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The Electroweak Era
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Electroweak breaking

Electroweak symmetry?

Electroweak restoration

Electroweak radiation
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E

“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.” — Frank Close



The Electroweak Era
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Neutrinos: the purely weak frontier of the Standard Model

Dark sectors: portals are weak interactions & SM electroweak states
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Higgs portal axion 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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Machines for Discovery
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Why Muon Colliders?
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[Han, Ma, Xie, 2007.14300]

�bkg = �(µ+µ� ! W/Z/�/h+X)
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�bkg = �(pp ! bb̄)
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[ SG]μ

1. Weak and flavorful 
production modes 

2. Modest irreducible 
backgrounds



3. Annihilation + VBF offers kinematic reach and considerable rate

[ SG]μ
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[Han, M
a, Xie, 2007.14300]2-to-2 

production
p
sµ [TeV]
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[ SG]μ

Why Muon Colliders?
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Discover distinctive particles up to ∼ s /2

10 TeV Cμ

14 TeV Cμ

Why Muon Colliders?

[Accettura et al. 2303.08533]

Indirect access to much higher scales 

Precision from energy
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Secrets of the Higgs
Reveal the Secrets of 

the Higgs Boson [Forslund & M
eade, 2308.02633]

Pursue Quantum 
Imprints of New 

Phenomena
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Electroweak Breaking
Reveal the Secrets of 

the Higgs Boson

LHC (now)

[Accettura et al. 2303.08533]

C (10 TeV)μ
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Pursue Quantum 
Imprints of New 

Phenomena
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The birth and death of the Universe?
1307.3536

14

First-order electroweak phase transition? Vacuum stability?
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Reveal the Secrets of 
the Higgs Boson
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Electroweak radiation: 

Sudakov suppression of non-
emission probability becomes 

significant @ 10 TeV…

[Wulzer; Chen, Glioti, Rattazzi, 
Ricci, Wulzer 2202.10509; Nardi, 

Ricci, Wulzer 2405.08220]

[Huang, Lane, Lewis, Liu, 2012.00774]

Electroweak restoration: 

Experimentally demonstrate 
Goldstone equivalence

Electroweak symmetry?: 

Local EFT of the Higgs only 
has EWK symmetry if no 

extra EWSB or new 
particles acquiring most 
mass from Higgs. Fully 
covered by 10 TeV 𝜇C. 
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<latexit sha1_base64="1isC0euxzRgw72//ZOK2Y+4ix50=">AAAB83icdVDJSgNBEO1xjXGLevTSGAQPMkxCxOQW9OIxglkgM4SeTk3SpKen6e4JhCG/4cWDIl79GW/+jZ1FcH1Q8Hiviqp6oeRMG897d1ZW19Y3NnNb+e2d3b39wsFhSyepotCkCU9UJyQaOBPQNMxw6EgFJA45tMPR9cxvj0Fplog7M5EQxGQgWMQoMVbyh+fYHwPNfMmmvULRc2vVSrVWxr9JyfXmKKIlGr3Cm99PaBqDMJQTrbslT5ogI8owymGa91MNktARGUDXUkFi0EE2v3mKT63Sx1GibAmD5+rXiYzEWk/i0HbGxAz1T28m/uV1UxNVg4wJmRoQdLEoSjk2CZ4FgPtMATV8YgmhitlbMR0SRaixMeVtCJ+f4v9Jq+yWKu7FbaVYv1rGkUPH6ASdoRK6RHV0gxqoiSiS6B49oicndR6cZ+dl0briLGeO0Dc4rx9X9JHt</latexit>

H

<latexit sha1_base64="/C/4/ROqKGDheWGtzKAVg8wkeDA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GiYhYnILeskxAbNAMoSeTk3Spmehu0cIQ77AiwdFvPpJ3vwbO4vg+qDg8V4VVfW8WHClHefdyqytb2xuZbdzO7t7+wf5w6O2ihLJsMUiEcmuRxUKHmJLcy2wG0ukgSew402u537nDqXiUXijpzG6AR2F3OeMaiM164N8wbGrlXKlWiK/SdF2FijACo1B/q0/jFgSYKiZoEr1ik6s3ZRKzZnAWa6fKIwpm9AR9gwNaYDKTReHzsiZUYbEj6SpUJOF+nUipYFS08AznQHVY/XTm4t/eb1E+xU35WGcaAzZcpGfCKIjMv+aDLlEpsXUEMokN7cSNqaSMm2yyZkQPj8l/5N2yS6W7YtmuVC7WsWRhRM4hXMowiXUoA4NaAEDhHt4hCfr1nqwnq2XZWvGWs0cwzdYrx9N9o1M</latexit>

