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What is a Muon Collider?
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Short,%intense%proton%
bunches%to%produce%
hadronic%showers%

Muon%are%captured,%
bunched%and%then%cooled%by%
ionisa4on%cooling%in%ma]er%

Accelera4on%to%
collision%energy%

Collision%

D.%Schulte% 3%Muon%Collider,%Muon%Collider%Agora,%February%16,%2021%

MAP%collabora4on%

Protons%produce%pions%
Pions%decay%to%muons%

Muon%collider%design%is%driven%by%finite%muon%life4me%

Collides fundamental particles, with high luminosity and high 
energy in the smallest footprint2



Current Goal TDR by ~ 2040

Figure 1: A sketch of the proposed Muon Collider R&D timeline, along with main activities,
milestones, and deliverables.

tion is not included in these estimates. Development of simulation tools and support of computing
infrastructure are crucial for achieving our goals and we expect these efforts to stretch over the
entire duration of the program. Support for simulation and computing work is included in the
estimates shown.

Figure 2: FTE and M&S profiles for accelerator R&D corresponding to the first phase of the
program. We assume here that funding starts in 2024.

The Demo Phase starts around Year 8 and lasts for ten years. The primary goal of this phase is
to demonstrate principle risk mitigation. The accelerator effort will focus on the construction and
operation of various demonstrators, with the largest one being the ionization cooling demonstration
facility. The detector effort will address system level design aspects, explore different design options
for multiple interaction points, and perform some initial prototyping, including construction of a
small-scale detector slice to demonstrate the necessary background rejection capability with beam.
The amount of required funding for the Demo Phase depends on the specifications and siting of
the demonstrators, and the scope taken by the US. A detailed budget profile for the accelerator
demonstrators during the Demo Phase will be evaluated at the end of the R&D Phase, but we
estimate it to peak at O(100) M$/y during the years corresponding to the ionization cooling
demonstrator construction; this is a top-down estimate based on what was spent on R&D for some
of the more mature future collider concepts (e.g. ILC, CLIC). The detector R&D budgets will also
undergo a growth in this period by approximately a factor of 1.5–2.0 with respect to the R&D
Phase, based on the experience with ATLAS and CMS early R&D, construction and upgrades.
The deliverable of the Demo Phase is a Technical Design Report for the collider facility and the
associated detectors, including a detailed cost estimate.

We believe that the most fruitful path forward towards the development of design of the Muon
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Both CERN LDG and Snowmass process conclude no show-stoppers and this is 
doable with sufficient R&D funding (fingers crossed for P5 in US)
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But why Muon Colliders and the Higgs?  
Don’t we have perfectly good Higgs 

Factory proposals?
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The SM Higgs is an unprecedented particle. 
LEP was a Z boson factory and produced   

~ 17 Million Z bosons 
Higgs Factories produce 
~ 1 Million Higgs bosons 

All major Branching Fractions are ≳ 𝒪(1%)
The same Higgs Branching Fractions  

span 8 to 20 ORDERS OF MAGNITUDE 
or more!

A Higgs factory is a great start but without the ability to increase 
luminosity by orders of magnitude we need more Energy5



For a first stage LC or any circular Higgs Factory 
there are effectively no Di-Higgs events produced!

Why does this matter?
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Testing the Higgs potential experimentally

+ more  
derivatives  

=  
self-interactions

Can we demonstrate the qualitatively new self 
coupling and test the validity of SM? (BSM later)

Experimentally we look for multi-Higgs production
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Current status of LHC Higgs Potential 
Measurements?
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Current status of LHC Higgs Potential 
Measurements?
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Why does Energy help 
with the Higgs?
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First way: 
Energy helps make more 
Higgs (and multi-Higgs)
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Muon colliders are  also gauge boson colliders!

Winner at moderate energies!

Can think of this as VV to H fusion, with VV initial states (PDF like for hadron colliders)
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Muon colliders are  also gauge boson colliders!

Can think of this as VV to H fusion, with VV initial states (PDF like for hadron colliders)
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FIG. 14: Left, Higgs boson production rates for e
+
e
� interactions as a function of collision energy [57]. Right: production

rates for µ
+
µ
� Higgs production as a function of collision energy, where the dashed curves correspond to annihilation cross

sections.

