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Developing a Strategic Plan

Snowmass Community Planning Exercise: define important questions for the 
field and identify promising opportunities to address them 


Input to Particle Physics Project Prioritization Panel (P5): define a 10 year 
strategy, in the context of a 20-year global vision, with realistic budget scenarios
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Snowmass P5

European 
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Muon Collider Design Study

CLIC Project Readiness Report

European 
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Important Questions
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2014 Particle Physics Science Drivers

• Nature of the Higgs Boson 
• Nature of neutrinos 
• Dark Matter 
• Origin, evolution, and stability of the Universe 
• New particles, interactions, and physics principles

 Report of the Particle Physics Project Prioritization Panel (P5) May 2014

Building for Discovery
Strategic Plan for U.S. Particle Physics in the Global Context

2014 P5 Report 

https://www.usparticlephysics.org/wp-content/uploads/2018/03/FINAL_P5_Report_053014.pdf
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For the Energy Frontier
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Energy Frontier 
Conveners 


Meenakshi Narain 
Laura Reina 

Alessandro Tricoli

What changed since the previous P5

• Completion of LHC Run 2 at √s=13 TeV 
• We’ve begun to measure Higgs properties with increasing precision 
• No sign of Beyond the Standard Model Physics at LHC (or elsewhere) 
• High Luminosity LHC is an approved project

What we knew going into Snowmass

• Nature is more complex than we expected 
• We need to start planning for a future beyond the HL-LHC

Less clear

• What future collider(s) should we build? 
• How can we convey the necessity of future colliders to ourselves, other scientists, and the public
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The unique power of colliders
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Most powerful tool to directly explore the smallest scales

Couplings modified by new physics?  

Implications for flavor, dark matter?

Does the Higgs interact with 
other particles as expected?  

What is preventing mh from 
being pulled up to Plank scale?

New symmetry, new particles? 

Composite Higgs, like the pion?

What is the Higgs potential 
realized in nature?

Does the Higgs self-interact? 

Electroweak phase transition? 

Connections to origin, evolution & 
stability of universe

Monday: M. Mühlleitner

The only place we can answer key questions raised by the Higgs discovery
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What we’ll learn at the HL-LHC
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02/23/12      10

Higgs couplings at HL-LHC (1)

μi
f≡

σ . BR
σSM . BRSM

=
κi
2 . κf

2

κH
2

(σ .BR)(i→H→ f )=
σ i .Γ f

ΓH

 Precision on cross-sections and κ modifiers between 2 and 4%
– limited by experimental and mostly theoretical systematics

● except for κ
μ
 and κ

Zγ

 Importance of systematic uncertainties,
example of ttH(→ bb, dilepton)
channel:

CERN-2019-007

more information on the 
κ framework in the talk 
by P. Windischhofer

ATL-PHYS-PUB-2022-018/
CMS-PAS-FTR-22-001

02/23/12      18

Higgs self-coupling at HL-LHC (3)

 Measurement of κ
λ
:

– YR2018 (ATLAS+CMS):  [0.5; 1.5] at 68% CL

– Snowmass2021 (ATLAS bbττ+bbγγ only!): [0.5; 1.6]

– importance of measurements sensitive to m
HH

 to 

remove the second minimum  (degeneracy of the 
HH production cross-section)

κλ=
λHHH
λHHH
SM

CERN-2019-007

ATL-PHYS-PUB-2022-018/
CMS-PAS-FTR-22-001

Explore the TeV scale with unprecedented luminosity

Tease out any rare processes/unconventional signatures 

Put the Higgs under a microscope

Mh: 125 GeV ± 20 MeV 

Γh : 4 MeV ± 5/20% 
(model dependent) 

Br(h→inv): < 5%

Couplings: ~few% Self-coupling λ : ~50%

ATL-PHYS-PUB-2022-018
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Higgs couplings
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h
SM

SM

BSM 

Δη ∼
v2

M2

h

SM

SM
η Δη ∼ 1 %

Δη ∼ 0.1 % 0.1 < M < 1.7 TeV
0.4 < M < 5.5 TeV

For specific BSM scenarios

Does not necessarily exceed constraints from direct LHC searches 
Ultimately we’ll need to directly probe multi-TeV scale

Indirectly probe BSM Physics at higher scales

Order of magnitude improvement requires ~1 million Higgs Bosons in a clean environment 

Fastest way to do this is a 240 GeV e+e- Higgs Factory 

2209.07510 

https://arxiv.org/abs/2209.07510
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Higgs potential
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High energy let’s one finally improve on Higgs Potential 
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

