BSM wishlist

17
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Simplest version of this is obvious…

Highest Energy 
Possible!

19



You don’t need fancy theory arguments

We all know the basic picture20



Moreover there’s an ultimate goal
MPl

<latexit sha1_base64="bjFCSWJ3N+Db80zx+eufYHV+xbQ=">AAAB7XicdVDLSgMxFL2pr1pfVZdugkVwVWakoO6KbtwIFewD2qFk0kwbm0mGJCOUof/gxoUibv0fd/6N6UOorwMXDufcy733hIngxnreB8otLa+sruXXCxubW9s7xd29hlGppqxOlVC6FRLDBJesbrkVrJVoRuJQsGY4vJz4zXumDVfy1o4SFsSkL3nEKbFOalx3s5oYd4slv+xNgb1f5MsqwRy1bvG901M0jZm0VBBj2r6X2CAj2nIq2LjQSQ1LCB2SPms7KknMTJBNrx3jI6f0cKS0K2nxVF2cyEhszCgOXWdM7MD89CbiX147tdFZkHGZpJZJOlsUpQJbhSev4x7XjFoxcoRQzd2tmA6IJtS6gAqLIfxPGidlv1I+v6mUqhfzOPJwAIdwDD6cQhWuoAZ1oHAHD/AEz0ihR/SCXmetOTSf2YdvQG+fjXePIw==</latexit>

How close can we get?
21



Colliders used to have their version of a Moore’s law

Livingston’s Law - Doubling of energy every six years22



This allowed Fermi to speculate 50 years in the future

Globaltron

5000 TeV

23



Probably the only thing I can say I have in common with Fermi other than general field of study…
24



Alas it’s probably out of reach anytime soon…

25



J. Rohlf “Modern Physics from a to Z”26

Alas it’s probably out of reach anytime soon…
The law is already broken!



First entry for reality check on Google:

27



First entry for reality check on Google:

Collider

Complete accident that Texas was involved in this and no correlation to SSC
28



J. Rohlf “Modern Physics from a to Z”

We’ve already seen the law breaking

Although SSC would have kept us on track…
29



Many competing factors:

Cost
Time

Technology

30



It’s also not just an Energy race
 

SM

Xm o tX
SM

Ner OL
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SM

Xm o tX
SM

Ner OL

L s Yikes!
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Many competing factors:

Cost
Time

Technology

32



Many competing factors:
At the first Snowmass in 1982 they felt compelled to write it up…
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So if we don’t make it here yet…
MPl
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Are there some interesting signposts along the way? Are 
some existing collider options more exciting than others?
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Physics Opportunities
Three main categories with lots of overlap

Completing the SM/ 
Measuring the Higgs BSM Motivations

Complementarity 
w/other  

Experiments 

BSM Wishlist
35



Even if you are this much of a curmudgeon…
36



Physics Opportunities
Three main categories with lots of overlap

Completing the SM/ 
Measuring the Higgs BSM Motivations

Complementarity 
w/other  

Experiments 

BSM Wishlist
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Completing the SM/measuring the Higgs

We often act as if the SM is complete, but we still haven’t 
observed or measured many of the couplings at an O(1) precision!

38



Completing the SM/measuring the Higgs

• Why does EWSB occur?


• Naturalness?


• Higgs potential just the minimal one?


• Origin of flavor?


• Higgs and early universe role?


• …

39



Completing the SM/measuring the Higgs

Aren’t the Higgs factories supposed to do this?

40



Completing the SM/measuring the Higgs

But what are the biggest missing pieces post HL-LHC?

41



Biggest missing Higgs pieces

1st and 2nd Generation  
Yukawa Couplings

Higgs self couplings

How well do we need to measure?

42



Higgs Self Couplings
How well do we need to measure?

Lore - Easy to distinguish 2 possible early universes with Triple Higgs

Strong First Order Phase Transition SM Crossover

��3 ⇠ 0%
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��3 & 10%
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Higgs Self Couplings
How well do we need to measure?