µ
+
µ
� and p-p, there are a larger number of Higgs bosons produced, new types of observables, new production modes

with top quarks, and multi-Higgs bosons which will be further discussed in the rest of this section.
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FIG. 15: Example of the recoil mass for 250 GeV e
+
e
� collision energy at ILC [51].

B. Future mass and width measurements

The Higgs mass is a fundamental parameter of theory and has implications for our understanding of the meta-
stability of the universe. In addition, it is a predicted quantity in certain BSM models, such as the MSSM[58]. The
ILC projects a measurement of mh from the position of the recoil mass peak in e

+
e
�

! Zh with a precision of
±14 MeV[59]. Similarly, the FCC-ee projects a mass measurement of 6-9 MeV statistical error with the potential to
improve this measurement further by including the Z ! e

+
e
� decay. This would lead to an ultimate precision of

�mh ⇠ 4 MeV with FCC-ee. At the HL-LHC CMS projects a measurement �mh ⇠ 30 MeV in the h ! ZZ ! 4l and
h ! �� channels[60], assuming detector upgrades give a 25% improvement in the 4µ resolution and a 17% increase
in the 4µ and 4e channels.

It was long thought that it was impossible to measure the Higgs width at the LHC, due to the smallness of the
SM Higgs width. However, it was realized in Refs. [61, 62] that the interference of the o↵-shell Higgs boson with
the full amplitude in the ZZ ! 4l channel is sensitive to the Higgs width. By comparing measurements above
the Higgs resonance and on the Higgs resonance, a measurable sensitivity to the width can be observed and CMS
has recently used this technique to obtain the first measurement �h = 3.2+2.4

�1.7 MeV [63]. The HL-LHC projects a

combined ATLAS-CMS width measurement of �h = 4.1+0.7
�0.8 MeV, corresponding to roughly a 17% accuracy using

Benchmarks in this talk will be using 10 TeV w 10/ab (5 yr run @ design luminosity)14



How Many Higgs??
Take this with many grains of salt…
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A Muon Collider gives a great balance of more Higgs, multi-Higgs and low backgrounds
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Low energy e+e- Higgs factories  
~ 1 million Higgs

Moderate energy e+e- Higgs factories  
~ few million Higgs

End of LHC ~ O(100) million Higgses!HL-LHC
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10s to 100s of millions  
of Higgs
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If this enhancement is done with “fundamental” particles

You can get an enhanced S/B too!16



Blurring the Precision versus Energy Dichotomy!
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Second way: 
Energy allows one to probe 

the Higgs in multiple ways
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How do we quantify Higgs precision
Kappa fits, EFTs, what else?
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What precision we measure an individual channel in  
can then be combined based on theoretical assumptions19



Typically results in things that look like this

In this case the assumption is no new channels beyond the SM can contribute to the Higgs width
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With Energy we get new observables

Figure 1: Tree-level diagrams forW+W�
! tt̄. The gauge boson propagator in the last diagrams

can be either Z or �.

Table 1: High energy limit of the Helicity amplitude for W+W�
! tt̄ with ht � ht̄ = ⌥1. Here

mSM denotes mW ,mt,mh.
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In the exclusive case, since the SM helicity amplitudes M
h1···h4
SM are at most a constant for

the 2 ! 2 processes, any energy growing behavior in the BSM amplitude M
h1···h4
�i

will lead
to enhancement of the signal significance at high energy bins. This is especially the case at
the hadron colliders like the LHC, as one generally has large systematic errors ranging from
a few percent to tens of percents. For the inclusive case, similar to the statistical uncertainty
dominance, we need both M

h1···h4
�i

to increase with energy and M
h1···h4
SM to not decrease too

quickly.

2.2 Anatomy of W+W�
! tt̄

In this subsection, we focus on the VBF production of the top pair and study in detail the
helicity amplitudes of the subprocess W+W�

! tt̄ in the presence of anomalous couplings. The
relevant Feynman diagrams are shown in Fig. 1. For completeness and also for future possible
studies, we also include the anomalous triple gauge boson couplings (aTGCs), the gauge boson
fermion couplings and Higgs gauge boson coupling. The full formulae and the conventions are
presented in the Appendix B. Here we discuss their high energy and threshold behaviors. We
start from the high energy hard scattering limit and consider the central region, where 1± cos ✓

4

H. Al Ali et al 2103.14043
M. Chen, D. Liu 2212.11067 

Z. Liu et al WIP

W+W− → tt̄

The SM is a delicate structure, modification of couplings leads to 
modifications of amplitudes with deviations that grow with energy
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At a Muon Collider you can probe Higgs 
multiple ways with Energy!