<latexit sha1_base64="8RLmpAJ4CPiKR4h/1t/OFVZrXME=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LvSh4qGA/YLuUbJq2odlkSbJCWfZnePGgiFd/jTf/jWm7B219MPB4b4aZeWHMmTau++0U1tY3NreK26Wd3b39g/LhUVvLRBHaIpJL1Q2xppwJ2jLMcNqNFcVRyGknnDRmfueJKs2keDTTmAYRHgk2ZAQbK/lpT0Vp4/6ukWX9csWtunOgVeLlpAI5mv3yV28gSRJRYQjHWvueG5sgxcowwmlW6iWaxphM8Ij6lgocUR2k85MzdGaVARpKZUsYNFd/T6Q40noahbYzwmasl72Z+J/nJ2Z4HaRMxImhgiwWDROOjESz/9GAKUoMn1qCiWL2VkTGWGFibEolG4K3/PIqaV9Uvctq7aFWqd/kcRThBE7hHDy4gjrcQhNaQEDCM7zCm2OcF+fd+Vi0Fpx85hj+wPn8ATTtkTc=</latexit>

CLIC

<latexit sha1_base64="bIp/zZIofHgtYS9eH8iBKNDDTp8=">AAAB+nicdVDJSgNBEO2JW4xbokcvjUHwYugJISa3YEA8RjALJCH0dHoyTXoWumvUMOZTvHhQxKtf4s2/sbMIKvqg4PFeFVX1nEgKDYR8WKmV1bX1jfRmZmt7Z3cvm9tv6TBWjDdZKEPVcajmUgS8CQIk70SKU9+RvO2M6zO/fcOVFmFwDZOI9306CoQrGAUjDbK5pAf8DpSfXNTrp543nQ6yeVIgBuUynhG7QmxDqtVKsVjF9twiJI+WaAyy771hyGKfB8Ak1bprkwj6CVUgmOTTTC/WPKJsTEe8a2hAfa77yfz0KT42yhC7oTIVAJ6r3ycS6ms98R3T6VPw9G9vJv7ldWNwK/1EBFEMPGCLRW4sMYR4lgMeCsUZyIkhlClhbsXMo4oyMGllTAhfn+L/SatYsMuF0lUpXztfxpFGh+gInSAbnaEaukQN1EQM3aIH9ISerXvr0XqxXhetKWs5c4B+wHr7BLoklFQ=</latexit>

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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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
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�

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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54

HL-LHC
10 TeV Colμ

Note that we can get to threshold for EW phase 
transition at EW scale with FCC-hh and Colμ

Current status of LHC Higgs Potential 
Measurements?

17

H/T N.Craig, R. 
Petrossian-Byrne 

h
h

h

λ =
m2

h

2v2
Current 

LHC

>100%

Current status of LHC Higgs Potential 
Measurements?
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H/T N.Craig, R. 
Petrossian-Byrne 

Current LHC HL-LHC

HL-LHC

~50%

10 TeV 
Scale

~1%

Producing enough multi-Higgs events is only possible at a 10 TeV scale collider

Meaningful tests towards understanding origin & stability of the universe

Is electroweak symmetry restored at high energies? Was there a phase transition? 

Requires measuring Higgs self-coupling λ with few % uncertainty

R. Petrossian-Byrne & N. Craig 
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New Physics?
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1504.05200

Observed mh sets direct 
targets for Supersymmetry

Simplest top down & bottom up approaches both require going to the 
10 TeV scale or higher

mh =125 GeV  
→ multi-TeV top-partners

M. Mühlleitner, C. Herwig
DM Complementarity Report: 2211.07027 

Pure Higgsino DM 
is under neutrino floor!

WIMP dark matter

https://arxiv.org/abs/2211.07027
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LHC

FCC

How to get to higher energies

For a fixed technology 

→ go bigger
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For 100 TeV pp-collisions 20 T 
50000 TeV

Ebeam ∼ 0.3 ⋅ R ⋅ Bdipole

However, even with next generation magnets we’re approaching 
the limit of acceptable footprints, power consumption & costs

LHC NbTi 8 T 190 km
Record NbSn3 15 T 100 km

Future HTS 20 T 80 km

F. Zimmerman
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Or take a risk on new technology?
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Enable breakthroughs with compact & power efficient options 

Potential to bring the energy frontier back to US!

2203.08088 

5 An e+e� circular collider at Fermilab

5.1 Design Overview
Here we discuss the design of an e

+
e
� circular collider to fit within the Fermilab campus. Figure 7

shows an aerial view of the laboratory site. The red circle denotes the designated location of the
proposed 16 km ring which could work as a Higgs factory at 120 GeV beam energy. The present
description is primarily based on preliminary studies presented at HF2012, and updated in 2021.
At 45.6 GeV the ring could work as a Z factory collider.

Figure 7: Fermilab site showing the proposed 16-km site-filler collider ring.

