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✓ What is the origin of mass?
What kind of unification may exist?
What is the origin of flavor?
Is there a deeper reason for gauge symmetry?
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–Frank Close

A Higgs! Yet:

“The more ambitious goal…is to identify and understand the nature of electroweak symmetry 
breaking, the asymmetry that is key to the material universe. The Higgs boson is but its herald.” 



What is the origin of mass?

4

A Higgs! Yet…

–Frank Close

“The more ambitious goal…is to identify and understand the nature of electroweak symmetry 
breaking, the asymmetry that is key to the material universe. The Higgs boson is but its herald.” 



What is the origin of mass?

4

A Higgs! Yet…

–Frank Close

“The more ambitious goal…is to identify and understand the nature of electroweak symmetry 
breaking, the asymmetry that is key to the material universe. The Higgs boson is but its herald.” 

A superconducting analogy:

Ginzburg-Landau Theory
Low-Tc Superconductors (BCS)High-Tc Superconductors
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Electroweak breaking

Electroweak symmetry?

Electroweak restoration

Electroweak radiation

V X

G0X

<latexit sha1_base64="Reqyg+Wgp6yu3VYfL0BzF3EpEC4=">AAAB+HicdVDLSsNAFL2pr1ofjbp0M1gEVyEpFdtd0YUuK9gaaGOZTCft0MmDmYlQQ77EjQtF3Pop7vwbpw/B54ELh3Pu5d57/IQzqWz73SgsLa+srhXXSxubW9tlc2e3I+NUENomMY+F62NJOYtoWzHFqZsIikOf02t/fDb1r2+pkCyOrtQkoV6IhxELGMFKS32z3AsEJlnHzbPzG9vN+2bFthr1Wr1RRb+JY9kzVGCBVt986w1ikoY0UoRjKbuOnSgvw0Ixwmle6qWSJpiM8ZB2NY1wSKWXzQ7P0aFWBiiIha5IoZn6dSLDoZST0NedIVYj+dObin953VQFdS9jUZIqGpH5oiDlSMVomgIaMEGJ4hNNMBFM34rICOsklM6qpEP4/BT9TzpVy6lZx5e1SvN0EUcR9uEAjsCBE2jCBbSgDQRSuIdHeDLujAfj2XiZtxaMxcwefIPx+gFDL5OE</latexit>

⇠ v

<latexit sha1_base64="3BDv9UBqeS6yWotOGvgNQ2cSCes=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPw0yImNyCXjxGMAskQ+jp9CRterqH7p5AGPIPXjwo4tX/8ebf2FkE1wcFj/eqqKoXJpxp43nvzsrq2vrGZm4rv72zu7dfODhsapkqQhtEcqnaIdaUM0EbhhlO24miOA45bYWjq5nfGlOlmRS3ZpLQIMYDwSJGsLFSs6tZjMa9QtFzq5VypVpCv4nvenMUYYl6r/DW7UuSxlQYwrHWHd9LTJBhZRjhdJrvppommIzwgHYsFTimOsjm107RqVX6KJLKljBorn6dyHCs9SQObWeMzVD/9GbiX14nNVElyJhIUkMFWSyKUo6MRLPXUZ8pSgyfWIKJYvZWRIZYYWJsQHkbwuen6H/SLLl+2T2/KRdrl8s4cnAMJ3AGPlxADa6hDg0gcAf38AhPjnQenGfnZdG64ixnjuAbnNcPANOPcQ==</latexit>

⇠ 4⇡v

<latexit sha1_base64="tUeu6/QyIKWHz0nvs2l8iRey7ZE=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiB4GmZCxOQW9OIxgllgZgg9nZ6kSS9Dd08gDPkMLx4U8erXePNv7CyC64OCx3tVVNWLU0a18bx3p7C2vrG5Vdwu7ezu7R+UD486WmYKkzaWTKpejDRhVJC2oYaRXqoI4jEj3Xh8Pfe7E6I0leLOTFMScTQUNKEYGSsFoaYc1sKUwkm/XPHcRr1Wb1Thb+K73gIVsEKrX34LBxJnnAiDGdI68L3URDlShmJGZqUw0yRFeIyGJLBUIE50lC9OnsEzqwxgIpUtYeBC/TqRI671lMe2kyMz0j+9ufiXF2QmqUc5FWlmiMDLRUnGoJFw/j8cUEWwYVNLEFbU3grxCCmEjU2pZEP4/BT+TzpV16+5F7e1SvNqFUcRnIBTcA58cAma4Aa0QBtgIME9eARPjnEenGfnZdlacFYzx+AbnNcPGu2RLA==</latexit>