Why do we care about precision? To find new physics 

UV model →
1

Λ2
f̄LHfRH2 → kf ∼

v2

M2
NP
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At a Muon Collider you can probe Higgs 
multiple ways with Energy!

No need to build separate colliders e.g. 
Factory Discovery machine  

You could do it all in one with a Muon collider!
→
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1 % Higgs Precision ⟹ MNP ≲ 1 TeV Produce the new states that can cause 
Higgs deviations at the same time!Dimensionless couplings  ≲ 1
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Can you escape this conclusion with strong coupling?

Sure… but a MuC 
turns out to be ideally 

suited to search for 
this as well!
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So with all that being said, 
what do we get for Higgs 

precision at a Muon Collider?
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What has gone into the studies
• Signal and Background fast simulation with muon collider DELPHES card 

• Hard Physics backgrounds - included 

• Beam in Beam (BIB) Background not included 

• DELPHES fast sim compared against full simulation with BIB at 3 TeV and found to give 
consistent results 

• Collinear backgrounds not fully included but small 

• Results I will show assume you can tag forward muons (to discriminate ZBF from WBF) 

•  included for top Yukawa 

• Signal strengths calculated and then various different theoretical interpretation run

WW → tt̄
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Higgs Precision Physics
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1 ESG Table- with forward tagging, Kappa-0
fit, with 2.1% on t from 2212.11067 updated
April 10 2023

