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Muons.Why smash!

They are unstable.VWhy would you do this to yourself?

This is why protons go in circles and electrons in LINAC:s.

Circles allow for many kicks — highest energy colliders are synchrotrons

But protons are composite particles, so you gotta deal with all that
(messier collisional environment, lower energy / Parton)

Muons are the best of both worlds!? Can put in a synchrotron, reach >>TeV energies,
and then collide elementary particles.



Muon Collider Technology

(with apologies)



Muon Cooling
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If you accelerate them quickly, they can live long
enough to form beams and collide! |
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Big problem: muon cooling! Forming beams
requires muons to be tight in phase space. lonization I

cooling has made progress (MAP — IMCC). o e e
No showstoppers! ' '

Best performance so far yields €, =22.5 pm, €=7.7 eV ms.
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|0 TeV Muon Collider

Muon Collider
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Technically Limited Timeline

Table 1.1.1: Tentative target parameters for a muon collider at different energies. Scenario 1 corresponds
to Energy Staging, and Scenario 2 corresponds to Luminosity Staging. Both are defined in Section 1.8.

The es.tlmated luminosity refers to the value that can be reached if all target specifications can be reached, — ogyTechnoIogy P p———
including beam-beam effects.
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Figure 1.7.1: Conceptual layout of the muon collider at CERN (left) and Fermilab (right).

Source: International Muon Collider Collaboration EUSPP 2504.21417
(+ most figs in this talk)

Muon Collider might be the fastest way < 50y to get to “10 TeV pcm”;



Detector

Table 1.3.1: Preliminary summary of the “baseline” and “aspirational” targets for selected key metrics MUSIC Detector Concept

for a 10 TeV muon collider.
Muon Collider

Requirement Baseline Aspirational Simulation S
Angular acceptance n = — log(tan(6/2)) In| <2.5 In| <4 radtonic Galormeret
Minimum tracking distance [cm] ~ 3 <3 Solenoid
Forward muons (T] > 9) tag Oy / p~ 10% Electromagnetic Calorimeter
Track o, /p7 [GeV '] 4x107° 1x107° Silicon Tracker

Photon energy resolution 0.2/VE 0.1/VE Muon System

Neutral hadron energy resolution 0.4/VE 0.2/VE

Timing resolution (tracker) [ps] ~ 30 — 60 ~ 10 — 30

Timing resolution (calorimeters) [ps] 100 10

Timing resolution (muon system) [ps] ~ 50 for |p| > 2.5 < 50 for |n| > 2.5

Flavour tagging bvsc b vs c, s-tagging

Boosted hadronic resonance identification h vs W/Z WyvsZ

Muon beam decays in-flight, so beam-induced backgrounds (BIB) are a novel
challenge for detector design.



Why a Muon Collider?



Energy and Precision

If you want to do high energy particle physics, you need high energy colliders.
There is no real substitute for direct searches of new particles.

MC is effectively two very precise colliders in one: high-E DY production machine +
low-E high lumi VBF collider from muon PDF, covers new physics across whole E range.
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A Muon Facility with a Broad Physics Program

Summary of the handle and frame

- - mgm 1010? ‘energy spectrum for v, + v,
Z MuC 3TeV ’
physics of a muon collider facility... e
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Neutrino Energy E [GeV]
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Potential beam dump experiments and more ideas - it's about options Figure 2.4.1: The energy spectrum of neutrino interactions produced by the 3 TeV and 10 TeV MuC in

one year, overlaid with the summary plot in Ref. [256] for past and planned neutrino experiments. The
This is actively being explored as it’s particularly compelling for US facilities, solid and dashed lines assume, respectively, a small 10 kg and a realistic 1 ton target mass.
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Physics at Muon Colliders



RHiggs Precision

A 10 TeV muon collider acts like a low-energy higgs factory alongside a high-energy
discovery machine.
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Riggs Potential

Can determine the shape of the Higgs potential
experimentally (measure /°, h%,y, ...).

Crucial first principles characterization of Higgs
sector. Allows us to nail down SM vacuum stability,
whether EWV phase transition was first-order or not
(baryogenesis etc),

HIT N Cralg, R Current LHC 10 TeV ﬂCOI

Petrossian-Byrne

Pole top mass m; in GeV

80

Stability
| 112.3022 Elias-Miro et al

Higgs mass m;, in GeV

HL-LHC CLIC FCC-hhMuC-3MuC-10
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The Hierarchy Problem Still has Teeth!

Any heavy physics at scale M with coupling g to the Higgs will generate a finite
loop correction to its mass:

2

Am? ~ e = If M > m: " = 125 GeV, you have a severe tuning.

4r H

It is highly plausible that such heavy physics exists:
- we know for a fact that there is BSM physics (Dark Matter, Baryogenesis)
- There is plenty of evidence which suggests some new physics at high mass
scales (grand unification? inflation! leptogenesis! quantum gravity!...)

- |H \2 is an everything-singlet — it will couple to everything.