E
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Neutrinos: the purely weak frontier of the Standard Model

Dark sectors: portals are weak interactions & SM electroweak states

g(Wµ)
i
jOj

<latexit sha1_base64="+ZLs+ASCiZYWyoZgleHGGuBgsjA=">AAACBHicdVDLSsNAFJ3UV62vqMtuBotQNyEpFdtd0Y07K9gHNDFMppN22smDmYlQQhdu/BU3LhRx60e482+ctBV8HrhwOOde7r3HixkV0jTftdzS8srqWn69sLG5tb2j7+61RZRwTFo4YhHvekgQRkPSklQy0o05QYHHSMcbn2V+54ZwQaPwSk5i4gRoEFKfYiSV5OrFASx3XDtIjq6pO4J2gOQQI5ZeTN2Rq5dMo16r1uoV+JtYhjlDCSzQdPU3ux/hJCChxAwJ0bPMWDop4pJiRqYFOxEkRniMBqSnaIgCIpx09sQUHiqlD/2IqwolnKlfJ1IUCDEJPNWZHSl+epn4l9dLpF9zUhrGiSQhni/yEwZlBLNEYJ9ygiWbKIIwp+pWiIeIIyxVbgUVwuen8H/SrhhW1Ti+rJYap4s48qAIDkAZWOAENMA5aIIWwOAW3INH8KTdaQ/as/Yyb81pi5l98A3a6wdc+Zf7</latexit>

weak portal

HL
↵
O↵

<latexit sha1_base64="yjwmocJRZdR/4cJx9K+z9idI4no=">AAACBnicdVDJSgNBEO2JW4zbqEcRGoPgKUxCxOQW9JKDYASzQDIONZ1O0qSnZ+juEcKQkxd/xYsHRbz6Dd78GzuL4Pqg4PFeFVX1/IgzpR3n3UotLC4tr6RXM2vrG5tb9vZOQ4WxJLROQh7Klg+KciZoXTPNaSuSFAKf06Y/PJv4zRsqFQvFlR5F1A2gL1iPEdBG8uz9Kj6/7gCPBoA7AegBAZ5cjL2Z5NlZJ1cuFUvlAv5N8jlniiyao+bZb51uSOKACk04KNXOO5F2E5CaEU7HmU6saARkCH3aNlRAQJWbTN8Y40OjdHEvlKaExlP160QCgVKjwDedk0vVT28i/uW1Y90ruQkTUaypILNFvZhjHeJJJrjLJCWajwwBIpm5FZMBSCDaJJcxIXx+iv8njUIuX8wdXxazldN5HGm0hw7QEcqjE1RBVVRDdUTQLbpHj+jJurMerGfrZdaasuYzu+gbrNcPXLqZHw==</latexit>

neutrino portal

Fµ⌫
Oµ⌫

<latexit sha1_base64="FqYhqSuiREdfPvcCbV4CXARSCvQ=">AAACCnicdVDLSsNAFJ3UV62vqks3o0VwFZJSsd0VBXFnBfuAJobJdNoOnUzCzEQoIWs3/oobF4q49Qvc+TdO2io+D1w4nHMv997jR4xKZVlvRm5ufmFxKb9cWFldW98obm61ZBgLTJo4ZKHo+EgSRjlpKqoY6USCoMBnpO2PTjK/fU2EpCG/VOOIuAEacNqnGCktecXd06vECWLo8DiFToDUECOWnKfep+oVS5ZZq1aqtTL8TWzTmqAEZmh4xVenF+I4IFxhhqTs2lak3AQJRTEjacGJJYkQHqEB6WrKUUCkm0xeSeG+VnqwHwpdXMGJ+nUiQYGU48DXndmx8qeXiX953Vj1q25CeRQrwvF0UT9mUIUwywX2qCBYsbEmCAuqb4V4iATCSqdX0CF8fAr/J62yaVfMw4tKqX48iyMPdsAeOAA2OAJ1cAYaoAkwuAF34AE8GrfGvfFkPE9bc8ZsZht8g/HyDia+mz8=</latexit>