-0 HL- LHeC HE-LHC ILC CLIC CEPC FCC-ee FCC-ee/ µ+µ�

fit LHC S2 S2
0

250 500 1000 380 1500 3000 240 365 eh/hh 10000

W 1.7 0.75 1.4 0.98 1.8 0.29 0.24 0.86 0.16 0.11 1.3 1.3 0.43 0.14 0.11

Z 1.5 1.2 1.3 0.9 0.29 0.23 0.22 0.5 0.26 0.23 0.14 0.20 0.17 0.12 0.35

g 2.3 3.6 1.9 1.2 2.3 0.97 0.66 2.5 1.3 0.9 1.5 1.7 1.0 0.49 0.45

� 1.9 7.6 1.6 1.2 6.7 3.4 1.9 98? 5.0 2.2 3.7 4.7 3.9 0.29 0.84

Z� 10. � 5.7 3.8 99? 86? 85? 120? 15 6.9 8.2 81? 75? 0.69 5.7

c � 4.1 � � 2.5 1.3 0.9 4.3 1.8 1.4 2.2 1.8 1.3 0.95 1.8

t 3.3 � 2.8 1.7 � 6.9 1.6 � � 2.7 � � � 1.0 2.1

b 3.6 2.1 3.2 2.3 1.8 0.58 0.48 1.9 0.46 0.37 1.2 1.3 0.67 0.43 0.24

µ 4.6 � 2.5 1.7 15 9.4 6.2 320? 13 5.8 8.9 10 8.9 0.41 2.9

⌧ 1.9 3.3 1.5 1.1 1.9 0.70 0.57 3.0 1.3 0.88 1.3 1.4 0.73 0.44 0.59

2 ESG Table- with forward tagging, Kappa-0 fit,
with 1.4% on t from Zhen, updated April 10
2023

-0 HL- LHeC HE-LHC ILC CLIC CEPC FCC-ee FCC-ee/ µ+µ�

fit LHC S2 S2
0

250 500 1000 380 1500 3000 240 365 eh/hh 10000

W 1.7 0.75 1.4 0.98 1.8 0.29 0.24 0.86 0.16 0.11 1.3 1.3 0.43 0.14 0.11

Z 1.5 1.2 1.3 0.9 0.29 0.23 0.22 0.5 0.26 0.23 0.14 0.20 0.17 0.12 0.35

g 2.3 3.6 1.9 1.2 2.3 0.97 0.66 2.5 1.3 0.9 1.5 1.7 1.0 0.49 0.45

� 1.9 7.6 1.6 1.2 6.7 3.4 1.9 98? 5.0 2.2 3.7 4.7 3.9 0.29 0.84

Z� 10. � 5.7 3.8 99? 86? 85? 120? 15 6.9 8.2 81? 75? 0.69 5.5

c � 4.1 � � 2.5 1.3 0.9 4.3 1.8 1.4 2.2 1.8 1.3 0.95 1.8

t 3.3 � 2.8 1.7 � 6.9 1.6 � � 2.7 � � � 1.0 1.4

b 3.6 2.1 3.2 2.3 1.8 0.58 0.48 1.9 0.46 0.37 1.2 1.3 0.67 0.43 0.24

µ 4.6 � 2.5 1.7 15 9.4 6.2 320? 13 5.8 8.9 10 8.9 0.41 2.9

⌧ 1.9 3.3 1.5 1.1 1.9 0.70 0.57 3.0 1.3 0.88 1.3 1.4 0.73 0.44 0.59

1

High energy implies one can also test origin of deviations 
simultaneously - new formalism needed and not fully exploited here

R
apid progress, 

C
ol num

bers 
didn’t exist at the tim

e of last 
European Strategy U

pdate

μ
European strategy update

de Blas et al
1905.03764

M. Forslund et al. 2203.09425+WIP
M. Chen, D. Liu 2212.11067 

Z. Liu et al WIP



Other interpretations
• Can of course be recast in terms of EFT coefficients (see IMCC and muC forum for 

slightly outdated plots) 

• What about if you let the Higgs width vary? 

• Notorious flat direction by letting SM couplings increase and adding a new 
contribution to the Higgs width 

• Can break this degeneracy with an e+e- Higgs factory or a 125 GeV muC 

• Can also break this degeneracy with a 10 TeV muon collider exploiting  
scattering and direct search constraints 

• Full exotic Higgs decay program still open to do,  preliminary results exist

VV → VV

BRinv
M. Ruhdorfer,E.Salvioni, A.Wulzer 2303.14202

M. Forslund, PM. 2306.XXXXX

M. Forslund, PM. 2306.XXXXX
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HL-LHC HL-LHC HL-LHC
+10 TeV +10 TeV

+ ee

W 1.7 0.1 0.1
Z 1.5 0.4 0.1
g 2.3 0.7 0.6
� 1.9 0.8 0.8
Z� 10 7.2 7.1
c - 2.3 1.1
b 3.6 0.4 0.4
µ 4.6 3.4 3.2
⌧ 1.9 0.6 0.4


⇤
t 3.3 3.1 3.1

⇤ No input used for µ collider
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FCC-hh

Fig. 5: Left panel: 1� sensitivities (in %) from a 10-parameter fit in the -framework at a 10 TeV muon
collider with 10 ab�1 [18], compared with HL-LHC. The effect of measurements from a 250 GeV e

+
e
�

Higgs factory is also reported. Right panel: sensitivity to �� for different Ecm. The luminosity is as in
eq. (1) for all energies, apart from Ecm=3 TeV, where doubled luminosity (of 1.8 ab�1) is assumed [18].

In the right panel of the figure we see that the performances of muon colliders in the measurement
of �� are similar or much superior to the one of the other future colliders where this measurement
could be performed. In particular, CLIC measures �� at the 10% level [24], and the FCC-hh sensitivity
ranges from 3.5 to 8% depending on detector assumptions [25]. A determination of �� that is way more
accurate than the HL-LHC projections is possible already at a low energy stage of a muon collider with
Ecm = 3 TeV.

The potential of a muon collider as a vector boson collider has not been explored fully. In particular
a systematic investigation of vector boson scattering processes, such as WW ! WW , has not been
performed. The key role played by the Higgs boson to eliminate the energy growth of the corresponding
Feynman amplitudes could be directly verified at a muon collider by means of differential measurements
that extend well above one TeV for the invariant mass of the scattered vector bosons. Along similar
lines, differential measurements of the WW !HH process has been studied in [6, 19] (see also [2]) as
an effective probe of the composite nature of the Higgs boson, with a reach that is comparable or superior
to the one of Higgs coupling measurements. A similar investigation was performed in [2,4] (see also [2])
for WW!tt, aimed at probing Higgs-top interactions.

5 High-energy measurements
Direct µ

+
µ

� annihilation, such as HZ and tt production reported in Figure 4, displays a number of
expected events of the order of several thousands. These are much less than the events where a Higgs or
a tt pair are produced from VBF, but they are sharply different and easily distinguishable. The invariant
mass of the particles produced by direct annihilation is indeed sharply peaked at the collider energy Ecm,
while the invariant mass rarely exceeds one tenth of Ecm in the VBF production mode.