5.2 Design of the Higgs and Z factories
The design principles of the Higgs factory e

+
e
� circular collider operating at a center of mass

energy of 240 GeV is largely determined by the tolerable levels of the synchrotron radiation power,
PT . The beam current I and luminosity L in this high energy regime are given by

I =
e⇢

2C�E
4PT

L�3 =
3

16⇡r2e(mec
2)


⇢
⇠yPT

�⇤
y

H(�⇤
y ,�z)

�
(5.2.1)

The luminosity equation shows that at a given energy, the luminosity is determined by the
factors in square brackets. In addition to PT , these are the bend radius ⇢, the vertical beam-beam
parameter ⇠y, the vertical beta function �

⇤
y , and the hourglass factor H(�⇤

y ,�z)  1, which is a
measure of the overlap between colliding bunches at the collision point. We have assumed head-on
collisions between the beams which is a valid assumption with a small number of bunches in each
beam.

After fixing the maximum synchrotron radiation power to 50 MW per beam, the luminosity of
the Higgs factory at Fermilab was maximized by the following choices, some of which are enforced
by the limited circumference.

• A single Interaction Point: In addition to a reduced cost with only one detector, this has
several accelerator physics advantages which include:

20

https://arxiv.org/abs/2203.08088
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Cool Copper Collider

• Normal conducting cavities, 
specifically optimized for 
efficiency 

• Key: structure distributing power 
to each accelerating cell in parallel 
from a common RF manifold 

• Liquid nitrogen is sufficient! 
Potentially cheaper, much easier 

• Demonstrated gradients  
• peak 150 MV/m on small scale  
• robust at 120 MV/m

13

2203.07646
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Multi-TeV Muon Collider
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Early Career Support for
Muon Collider R&D

Muon Collider Forum Conveners

Energy Frontier: Kevin Black, Sergo Jindariani 

Accelerator: Derun Li, Diktys Stratakis  
Theory: Fabio Maltoni, Patrick Meade 

2209.01318

• Breaks paradigm of larger and larger 
e+e- and pp colliders 

• Massive, fundamental particles:  
• 10 TeV µ+µ- ~ 100 TeV pp 
• No synchrotron radiation (1/m4) 
• →Compact and power efficient

2209.01318
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Realistic constraints?
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Report of the Snowmass’21 Implementation Task Force
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A�������: Colliders are essential research tools for particle physics. Numerous future collider
proposal were discussed in the course of the US high energy physics community strategic planning
exercise Snowmass’21. The Implementation Task Force (ITF) has been established to evaluate the
proposed future accelerator projects for performance, technology readiness, schedule, cost, and
environmental impact. Corresponding metrics has been developed for uniform comparison of the
proposals ranging from Higgs/EW factories to multi-TeV lepton, hadron and 4? collider facilities,
based on traditional and advanced acceleration technologies. This article describes the metrics and
approaches, and presents evaluations of future colliders performed by the ITF.
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Defer to accelerator experts

• Energy and Luminosity Reach, and 
Achievable Science 

• Size, Complexity, and Environmental Impact 

• Technical Risk and Technical Readiness 

• Parametric Cost Estimates and Schedule
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Collider Task Force Takeaways
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Collider √s

 (TeV)

Tunnel 
(km)

Power 
(MW)

Cost

($B)

Time to 
start (yrs)

ILC e+e- 0.24 20 140 7-12 <12

FCC-ee 0.24 100 290 12-18 13-18

µ-3 3 10 230 7-12 19-24

CLIC 3 50 550 18-30 19-24

µ-10 10 16 300 12-18 >25

FCC-hh 100 100 560 30-50 >25

*Cost without contingency/escalation 
**Technically limited timelines 

***No staging assumed

• e+e- Higgs Factories “(nearly) shovel ready”  

• For 10 TeV scale colliders  

• We don’t have the technology today & 
we’re not ready to make any decisions 

• We should begin R&D for µ+µ- AND pp 
colliders as soon as possible  

• “We urge to give high priority to the R&D topics 
aimed at the reduction of the cost and the 
energy consumption of future collider projects” 

2208.06030
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Energy Frontier Vision
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1.1 Executive Summary 7

In summary, the EF supports a fast start for construction of an e+e� Higgs factory (linear or
circular), and a significant R&D program for multi-TeV colliders (hadron and muon). The
realization of a Higgs factory will require an immediate, vigorous and targeted detector R&D
program, while the study towards multi-TeV colliders will need significant and long-term
investments in a broad spectrum of R&D programs for accelerators and detectors. These
projects have the potential to be transformative as they will push the boundaries of our knowledge by
testing the limits of the SM, and indirectly or directly discovering new physics beyond the SM.

The US EF community has also expressed renewed interest and ambition to bring back
energy-frontier collider physics to the US soil while maintaining its international collaborative
partnerships and obligations.