kinetic mixing portal

|H|
2
O

<latexit sha1_base64="LF0I4UEJEllFvxFJQH3zv2GHwwU=">AAAB+nicdVDLSgMxFL1TX7W+prp0EyyCq2GmVGx3RTfdWcE+oB1LJk3b0MyDJKOUaT/FjQtF3Pol7vwbM20FnwcCh3Pu5Z4cL+JMKtt+NzIrq2vrG9nN3Nb2zu6emd9vyjAWhDZIyEPR9rCknAW0oZjitB0Jin2P05Y3vkj91i0VkoXBtZpE1PXxMGADRrDSUs/MT2vTmyLq+liNCObJ5axnFmyrUi6VK0X0mziWPUcBlqj3zLduPySxTwNFOJay49iRchMsFCOcznLdWNIIkzEe0o6mAfapdJN59Bk61kofDUKhX6DQXP26kWBfyonv6ck0ovzppeJfXidWg7KbsCCKFQ3I4tAg5kiFKO0B9ZmgRPGJJpgIprMiMsICE6XbyukSPn+K/ifNouWUrNOrUqF6vqwjC4dwBCfgwBlUoQZ1aACBO7iHR3gypsaD8Wy8LEYzxnLnAL7BeP0AlyyUQg==</latexit>

Higgs portal
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…and exploration after the LHC
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Singlet scalar (1,1)0      

Doublet scalar (1,2)1/2

Doublet scalar (1,2)3/2

…and exploration after the LHC
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Conventionally: pursue these questions by 
probing shorter distances with either 

precision (indirect) or energy (direct).


Muon colliders blur this dichotomy.

[Ankenbrandt et al. arXiv:physics/9901022]

• Colliding elementary particles leverages 
the full energy of the accelerator, with a 
(relatively) clean environment. 

• Larger mass of the muon allows a 
smaller footprint & higher energies 
compared to e+e- counterparts.


• Major challenges: finite lifetime, cooling, 
radiation, beam-induced backgrounds.

P / �4

R2
=

E4

m4R2

<latexit sha1_base64="NMCxbNe9/tNakhsrqltBhCK300Y="></latexit>
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1969 
G.I. Budker


“Accelerators and 
colliding beams”

1979 
D. Neuffer


“Colliding Muon 
Beams at 90 GeV” 

1995 
Barger, Berger, Gunion, Han


“s channel Higgs boson 
production at a muon muon 

collider”

2010-17 
Muon Accelerator 

Program (MAP)

1981 
Skrinsky, Parkhomchuk


“Methods of cooling beams 
of charged particles” 


2001- 
Muon Ionization 

Cooling Experiment 
(MICE)

2015 
Antonelli et al.


“Novel proposal for a low 
emittance muon beam using 

positron beam on target”

Low Emittance Muon 

Accelerator (LEMMA) proposal

2020- 
International 

Muon Collider 
Collaboration

2021-23 
Snowmass


Muon 
Collider 
Forum

1968 
F. Tikhonin


“On the effects at 
colliding μ meson 

beams”

2019 
Input to 

European 
Strategy 
Update

(A wholly incomplete timeline)

2023 P5 
Report

The “Who Ordered That?” Collider
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Muon colliders blur the dichotomy of probing microcopic phenomena with precision or energy.

