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Why the Energy Frontier?
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Vision circa 2022
✓ 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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Vision circa 2022
✓ 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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+ What is the nature of the neutrino sector?

A Higgs! Yet:

Is it the SM Higgs? Is it the only one?
Does it alone break EW symmetry? 

Why is there EWSB & what sets the scale?
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If these are the questions, 
why are muons the answer?
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The Quantum Muon
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[Han, Ma, Xie, 2007.14300]

x ⇠ 1
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x ⌧ 1
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Muon annihilation 
deploys the entire 

energy of the collider 

Vector boson fusion 
leverages the muon’s 
virtual boson content



Muon annihilation & pp equivalents
2-to-1 production 2-to-2 production

(Bands are NNPDF3.0 LO vs. CT18NNLO) 
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VBF: Cs as Vector Factoriesμ
[Han, Ma, Xie, 2007.14300]
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[Han, Ma, Xie, 2007.14300]

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

VBF dominates well above threshold 
due to logarithmic growth with ECM

c.f. [Costantini et al. 2005.10289] 



How do muons illuminate the 
physics vision?

8



What is the origin of mass?
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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.” 
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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



What is the origin of mass?
[ SG]μ
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A Higgs! Yet:
Is it the SM Higgs?
Is it the only one?
EWSB by it alone? 
Why is there EWSB?

What sets the scale?

The Higgs itself is key. 

Any deviation in its 
properties from SM 

predictions is a telltale 
sign of new physics. 

S/B favorable at a C.μ

�bkg = �(µ+µ� ! W/Z/�/h+X)

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

�bkg = �(pp ! bb̄)

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



Is it the SM Higgs?
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LHC (now)

(If you like this way of presenting Higgs self-coupling precision, please feel free 
to use it! The inspiration came from conversations with R. Petrossian-Byrne.) 

See talks by I. Low & M. Forslund



12

Is it the SM Higgs?

C (10 TeV)μ

HL-LHC



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
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[2015 NSAC LRP / 1501.06477]

First-order electroweak phase transition? Vacuum stability?



Is our Higgs the only one?
[Buttazzo, Redigolo, Sala, Tesi, 1807.04743] 
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Focus on 
this line



Does it alone break EW symmetry?
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vs. or

Best probed in vector boson scattering with 3+ bosons in the final state… 
 [Chang & Luty ’19, Falkowski & Rattazzi ’19, Cohen, NC, Lu, Sutherland ’21]

(+Is there a deeper reason for gauge symmetry?)
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Theories that predict the Higgs mass & EWSB provide sharp targets for new physics.

Why EWSB? What sets the scale?

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


Unification beyond the Standard Model?
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Running of 
couplings in the 
Standard Model 

tantalizingly 
hints at 

unification, but 
the intersection 
is imperfect & 
scale too low.



Unification beyond the Standard Model?

17

Running of 
couplings in the 
Standard Model 

tantalizingly 
hints at 

unification, but 
the intersection 
is imperfect & 
scale too low.

New particles at 
TeV energies 
sharpen the 
prediction & 

raise the scale: 
clear targets for 
a high-energy 
muon collider, 

reach to ~ECM/2



What is the origin of flavor?
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An outstanding probe of 
explanations for lepton flavor 

universality 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

[IMCC Muon Collider Physics Summary][Altm
annshofer & Stangl, 2103.13370] See talk by R. Capdevilla



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]

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

See talk by L-T Wang

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

[Adapted from 1310.8642]

Cμ



What is the nature of the neutrino sector?
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• Muon storage ring-
based neutrino 
factory synergistic 
w/ development of 
high-energy muon 
beams. 

• Physics 
opportunities in 
neutrino radiation, 
mu-nu collisions, or 
nu-nu collisions at 
high-energy muon 
collider itself?      

[Delahaye et al. 1803.07431]
See talks by K. Yonehara & K. Lyu



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
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[IMCC Muon Collider Physics Summary]

See talks by G. Krnjaic, R. Bernstein, 
C. Cesarotti, D. Acosta



Vision circa 2022
✓ 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?

A Higgs! Yet:

✓ Is it the SM Higgs? ✓ Is it the only one?
✓ Does it alone break EW symmetry? 

✓ Why is there EWSB & what sets the scale?

The muons are calling, and we must go. Thank you!