v

<latexit sha1_base64="BOgZsl2d/19qV9u3hO3aDA985Kw=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GiYhYnILevGYgFkgGUJPpyZp07PQ3RMIQ77AiwdFvPpJ3vwbO4vg+qDg8V4VVfW8WHClHefdyqytb2xuZbdzO7t7+wf5w6OWihLJsMkiEcmORxUKHmJTcy2wE0ukgSew7Y2v5357glLxKLzV0xjdgA5D7nNGtZEak36+4NjVSrlSLZHfpGg7CxRghXo//9YbRCwJMNRMUKW6RSfWbkql5kzgLNdLFMaUjekQu4aGNEDlpotDZ+TMKAPiR9JUqMlC/TqR0kCpaeCZzoDqkfrpzcW/vG6i/Yqb8jBONIZsuchPBNERmX9NBlwi02JqCGWSm1sJG1FJmTbZ5EwIn5+S/0mrZBfL9kWjXKhdreLIwgmcwjkU4RJqcAN1aAIDhHt4hCfrznqwnq2XZWvGWs0cwzdYrx+Tro16</latexit>

m⇤

<latexit sha1_base64="xqhwr0ERQz7lv8tfPmaWPn3kBY8=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoMgHpbdEDG5Bb14jGgSIVnC7GQ2GTIzu8zMCmHJJ3jxoIhXv8ibf+PkIfgsaCiquunuChPOtPG8dye3tLyyupZfL2xsbm3vFHf3WjpOFaFNEvNY3YZYU84kbRpmOL1NFMUi5LQdji6mfvuOKs1ieWPGCQ0EHkgWMYKNla5F76RXLHlurVqp1sroN/Fdb4YSLNDoFd+6/ZikgkpDONa643uJCTKsDCOcTgrdVNMEkxEe0I6lEguqg2x26gQdWaWPoljZkgbN1K8TGRZaj0VoOwU2Q/3Tm4p/eZ3URNUgYzJJDZVkvihKOTIxmv6N+kxRYvjYEkwUs7ciMsQKE2PTKdgQPj9F/5NW2fUr7ulVpVQ/X8SRhwM4hGPw4QzqcAkNaAKBAdzDIzw53Hlwnp2XeWvOWczswzc4rx+gwI4O</latexit>

h,~⇡

<latexit sha1_base64="1isC0euxzRgw72//ZOK2Y+4ix50=">AAAB83icdVDJSgNBEO1xjXGLevTSGAQPMkxCxOQW9OIxglkgM4SeTk3SpKen6e4JhCG/4cWDIl79GW/+jZ1FcH1Q8Hiviqp6oeRMG897d1ZW19Y3NnNb+e2d3b39wsFhSyepotCkCU9UJyQaOBPQNMxw6EgFJA45tMPR9cxvj0Fplog7M5EQxGQgWMQoMVbyh+fYHwPNfMmmvULRc2vVSrVWxr9JyfXmKKIlGr3Cm99PaBqDMJQTrbslT5ogI8owymGa91MNktARGUDXUkFi0EE2v3mKT63Sx1GibAmD5+rXiYzEWk/i0HbGxAz1T28m/uV1UxNVg4wJmRoQdLEoSjk2CZ4FgPtMATV8YgmhitlbMR0SRaixMeVtCJ+f4v9Jq+yWKu7FbaVYv1rGkUPH6ASdoRK6RHV0gxqoiSiS6B49oicndR6cZ+dl0briLGeO0Dc4rx9X9JHt</latexit>

[Banta, Cohen, NC, Lu, 
Sutherland, 2110.02967]
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Reveal the Secrets of 
the Higgs Boson

Predict the Higgs Mass
A superconducting analogy:

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

Search for Direct 
Evidence of New 

Particles
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Reveal the Secrets of 
the Higgs Boson

Predict the Higgs Mass
A superconducting analogy:

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

3 TeV

6 TeV

10 TeV
14 TeV

30 TeV

[Chen, Glioti, Rattazzi, Ricci, Wulzer 2202.10509]
[Pardo Vega & Villadoro, 1504.05200 ]

Higgs Potential

Search for Direct 
Evidence of New 

Particles

16

https://arxiv.org/abs/1504.05200


Origins of Flavor

17

An outstanding probe of 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. 