x ⇠ 1

<latexit sha1_base64="pzbvKO4BwlR39WnOAx36G51P2do=">AAAB73icdVBNS8NAEJ34WetX1aOXxSJ4Com2tr0VvXisYD+gDWWz3bRLd5O4uxFL6J/w4kERr/4db/4bt2kFFX0w8Hhvhpl5fsyZ0o7zYS0tr6yurec28ptb2zu7hb39looSSWiTRDySHR8ryllIm5ppTjuxpFj4nLb98eXMb99RqVgU3uhJTD2BhyELGMHaSJ171FNMILdfKDp2rVqqVB2Ukdp5eU4qZ2Xk2k6GIizQ6Bfee4OIJIKGmnCsVNd1Yu2lWGpGOJ3me4miMSZjPKRdQ0MsqPLS7N4pOjbKAAWRNBVqlKnfJ1IslJoI33QKrEfqtzcT//K6iQ6qXsrCONE0JPNFQcKRjtDseTRgkhLNJ4ZgIpm5FZERlphoE1HehPD1KfqftE5tt2SXr0vF+sUijhwcwhGcgAsVqMMVNKAJBDg8wBM8W7fWo/Vivc5bl6zFzAH8gPX2CcJpj9E=</latexit>

x ⌧ 1

<latexit sha1_base64="dekuxkgCQb6Jr1HtoAyv5oWi3Ew=">AAAB7nicdVBNS8NAEJ3Ur1q/qh69LBbBU0i0te2t6MVjBfsBbSib7aZdutmE3Y1YQn+EFw+KePX3ePPfuE0rqOiDgcd7M8zM82POlHacDyu3srq2vpHfLGxt7+zuFfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ1dzv3NHpWKRuNXTmHohHgkWMIK1kTr3qM85cgfFkmPXa+VqzUEZqV9UFqR6XkGu7WQowRLNQfG9P4xIElKhCcdK9Vwn1l6KpWaE01mhnygaYzLBI9ozVOCQKi/Nzp2hE6MMURBJU0KjTP0+keJQqWnom84Q67H67c3Fv7xeooOalzIRJ5oKslgUJBzpCM1/R0MmKdF8aggmkplbERljiYk2CRVMCF+fov9J+8x2y3blplxqXC7jyMMRHMMpuFCFBlxDE1pAYAIP8ATPVmw9Wi/W66I1Zy1nDuEHrLdP722PVg==</latexit>

Moreover, muon collider energy in a (relatively) clean environment provides precision from energy.

Muon annihilation 
deploys the entire 

energy of the collider 

Vector boson fusion 
leverages the muon’s 
virtual boson content

[Han, M
a, Xie, 2007.14300]

2-to-2 production

p
sµ [TeV]

<latexit sha1_base64="Av6kTuTABIx0ooU7JCZiGn+UsTU=">AAACA3icdVDLSsNAFJ34rPUVdaebwSK4kJCWiu2u6MZlhb4gCWEynbRDZ5I4MxFKCLjxV9y4UMStP+HOv3H6EHweuHA4517uvSdIGJXKtt+NhcWl5ZXVwlpxfWNza9vc2e3IOBWYtHHMYtELkCSMRqStqGKklwiCeMBINxhdTPzuDRGSxlFLjRPicTSIaEgxUlryzX1XXguVSd/lae6ewMwVHDot0vFy3yzZVr1WrdUr8DcpW/YUJTBH0zff3H6MU04ihRmS0inbifIyJBTFjORFN5UkQXiEBsTRNEKcSC+b/pDDI630YRgLXZGCU/XrRIa4lGMe6E6O1FD+9CbiX56TqrDmZTRKUkUiPFsUpgyqGE4CgX0qCFZsrAnCgupbIR4igbDSsRV1CJ+fwv9Jp2KVq9bpVbXUOJ/HUQAH4BAcgzI4Aw1wCZqgDTC4BffgETwZd8aD8Wy8zFoXjPnMHvgG4/UDiMSYHw==</latexit>
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[Han, Ma, Xie, 2007.14300]

Longitudinal polarizations play a key role, 
making an extraordinary laboratory for EWSB

Dominant signals and backgrounds both 
have electroweak cross sections

[ SG]μ

�bkg = �(µ+µ� ! W/Z/�/h+X)

<latexit sha1_base64="wggTShAWgY1nFGX5y0EmwR3jMDM="></latexit>

�bkg = �(pp ! bb̄)

<latexit sha1_base64="k9kYvkjndCdPGMq0Qdd03xo32Cs="></latexit>



How do muons illuminate the 
physics vision?