= Some solution for the Hierarchy Problem is as needed as ever.
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Higgs Compositeness
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Figure 2.2.4: Left: Future colliders 95% CL exclusion sensitivity to a minimal Z " [210]. In the case of
muon colliders, the 50 discovery reach 1s also shown by dashed lines. Right: The sensitivity to Higgs

compositeness.

MuC is uniquely excellent at probing higgs compositeness, since it measures both high-
precision higgs coupling modifications AND high-energy modifications of DY processes
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Realistic SUSY models at the 10 TeV scale require TeV-scale EVV states for the MC to

Supersymmetry

produce directly.
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MuC'’s for Generalized Naturalness

Going beyond SUSY and composite Higgs, there are several solutions to the
*little™ hierarchy problem which avoid TeV-scale coloured top partners:

Burdman, Chacko, Goh, Harnik hep-ph/0609152

Twin Higgs: Minimal, Fraternal, Orbifold Craig Kat. Srassler Sundrum 1501.05310
* ) ) y o Craig, Knapen, Longhi 1410.6808
Barbieri, Hall, Harigaya 1706.05548
FO I Cl e Cl S U SY Barbieri, Greco, Rattazzi, Wulzer 1501.07803
Cai, Cheng, Terning 0812.0843
QUirk)’ thtle nggs Cohen, Craig, Giudice, McCullough 1803.03647

Hyperbolic Higgs ...

They all have in common:
- dark sector(s) related to SM by discrete symmetry

= UV completions around < 5 TeV featuring ***new electroweak
states™*. Prime discovery target for MC.
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MC is an outstanding
machine to explore
anything electroweak
above the TeV scale.

It can discovery many DM
candidates in EWV reps,
including extremely
challenging higgsinos
decaying to soft tracks.

Dark Matter

WIMP Dark Matter 20 reach

B /s =3TeV
B /s =10TeV

(11 3) O)MF
Wino-like

mono-photon !

(1,2, 3)pr
Higgsino-like

\ Thermal Target

05 1 2 3 4 5
M, [TeV]

Figure 20.0.1: 20 exclusion of fermion DM masses from different search channels. Horizonta!
for individual search channels and muon collider energies by the different colors. The vertical

| bars
| bars

indicate the thermal mass targets. The reach in the mono-photon channel is taken from Ref. [80]

, and

the results of mono-W is taken from Ref. [13]. The reaches for the disappearing track are extrapolated
from Ref. [82], and the sensitivity using soft tracks are studied for 3 TeV muon collider in Ref. [93].



Dark Sectors

The higgs portal \H\ZGBSM is one of the best ways of accessing an arbitrary dark

sector, low-dimension operator always allowed by symmetries. The higgs factory aspect
(exotic Higgs decays) and high energy gives MC excellent reach

MuC 10 TeV
______________________________ HL-LHC |
________________________________ MuC 3 TeV
e.g. singlet mixed with higgs,
S
Proxy for many dark sectors &  f=77==- ity ettt )
That couple via higgs portal
\ ~~ \S\y‘: my, /mg
10~4 | | .\\\. o ?S%C;.L.lex;las.i\0ﬁ5‘?
0 2 4 6 8 10 12



SMEFT and Flavour

Combination of clean final state and high energy makes for excellent probe of high-scale
dim-6 operators
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Figure 2.2.5: Fit to the C' P-even flavour-blind Warsaw basis [213] operators that grow with the energy
and interfere with the SM 1n di-fermion and di-boson production at the MuC. The MuC projections (blue
bars) from the measurements of these observables are compared with current knowledge (gray bars).



SMEFT and Flavour

1 Low energy ® MuC-3 m MuC-10 JLow energy mMuC-3 mMuC-10
150 - NV 100 i i
o < (FLYefD @Y 1) | L (Q17,00)(0,B™)
80
I ~ 3 : N
__100- *= N 3 . _ &
> % 1 60 4
— T N -
[W— i 3 =
< - ~ s T I
50 - I- = =
- g: T i
: 1 20 -
h > _
oL L L L L A ol L. £ L
bspy bduu sdup cupy TUUL 3-2 3-1 2-1

Figure 2.3.1: Sensitivity reach in the effective scale A [TeV] of effective operators containing a quark
or lepton flavour-violating current, coupled to either a muon current (left panel) or a flavour-blind gauge
current. The gray bands show the present constraints from meson [223-226] and tau [227] decays, while
the gray lines are the expected future sensitivity at the end of LHCb upgrade II [228], Belle II [229], and
NAG62 [230] runs.
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Conclusions
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Conclusions

A muon collider could give you the best of all worlds: high energy, high precision, a higgs factory
and a high-energy discovery machine all in one.

Much R&D left to be done, but no apparent showstoppers.
Could reach 10 TeV “partonic center-of-mass” in << 50 years

Uniquely excellent probe of |-10 TeV electroweak physics:
higgs potential, generalized naturalness, DM, ...

Muon Collider would form one part of a broad Muon Faculity physics program.
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