Known Current Universe

Currently Assumed
Early Universe

Alternative
Early Universe

Higgs
Field Value

Higgs Potential

Unrestored Electroweak Symmetry 
PM, H. Ramani 

1807.07578

Three qualitatively DIFFERENT histories of our universe

In principle need                   to distinguish
<latexit sha1_base64="w1O/0nqKWZvjkIBRUB4IwqPkboM=">AAACAXicbVDLSsNAFL2pr1pfUTeCm8FScFWSKuqy6MZlBfuAJoTJZNIOnTyYmQgl1I2/4saFIm79C3f+jdM2C209MHA45x7u3OOnnEllWd9GaWV1bX2jvFnZ2t7Z3TP3DzoyyQShbZLwRPR8LClnMW0rpjjtpYLiyOe0649upn73gQrJkvhejVPqRngQs5ARrLTkmUdOQLnCyOE6E2DvTDOObKfmmVWrbs2AloldkCoUaHnmlxMkJItorAjHUvZtK1VujoVihNNJxckkTTEZ4QHtaxrjiEo3n10wQTWtBChMhH6xQjP1dyLHkZTjyNeTEVZDuehNxf+8fqbCKzdncZopGpP5ojDjSCVoWgcKmKBE8bEmmAim/4rIEAtMlC6tokuwF09eJp1G3b6oN+7Oq83roo4yHMMJnIINl9CEW2hBGwg8wjO8wpvxZLwY78bHfLRkFJlD+APj8wd63pWd</latexit>

��3 ⌧ 1%
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Higgs Self Couplings
More generally - Higgs Portal

<latexit sha1_base64="Hixaye0VFhFn3vF35V9XnlDafVI=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkpSpLosuunCRQX7gCYtk8mkHTp5MDMRSij4K25cKOLW73Dn3zhts9DWAwOHc+7h3jlewplUlvVtFNbWNza3itulnd29/QPz8Kgt41QQ2iIxj0XXw5JyFtGWYorTbiIoDj1OO974duZ3HqmQLI4e1CShboiHEQsYwUpLA/PECQQmWaNfm2bOnc75uF+dDsyyVbHmQKvEzkkZcjQH5pfjxyQNaaQIx1L2bCtRboaFYoTTaclJJU0wGeMh7Wka4ZBKN5ufP0XnWvFREAv9IoXm6u9EhkMpJ6GnJ0OsRnLZm4n/eb1UBdduxqIkVTQii0VBypGK0awL5DNBieITTTARTN+KyAjrPpRurKRLsJe/vEra1Ypdq1j3l+X6TV5HEU7hDC7AhiuoQwOa0AICGTzDK7wZT8aL8W58LEYLRp45hj8wPn8A6EKVcw==</latexit>

H
6

⇤2

Loop-level
Using magnitude of

only quartic we “know”
<latexit sha1_base64="orcM6HalVYBcJD6gPIiysXSNoe8=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgxjLTirosunFZwT6gMw6ZTKYNTTJDkhHK0JUbf8WNC0Xc+g3u/BvTx0JbDwQO59zDzT1hyqjSjvNtFZaWV1bXiuuljc2t7R17d6+lkkxi0sQJS2QnRIowKkhTU81IJ5UE8ZCRdji4HvvtByIVTcSdHqbE56gnaEwx0kYK7EMvIkwj6DGTiVBQg56iHLrOfX5aGwV22ak4E8BF4s5IGczQCOwvL0pwxonQmCGluq6Taj9HUlPMyKjkZYqkCA9Qj3QNFYgT5eeTM0bw2CgRjBNpntBwov5O5IgrNeShmeRI99W8Nxb/87qZji/9nIo000Tg6aI4Y1AncNwJjKgkWLOhIQhLav4KcR9JhLVprmRKcOdPXiStasU9r1Rvz8r1q1kdRXAAjsAJcMEFqIMb0ABNgMEjeAav4M16sl6sd+tjOlqwZpl98AfW5w8qKZel</latexit>

��3 ⇠ 10�3
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1st and 2nd Gen Yukawa
Very difficult to measure!

Ratio to SM Yukawa
But… There are now models with sizable enhancements!

D. Egaña, S.Homiller, PM 
1811.00017, 1908.11376, 

2101.04119
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w/other  

Experiments 

BSM Wishlist
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BSM Motivations
• Naturalness 

• Compositeness 

• SUSY 

• Neutral Naturalness 

• Dark Matter 

• Flavor, CPV 

• Hidden Sectors 

• Baryogenesis

The questions remain even with the success of LHC 

some even more so than before 

There are also new potential answers being developed 

that have qualitatively and quantitatively different pheno

48



Naturalness

Higgs makes it even a more alive problem! 

What is dead is very natural elegant solutions…

The report of my death was an exaggeration.