12



What is the Origin of Mass?
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[Forslund & M
eade, 2308.02633]

x ⌧ 1

<latexit sha1_base64="dekuxkgCQb6Jr1HtoAyv5oWi3Ew=">AAAB7nicdVBNS8NAEJ3Ur1q/qh69LBbBU0i0te2t6MVjBfsBbSib7aZdutmE3Y1YQn+EFw+KePX3ePPfuE0rqOiDgcd7M8zM82POlHacDyu3srq2vpHfLGxt7+zuFfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ1dzv3NHpWKRuNXTmHohHgkWMIK1kTr3qM85cgfFkmPXa+VqzUEZqV9UFqR6XkGu7WQowRLNQfG9P4xIElKhCcdK9Vwn1l6KpWaE01mhnygaYzLBI9ozVOCQKi/Nzp2hE6MMURBJU0KjTP0+keJQqWnom84Q67H67c3Fv7xeooOalzIRJ5oKslgUJBzpCM1/R0MmKdF8aggmkplbERljiYk2CRVMCF+fov9J+8x2y3blplxqXC7jyMMRHMMpuFCFBlxDE1pAYAIP8ATPVmw9Wi/W66I1Zy1nDuEHrLdP722PVg==</latexit>



14

Theories that predict the Higgs mass & EWSB (“solve the hierarchy problem”) 
provide sharp targets for new physics.

What is the BCS Theory of EWSB?

Direct targets set by the observed 
Higgs mass (e.g. supersymmetry)

[Pardo Vega & Villadoro, 1504.05200 ]

3 TeV

6 TeV

10 TeV
14 TeV

30 TeV

x ⇠ 1

<latexit sha1_base64="pzbvKO4BwlR39WnOAx36G51P2do=">AAAB73icdVBNS8NAEJ34WetX1aOXxSJ4Com2tr0VvXisYD+gDWWz3bRLd5O4uxFL6J/w4kERr/4db/4bt2kFFX0w8Hhvhpl5fsyZ0o7zYS0tr6yurec28ptb2zu7hb39looSSWiTRDySHR8ryllIm5ppTjuxpFj4nLb98eXMb99RqVgU3uhJTD2BhyELGMHaSJ171FNMILdfKDp2rVqqVB2Ukdp5eU4qZ2Xk2k6GIizQ6Bfee4OIJIKGmnCsVNd1Yu2lWGpGOJ3me4miMSZjPKRdQ0MsqPLS7N4pOjbKAAWRNBVqlKnfJ1IslJoI33QKrEfqtzcT//K6iQ6qXsrCONE0JPNFQcKRjtDseTRgkhLNJ4ZgIpm5FZERlphoE1HehPD1KfqftE5tt2SXr0vF+sUijhwcwhGcgAsVqMMVNKAJBDg8wBM8W7fWo/Vivc5bl6zFzAH8gPX2CcJpj9E=</latexit>

https://arxiv.org/abs/1504.05200


15

What is the BCS Theory of EWSB?
Theories that predict the Higgs mass & EWSB provide sharp targets for new physics.

O2W = (DµW
µ⌫,a)2

<latexit sha1_base64="tNRMQwGDyaUt566wecJznErlFsw="></latexit>

Splendid example of precision from energy…

(See also [Buttazzo, Franceschini, Wulzer 2012.11555])

O2B = (@µB
µ⌫)2

<latexit sha1_base64="DGixq/Su0lW/jukIUKdRV9sUHX4="></latexit>

OW = ig(H†
�
a
DµH)D⌫

W
a
µ⌫

<latexit sha1_base64="TbV7VUSGOuDQ0Qygg27Gkckctds="></latexit>

OB = ig
0(H†

DµH)@⌫
Bµ⌫

<latexit sha1_base64="aRdxOxCxQ3J5nQONDOuCN0Y7MEQ="></latexit>

OtD = (t̄�µt)(@⌫Bµ⌫)

