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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.” 
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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



The Electroweak Era

5

Electroweak breaking

Electroweak symmetry?

Electroweak restoration

Electroweak radiation

V X

G0X
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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
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kinetic mixing portal

|H|
2
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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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Muon colliders blur the dichotomy of probing micsocopic 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]
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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)
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�bkg = �(pp ! bb̄)
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CC 2203.07261]
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Theories that predict the Higgs mass & EWSB 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

https://arxiv.org/abs/1504.05200
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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
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Splendid example of precision from energy…

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

O2B = (@µB
µ⌫)2
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OW = ig(H†
�
a
DµH)D⌫

W
a
µ⌫
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OB = ig
0(H†

DµH)@⌫
Bµ⌫
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OtD = (t̄�µt)(@⌫Bµ⌫)
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Compositeness leaves fingerprints in EFT: [Chen, Glioti, Rattazzi, Ricci, Wulzer 2202.10509]
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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.) 

Our current experimental knowledge of the Higgs 
potential is far from the cartoon we usually show… 



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?
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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]

E
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Electroweak Restoration,

Electroweak Radiation
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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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What is the origin of flavor?
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An outstanding probe of explanations for B 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]



What is the nature of dark matter?
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[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

An ideal laboratory for producing & detecting weakly-interacting dark matter.

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

Target set by 
DM abundance 
(WIMP miracle)

Photon + 
missing 

momentum 
search

Disappearing 
track search

We know DM is there; coincidence of Ωb, Ωdm 
suggests interactions beyond gravitational

[Adapted from 1310.8642]

Cμ



Higgs Portal DM

21

[Ruhdorfer, Salvioni, W
eiler 1910.04170]

[Ruhdorfer, Salvioni, 
W

ulzer 2303.14202]
[1910.04170]



Dark Portals:  Beam Dump?μC
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[Cesarotti, Homiller, Mishra, Reece 2202.12302]

E0 = 1.5TeV
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Nature of the Neutrino Sector: 
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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C/ F Complementarityμ ν

24
[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

25

[Han, Ma, Xie, 2007.14300]



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])

26

[IMCC Muon Collider Physics Summary]
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Conclusions

The muons are calling, and we must go.

Thank you!

High-energy muon colliders offer the energy, precision, and 
interactions needed to realize the promise of the electroweak era.


From development to operation, a muon collider will build 
countless bridges to the diverse frontiers of high-energy physics.