The good statistics and the limited or absent background thus enables percent of few-percent level
measurements of SM cross sections for hard scattering processes of energy Ecm = 10 TeV or more.
An incomplete list of the many possible measurements is provided in Ref. [26], including the resummed
effects of EW radiation on the cross section predictions. It is worth emphasizing that also charged final
states such as WH or `⌫ are copiously produced at a muon collider. The electric charge mismatch with
the neutral µ

+
µ

� initial state is compensated by the emission of soft and collinear W bosons, that occurs
with high probability because of the large energy.
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Last but not least a muon collider lets us really improve on Higgs Potential 
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Fig. 5: Left panel: 1� sensitivities (in %) from a 10-parameter fit in the -framework at a 10 TeV muon
collider with 10 ab�1 [18], compared with HL-LHC. The effect of measurements from a 250 GeV e

+
e
�

Higgs factory is also reported. Right panel: sensitivity to �� for different Ecm. The luminosity is as in
eq. (1) for all energies, apart from Ecm=3 TeV, where doubled luminosity (of 1.8 ab�1) is assumed [18].

In the right panel of the figure we see that the performances of muon colliders in the measurement
of �� are similar or much superior to the one of the other future colliders where this measurement
could be performed. In particular, CLIC measures �� at the 10% level [24], and the FCC-hh sensitivity
ranges from 3.5 to 8% depending on detector assumptions [25]. A determination of �� that is way more
accurate than the HL-LHC projections is possible already at a low energy stage of a muon collider with
Ecm = 3 TeV.

The potential of a muon collider as a vector boson collider has not been explored fully. In particular
a systematic investigation of vector boson scattering processes, such as WW ! WW , has not been
performed. The key role played by the Higgs boson to eliminate the energy growth of the corresponding
Feynman amplitudes could be directly verified at a muon collider by means of differential measurements
that extend well above one TeV for the invariant mass of the scattered vector bosons. Along similar
lines, differential measurements of the WW !HH process has been studied in [6, 19] (see also [2]) as
an effective probe of the composite nature of the Higgs boson, with a reach that is comparable or superior
to the one of Higgs coupling measurements. A similar investigation was performed in [2,4] (see also [2])
for WW!tt, aimed at probing Higgs-top interactions.

5 High-energy measurements
Direct µ

+
µ

� annihilation, such as HZ and tt production reported in Figure 4, displays a number of
expected events of the order of several thousands. These are much less than the events where a Higgs or
a tt pair are produced from VBF, but they are sharply different and easily distinguishable. The invariant
mass of the particles produced by direct annihilation is indeed sharply peaked at the collider energy Ecm,
while the invariant mass rarely exceeds one tenth of Ecm in the VBF production mode.

The good statistics and the limited or absent background thus enables percent of few-percent level
measurements of SM cross sections for hard scattering processes of energy Ecm = 10 TeV or more.
An incomplete list of the many possible measurements is provided in Ref. [26], including the resummed
effects of EW radiation on the cross section predictions. It is worth emphasizing that also charged final
states such as WH or `⌫ are copiously produced at a muon collider. The electric charge mismatch with
the neutral µ

+
µ

� initial state is compensated by the emission of soft and collinear W bosons, that occurs
with high probability because of the large energy.
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HL-LHC
10 TeV Colμ

This is important for getting to the threshold for 
testing the EW phase transition at EW scale



Conclusions
• A muon collider is an amazing option to study the fundamental questions that the LHC 

has explicitly presented us about Electroweak symmetry breaking 

• Single Higgs 

• Double Higgs 

• New differential observables 

• Ability to probe precision deviations and their origin in the same collider 

• There is still more work to be done, and hopefully with the outcome of P5 in the US and 
continued/increased support in Europe/CERN we could realize this fundamentally new 
direction for our field 

• If you want your own muon collider swag you can find it here:  

https://www.redbubble.com/people/muon-collider/
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Harder to separate hadronic final states

L. Sestini full sim + BIB PM, M. Forslund Delphes35



Full sim+ BIB JER about an order of magnitude worse than CLIC/Delphes
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Nevertheless…
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3 TeV

Modify Delphes JER to current full SIM + BIB, sensitivity goes from .84% to .95% for Delphes

Full sim closer to original Delphes due to shape test rather than cut and count
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