2 (or more) choices

Less natural, 
but simple

Less simple, 
but more natural

49



Motivated Natural Targets?
Simple option: Mini-Split 
Wino as Thermal Relic implies ~ 30 TeV Gluino

50



Motivated Natural Targets?

51



Neutral Naturalness
Conventional Naturalness Neutral Naturalness (Twin Higgs, …)

1 loop
1 loop

1 loop

m*

mh

mh

m*

mh′�

Natural scale of new SM-charged 
particles raised by ~ 4π

SM-charged 
partner particles

SM-neutral 
partner particles

SM-charged 
partner particles

~20 TeV particles!
52



Physics Opportunities
Three main categories with lots of overlap

Completing the SM/ 
Measuring the Higgs BSM Motivations

Complementarity 
w/other  

Experiments 

BSM Wishlist
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Complementarity with other measurements
There are multiple approaches to BSM physics at higher scales

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 (EDM, LFV, g-2 etc)
54



Current complementarity…

30 TeV Muon Collider?
55



Gravitational Waves From Phase Transitions
Gravitational waves are a direct observational probe before CMB in Cosmology

AND THEY ARE HERE!!56



Gravitational Waves From Phase Transitions

Stochastic Gravitational Wave Signal is Very Hard (and astrophysics constributions!)-  

Would it be trusted as signal for BSM without complementary measurements?

Gravitational waves are a direct observational probe before the CMB in Cosmology

57



Gravitational Waves From Phase Transitions
Stochastic Gravitational Wave Signal is Very Hard - Would it be trusted as signal for BSM?

Therefore if something is observed with future LIGO runs it points to high (PeV) scales!

What assumptions can we make about testability assuming thermal equilibrium etc 

specialization to EW phase transitions tightens this up considerably

LIGO frequency band  

LISA frequency band  

f ⇠ O(10
2
)Hz
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f ⇠ O(10
�3

)Hz
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LISA 2030s timescale fills in to lower, but still favors higher scales 
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Complementarity: Electric Dipole Moments (EDMs)

from slide by N. 
Hutzler

Precision on the Horizon

Polyatomic Molecules (e.g., YbOH)
Hutzler, Kozyryev 1705.11020

Laser cooling achieved (Augenbraun et al., 1910.11318)

Electron EDM: 10−29e cm ⟶ 10−32e cm

One of several parallel approaches:
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Complementarity: Charged Lepton Flavor Violation (CLFV)
Precision on the Horizon

Source: Baldini et al., 1812.06540, submission to 2020 European Strategy 
from COMET, MEG, Mu2e and Mu3e collaborations 
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Complementarity: Physics Reach
The Bottom Line: Probe 10s of TeV to PeV Energy Scales!

EDM, 2-loop Barr-Zee 

Anything Higgs+EWK

EDM, 1-loop  

electron-flavored

10-32 e cm ⟹ ~ 1 PeV (!) 10-32 e cm ⟹ ~ 50 TeV (!)

μ→e, 1-loop, flavor violating

10-19 on Al ⟹ ~ 50+ TeV (!)
(w/ electron Yukawa spurions on all diagrams)

fig. from 1308.3653 

Altmannshofer, Harnik, Zupan
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Incomplete BSM wishlist…
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Observable/ 
Physics Driver/ 

Complementary Frontier Experiments
Scale or Precision Needed

EW Phase Transition

Higgs and Flavor

Compositeness-

Mesotuning KK scale 10-100 TeV

Supersymmetry/Dark Matter-

Mini Split SUSY

Nail the simplest WIMP 3 TeV Wino WIMP DM

Mini-split implies 30 TeV gluino

Neutral Naturalness Probe SM charged partner states at 20 TeV

(naively implying 300 TeV pp collider)

Gravitational Waves/Phase Transitions 1-10 PeV LIGO

100 GeV-Tev LISA

Electron EDM

rapid improvement 2-3 orders of mag


in next decade  or so


1 PeV - electron flavored

50 TeV - Higgs or EW Barr-Zee

Charged Lepton Flavor Violation

4 orders of mag in mu to e by 2035 50 TeV 1 loop CLVF

�(yu, yd, ys, ye) . O(1)