<latexit sha1_base64="VxdrmIxQrNugoNaPz8sbESMNZmw="></latexit>

Compositeness leaves fingerprints in EFT: [Chen, Glioti, Rattazzi, Ricci, Wulzer 2202.10509]

x ⇠ 1

<latexit sha1_base64="pzbvKO4BwlR39WnOAx36G51P2do=">AAAB73icdVBNS8NAEJ34WetX1aOXxSJ4Com2tr0VvXisYD+gDWWz3bRLd5O4uxFL6J/w4kERr/4db/4bt2kFFX0w8Hhvhpl5fsyZ0o7zYS0tr6yurec28ptb2zu7hb39looSSWiTRDySHR8ryllIm5ppTjuxpFj4nLb98eXMb99RqVgU3uhJTD2BhyELGMHaSJ171FNMILdfKDp2rVqqVB2Ukdp5eU4qZ2Xk2k6GIizQ6Bfee4OIJIKGmnCsVNd1Yu2lWGpGOJ3me4miMSZjPKRdQ0MsqPLS7N4pOjbKAAWRNBVqlKnfJ1IslJoI33QKrEfqtzcT//K6iQ6qXsrCONE0JPNFQcKRjtDseTRgkhLNJ4ZgIpm5FZERlphoE1HehPD1KfqftE5tt2SXr0vF+sUijhwcwhGcgAsVqMMVNKAJBDg8wBM8W7fWo/Vivc5bl6zFzAH8gPX2CcJpj9E=</latexit>
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Electroweak breaking

Electroweak symmetry?

Electroweak restoration

Electroweak radiation

V X

G0X

<latexit sha1_base64="Reqyg+Wgp6yu3VYfL0BzF3EpEC4=">AAAB+HicdVDLSsNAFL2pr1ofjbp0M1gEVyEpFdtd0YUuK9gaaGOZTCft0MmDmYlQQ77EjQtF3Pop7vwbpw/B54ELh3Pu5d57/IQzqWz73SgsLa+srhXXSxubW9tlc2e3I+NUENomMY+F62NJOYtoWzHFqZsIikOf02t/fDb1r2+pkCyOrtQkoV6IhxELGMFKS32z3AsEJlnHzbPzG9vN+2bFthr1Wr1RRb+JY9kzVGCBVt986w1ikoY0UoRjKbuOnSgvw0Ixwmle6qWSJpiM8ZB2NY1wSKWXzQ7P0aFWBiiIha5IoZn6dSLDoZST0NedIVYj+dObin953VQFdS9jUZIqGpH5oiDlSMVomgIaMEGJ4hNNMBFM34rICOsklM6qpEP4/BT9TzpVy6lZx5e1SvN0EUcR9uEAjsCBE2jCBbSgDQRSuIdHeDLujAfj2XiZtxaMxcwefIPx+gFDL5OE</latexit>

⇠ v

<latexit sha1_base64="3BDv9UBqeS6yWotOGvgNQ2cSCes=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPw0yImNyCXjxGMAskQ+jp9CRterqH7p5AGPIPXjwo4tX/8ebf2FkE1wcFj/eqqKoXJpxp43nvzsrq2vrGZm4rv72zu7dfODhsapkqQhtEcqnaIdaUM0EbhhlO24miOA45bYWjq5nfGlOlmRS3ZpLQIMYDwSJGsLFSs6tZjMa9QtFzq5VypVpCv4nvenMUYYl6r/DW7UuSxlQYwrHWHd9LTJBhZRjhdJrvppommIzwgHYsFTimOsjm107RqVX6KJLKljBorn6dyHCs9SQObWeMzVD/9GbiX14nNVElyJhIUkMFWSyKUo6MRLPXUZ8pSgyfWIKJYvZWRIZYYWJsQHkbwuen6H/SLLl+2T2/KRdrl8s4cnAMJ3AGPlxADa6hDg0gcAf38AhPjnQenGfnZdG64ixnjuAbnNcPANOPcQ==</latexit>

⇠ 4⇡v
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Electroweak Breaking
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LHC (now)

(If you like this way of presenting Higgs self-coupling precision, feel free to use it w/ credit to R. Petrossian-Byrne.) 

We do not even know if the Ginzburg-Landau 
picture is correct for electroweak symmetry. 