[Homiller/ SG]μ

From 
 

at muon 
colliders, 
3 TeV ~ 
Belle-II

μμ → μτ}
[IMCC Muon Collider Physics Summary]

Pursue Quantum 
Imprints of New 

Phenomena

Search for Direct 
Evidence of New 

Particles

Indirect access to flavor structure via lepton flavor violating operators
Direct access to hypothetical new particles associated with flavor structure

See J. Zupan’s talk



Determine the Nature 
of Dark Matter

Nature of Dark Matter

18

[“Towards a 
Muon Collider,” 
Accettura et al. 
2303.08533 & 
Bottaro et al. 
2205.04486,],  
see also [Han, 

Liu, Wang, 
Wang, 

2009.11287, 
Capdevilla, 

Meloni, 
Simoniello, Zurita  

2102.11292; 
Bottaro et al. 
2107.09688]

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

Target set by DM abundance 
(WIMP miracle)

[Capdevilla, Meloni, Zurita 2405.08858]

Electroweak doublet (“higgsino”) 
thermal relic plausibly discoverable 

at 3 TeV using soft tracks

See R. Capdevilla’s talk
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[Han, Ma, Xie, 2007.14300]

1. Opportunities from high-energy 
neutrinos at the interaction point

2. Opportunities from high-energy 
neutrinos at a forward detector

[IMCC Interim Report 2407.12450]

Elucidate the 
Mysteries of Neutrinos

The Neutrino Sector

See P. Huber & A. de Gouvea’s talks

Beyond the familiar synergies between muon colliders & neutrino factories:



Dark Sectors
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

|H|
2
O

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

Higgs portal

[Capdevilla, Meloni, Simoniello, Zurita  2102.11292]

Electroweak multiplets Linearly mixed singlet scalar

[Buttazzo, Redigolo, Sala, Tesi, 1807.04743]

Search for Direct 
Evidence of New 

Particles

20
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HL
↵
O↵

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

neutrino portal axion portal

OFµ⌫ F̃
µ⌫

<latexit sha1_base64="2YcTyZ7+BoGZCD9JoHte1YWSBd8=">AAACE3icdVDLSgMxFM34rPVVdekmWARxMUxLxXZXFIo7K9gHdMYhk6ZtaCYz5CGUof/gxl9x40IRt27c+Tdm2io+DwQO59zLzTlBzKhUjvNmzc0vLC4tZ1ayq2vrG5u5re2mjLTApIEjFol2gCRhlJOGooqRdiwICgNGWsHwNPVb10RIGvFLNYqJF6I+pz2KkTKSnzt0Q6QGGLHkfAxrfuKGGrpcj6GrKOsSWLv6lPxc3rEr5VK5UoS/ScF2JsiDGep+7tXtRliHhCvMkJSdghMrL0FCUczIOOtqSWKEh6hPOoZyFBLpJZNMY7hvlC7sRcI8ruBE/bqRoFDKURiYyTSB/Oml4l9eR6te2Usoj7UiHE8P9TSDKoJpQbBLBcGKjQxBWFDzV4gHSCCsTI1ZU8JHUvg/aRbtQsk+uijlqyezOjJgF+yBA1AAx6AKzkAdNAAGN+AOPIBH69a6t56s5+nonDXb2QHfYL28A2zrno0=</latexit>

[Li, Liu, Lyu 2301.07117]

Heavy neutral leptons

[Han, Li, Wang 2203.05484] 

Axion-like Particles

Search for Direct 
Evidence of New 

Particles

Dark Sectors

See T.T. Yu’s talk
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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 the coming decades…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.

23



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 the coming decades…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.

23



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 the coming decades…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.
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