<latexit sha1_base64="9ES8SebYAa8gWyWdmPXelZcHmJI=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VoQWoiBXVXdOPOCvYBTQiTyW07dPJgZiKE0M9w46+4caGI2+78G6dtFlo9cOFwzr3ce48XcyaVaX4ZhZXVtfWN4mZpa3tnd6+8f9CRUSIotGnEI9HziATOQmgrpjj0YgEk8Dh0vfHNzO8+gpAsCh9UGoMTkGHIBowSpSW3fGb7wBXB1dRNTlPX1yV1Qc3mIKVkAbYDokaU8OxuUrVqbrli1s058F9i5aSCcrTc8tT2I5oEECrKiZR9y4yVkxGhGOUwKdmJhJjQMRlCX9OQBCCdbP7YBJ9oxceDSOgKFZ6rPycyEkiZBp7unF0pl72Z+J/XT9Tg0slYGCcKQrpYNEg4VhGepYR9JoAqnmpCqGD6VkxHRBCqdJYlHYK1/PJf0jmvW4361X2j0rzO4yiiI3SMqshCF6iJblELtRFFT+gFvaF349l4NT6Mz0VrwchnDtEvGNNvgQyfdA==</latexit>

��3 ⌧ 1%

<latexit sha1_base64="+YLotb8yTw2+SssBUSFMkMzRdi4=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWApuCqJFtRd0Y3LCvYBTQg3k0k7dPJgZiKUUDf+ihsXirj1L9z5N07bLLT1wMDhnHu4c4+fciaVZX0bpZXVtfWN8mZla3tnd8/cP+jIJBOEtknCE9HzQVLOYtpWTHHaSwWFyOe0649upn73gQrJkvhejVPqRjCIWcgIKC155pETUK4AO1xnAvDONePYdmqeWbXq1gx4mdgFqaICLc/8coKEZBGNFeEgZd+2UuXmIBQjnE4qTiZpCmQEA9rXNIaISjefXTDBNa0EOEyEfrHCM/V3IodIynHk68kI1FAuelPxP6+fqfDSzVmcZorGZL4ozDhWCZ7WgQMmKFF8rAkQwfRfMRmCAKJ0aRVdgr148jLpnNXtRv3qrlFtXhd1lNExOkGnyEYXqIluUQu1EUGP6Bm9ojfjyXgx3o2P+WjJKDKH6A+Mzx98dJWi</latexit>
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Ultimate Collider(s)
?
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Most all of this wishlist needs Energy
Motivated targets extending from tens of TeV to 

PeV scale!

For 1st/2nd gen Higgs physics -  

Realistic options for this are muons or protons

low energy lepton collider w/highest lumi possible 
is probably needed 

+ detectors that can do incredible particle ID  

FCC/CEPC/ILC or even newer ideas e.g. 1807.10195?
65



Maybe this sounds crazy to dream beyond  
FCC-hh and SPPC but…

Proceedings, 2nd North American Particle Accelerator Conference (NAPAC2016), P. McIntyre et al

There could be proton options before Globaltron…
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I’m even more excited by muons!
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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

2103.14043
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10 TeV Muon Collider on Fermilab campus?
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Extreme acceleration?

V. Shiltsev - 1205.3087
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There are physics opportunities and potential 
paths for future colliders!
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What’s the best next collider?
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What’s the best next collider?

As we’ve learned through the pandemic and from our epidemiologist 
friends - what’s the best vaccine? The first one you can get.
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What’s the best next collider?

As we’ve learned through the pandemic and from our epidemiologist 
friends - what’s the best vaccine? The first one you can get.

The first collider the community rallies around and 
is funded!
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What’s the best next collider?

As we’ve learned through the pandemic and from our epidemiologist 
friends - what’s the best vaccine? The first one you can get.

The first collider the community rallies around and 
is funded!

But don’t forget to dream bigger!
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Since Pheno 2021 is at Pitt… we can use the cathedral of learning as motivation!
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Since Pheno 2021 is at Pitt… we can use the cathedral of learning as motivation!

Is it too expensive?



Remember Science Funding isn’t a zero sum game!
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Science Funding isn’t a zero sum game!
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Science Funding isn’t political!

A U.S. Senate committee voted 24-4 to pass 
a compromise measure authorizing more 
than $110 billion for basic and advanced 
technology research over five years 

Endless Frontier Act (old name)

May 12, 2021 Reuters
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We live with the tragedy of the SSC… BUT

P5 charge
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We live with the tragedy of the SSC… BUT

P5 charge

It’s up to us to make the case to the world!82



Snowmass 1982

Historical Perspective



Snowmass 1982



We were thinking about things similar to 
current proposals 40 years ago, physics has 

changed in between - let’s dream bigger 
together for the future!
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The end.
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