C (10 TeV)μ

HL-LHC

Electroweak Breaking
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[Accettura et al. 2303.08533]



The birth and death of the Universe?
1307.3536
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phenomena, 3) providing new opportunities to probe the spectrum of fluctuations in high gluon density
matter, and 4) mapping the transition to a classical description of gluonic matter at high density.

It is suspected that the rapid formation of almost perfectly liquid hot QCD matter in heavy-ion collisions
may be related to the emergence of universal characteristics in high-density gluon matter at zero
temperature that is predicted to dominate the low-x component of the nuclear wave function when probed
at high energy. To explore this connection, precision measurements of the nuclear wave function at an
EIC will be required to complement nuclear collision experiments with small and large nuclei.

3.2 Mapping the QCD phase diagram

When the first protons and neutrons and pions formed in the microseconds-old universe, and when they
form in heavy-ion collisions at the highest RHIC energies and at the LHC, they condense out of liquid
quark-gluon plasma consisting of almost as much antimatter as matter. Lattice calculations [71–73] show
that QCD predicts that, in such an environment, this condensation occurs smoothly as a function of
decreasing temperature, with many thermodynamic properties changing dramatically but continuously
within a narrow temperature range around the transition temperature Tc 2 [145 MeV, 163 MeV] [33, 73],
referred to as the crossover region of the phase diagram of QCD, see Fig. 4. In contrast, quark-gluon

Figure 4: A sketch illustrating the experi-
mental and theoretical exploration of the
QCD phase diagram. Although experi-
ments at highest energies and smallest
baryon chemical potential are known to
cross from a QGP phase to a hadron gas
phase through a smooth crossover, lower
energy collisions can access higher baryon
chemical potentials where a first order
phase transition line is thought to exist.

plasma doped with a su�cient excess of quarks over anti-quarks may instead experience a sharp first
order phase transition as it cools, with bubbles of quark-gluon plasma and bubbles of hadrons coexisting
at a well-defined critical temperature, much as bubbles of steam and liquid water coexist in a boiling
pot. The point where the doping of matter over antimatter (parametrized by the net baryon number
chemical potential µB) becomes large enough to instigate a first order phase transition is referred to
as the QCD critical point. It is not yet known whether QCD has a critical point [74–78], nor where
in its phase diagram it might lie. Lattice calculations become more di�cult or more indirect or both
with increasing µB and, although new methods introduced within the past decade have provided some
hints [75,77,79], at present only experimental measurements can answer these questions definitively. The
theoretical calculations are advancing, however, with new methods and advances in computational power
both anticipated.

The phase diagram of QCD, with our current knowledge schematically shown in Fig. 4, is the only

16

[2015 NSAC LRP / 1501.06477]

First-order electroweak phase transition? Vacuum stability?



Electroweak Symmetry?

20

Local EFT of the Higgs does not have electroweak symmetry 
given e.g. extra EWSB or heavy particles acquiring >1/2 mass 
from Higgs. Many examples viable, fully covered by 10 TeV 𝜇C.


[Banta, Cohen, NC, Lu, Sutherland, 2110.02967]
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[Wulzer; Chen, Glioti, Rattazzi, Ricci, Wulzer 2202.10509]]

Electroweak radiation:

Sudakov suppression of non-emission 

probability becomes significant @ 10 TeV…

Experimentally demonstrate 
Goldstone equivalence
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Vision circa 2024
✓ What is the origin of mass?
What kind of unification may exist?
What is the origin of flavor?
Is there a deeper reason for gauge symmetry?
+ What is the nature of dark matter?
+ What is the nature of the neutrino sector?

22

–Frank Close

A Higgs! Yet:

“The more ambitious goal…is to identify and understand the nature of electroweak symmetry 
breaking, the asymmetry that is key to the material universe. The Higgs boson is but its herald.” 



What is the origin of flavor?

23

An outstanding probe of explanations for flavor anomalies, 
indicative of complementarity w/ future signs of flavor violation.  

[Huang, Queiroz, Rodejohann, 2101.04956; Huang, Sana, Queiroz, 
Rodejohann, 2103.01617, Asadi, Capdevilla, Cesarotti, Homiller 2104.05720]

First high-energy accelerator to primarily 
collide second-generation fermions.


 
Direct access to hypothetical new 

particles associated with flavor structure


Indirect access to flavor structure via 
lepton flavor violating operators

[ SG]μ

From 
 

at muon 
colliders, 
3 TeV ~ 
Belle-II

μμ → μτ}
[IMCC Muon Collider Physics Summary]



Compelling complementarity

Any new physics contributions to Muon g-2 
efficiently probed at muon colliders 


[Capdevilla, Curtin, Kahn, Krnjaic, 2006.16277; 
Buttazzo & Paradisi, 2012.02769; Capdevilla, 

Curtin, Kahn, Krnjaic, 2101.10334; Chen, Wang, 
Yao 2102.05619; Yin, Yamaguchi 2012.03928]

E.g. next-gen. electron EDM 
experiments sensitive to ~20 TeV 
particles in Barr-Zee diagrams; 
same diagram probed in muon 

colliders


(See also: [Homiller, Lu, Reece 
2203.08825])

24

[IMCC Muon Collider Physics Summary]



What is the nature of dark matter?

25

[Han, Liu, 
Wang, Wang, 
2009.11287, 
lumi updated 

for SG], 

see also 

[Capdevilla, 
Meloni, 

Simoniello, 
Zurita  

2102.11292; 
Bottaro, 

Buttazzo et al. 
2107.09688 & 
2205.04486]

μ

“Minimal dark matter” 
(Electroweak multiplet w/ neutral lightest particle)

Target set by 
DM abundance 
(WIMP miracle)

Photon + missing 
momentum search

Disappearing 
track search



Higgs Portal DM
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[Ruhdorfer, Salvioni, W
eiler 1910.04170]

[Ruhdorfer, Salvioni, 
W

ulzer 2303.14202]
[1910.04170]



Nature of the Neutrino Sector: 

C/ F Complementarityμ ν

27
[Delahaye et al. 1803.07431]



High-energy Neutrinos?
• Neutrino radiation for 

high-energy fixed target? 
Akin to FASER  but w/ 
well-known neutrino 
flavor composition & 
spectrum, narrow beam.


• Neutrino-neutrino or 
neutrino-charged lepton 
collisions? Probe 
neutrino interactions, 
dark sector portals, …

ν

28

[Han, Ma, Xie, 2007.14300]



Heavy Neutral Leptons
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[Li, Liu, Lyu 2301.07117]

L � ��⌫L̄H̃N � mN

2
N̄

c
N + h.c.
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Vision circa 2024
✓ What is the origin of mass?
✓ What kind of unification may exist?
✓ What is the origin of flavor?
✓ Is there a deeper reason for gauge 
symmetry?

✓ What is the nature of dark matter?
✓ What is the nature of the neutrino sector?

30

A Higgs! Yet:

 “The more ambitious goal…is to identify and understand the nature of electroweak symmetry 
breaking, the asymmetry that is key to the material universe. The Higgs boson is but its herald.” 
✓
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32 [IMCC 2203.08033]
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[Bhat, Jindariani, et al 2203.08088]
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–John F. Kennedy

“We set sail on this new sea because there is new knowledge to be 
gained, and new rights to be won, and they must be won and used 
for the progress of all people…We choose to go to the Moon. We 
choose to go to the Moon... We choose to go to the Moon in this 

decade…not because it is easy, but because it is hard; because that 
goal will serve to organize and measure the best of our energies and 

skills, because that challenge is one that we are willing to accept, 
one we are unwilling to postpone, and one we intend to win.” 
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We set sail on this new sea because there is new knowledge to be gained 
across the frontiers of particle physics. 
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We set sail on this new sea because there is new knowledge to be gained 
across the frontiers of particle physics. 

We choose to collide muons. 

We choose to collide muons in this decade…not because it is easy, but 
because it is hard; because that goal will serve to organize and measure the 

best of our energies and skills, because that challenge is one that we are 
willing to accept, one we are unwilling to postpone, and one we intend to win.

This is our Muon Shot. 