The EF community proposes several parallel investigations over a time period of ten years or more for
pursuing its most prominent scientific goals, namely 1) supporting the full (3 - 4.5 ab�1) HL-LHC physics
program, 2) proceeding with a Higgs factory, and 3) planning for multi-TeV colliders at the energy frontier.

The proposed plans in five year periods starting 2025 are given below.

For the five year period starting in 2025:

1. Prioritize the HL-LHC physics program, including auxiliary experiments,

2. Establish a targeted e+e� Higgs factory detector R&D program,

3. Develop an initial design for a first stage TeV-scale Muon Collider in the US,

4. Support critical detector R&D towards EF multi-TeV colliders.

For the five year period starting in 2030:

1. Continue strong support for the HL-LHC physics program,

2. Support construction of an e+e� Higgs factory,

3. Demonstrate principal risk mitigation for a first stage TeV-scale Muon Collider.

Plan after 2035:

1. Continuing support of the HL-LHC physics program to the conclusion of archival measurements,

2. Support completing construction and establishing the physics program of the Higgs factory,

3. Demonstrate readiness to construct a first-stage TeV-scale Muon Collider,

4. Ramp up funding support for detector R&D for energy frontier multi-TeV colliders.

The EF community recognizes that its success critically depends on the resources obtained by the Accelerator
Frontier (AF), as there is a direct linkage between the EF vision and advances in accelerator R&D. The EF
community strongly supports the AF in its proposal to establish an e+e� Higgs factory program, and start
R&D for energy frontier multi-TeV colliders with appropriate funding [4]. Moreover, the visibly strong
interdependence between the EF and the Theory Frontier is key to the success of both frontiers, and EF
supports a strong and well funded theory program [5]. Contributions from Instrumentation Frontier [6]
and the Computational Frontiers [7] are key to the realization of the vision of the EF. In addition, the
collaboration with the Community Engagement Frontier [8] as well as the cross-fertilization with other
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Ambition for a US 
hosted collider

e+e- Higgs Factory 
AND multi-TeV

Compact & Power 
Efficient

Momentum for 10 TeV 
Muon Collider

A sense of urgency

EF Report: 2211.11084 

Early Career 
Enthusiasm

https://arxiv.org/abs/2211.11084


Why is there so much US interest 
in a Muon Collider? 
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Compact and power efficient
 Muons break paradigm of larger and larger e+e- and pp machines


Colliding fundamental particles with no synchrotron radiation
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Input to EPPSU 1901.06150

3 TeV e+e- 

50 km
10 TeV µ+µ- 
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More than just a lepton collider
Also a gauge boson collider


Energy reach & precision electroweak physics in same machine
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2) ≈ 0.13 for Higgs mass mh = 125 GeV and vacuum ex-
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≈ 246 GeV [3]. For convenience we will

use λ = λhhh to refer to the measured value and λSM to refer to the value
predicted by the Standard Model.
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Figure 1: Feynman diagrams of the three double-Higgs production modes
accessible at a multi-TeV muon collider. Figure 1a is the only process directly
affected by the value of λ but interference between these diagrams means each
contributes to the Higgs self-coupling measurement.

Figure 1 shows the three processes at a muon collider whose cross sections
are affected by the value of the trilinear Higgs self-coupling. Only the diagram
in Figure 1a is directly affected by the value of λ, but the total cross section
of all three processes contributes to the measurement because interference
between them affects their cross sections.

It is estimated that with an integrated luminosity of 3000 fb−1, the LHC
will be able to measure λ with an uncertainty of ∼ +30% and ∼ −20% [3].
This measurement has been studied for e+e− colliders and it is anticipated
that a machine such as the proposed e+e− Compact Linear Collider (CLIC)
could reduce uncertainties to as low as ±11% [8]. A muon collider should
ostensibly have very similar signal physics and background properties because
we assume lepton universality, meaning that muons and electrons couple
equally to W and Z bosons. However, differences in beam and detector
properties lead to differences that affect this measurement at each potential
machine.
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The perfect neutrino beam
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• At low energy:  
• precision cross sections 
• sterile neutrino searches 
• δCP, Δm231, θ13, θ23, ντ appearance  
• Over constrain PMNS paradigm 

• At high energy: not fully prepared to say 

• An appealing future after Dune/Hyper-K?

2203.08094 

Equal numbers of e/µ (anti-)neutrinos

Precisely known energy spectra & intensity

https://arxiv.org/abs/2203.08094
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Why now
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Muon Collider + 
Neutrino Factory 

US Muon 
Accelerator 

Program
Lead up to 
Snowmass

Muon Collider interest comes in waves


Previous waves 125 GeV Higgs Factory

 Extremely challenging & hard to  

compete with e+e-! 

This wave’s focus is multi-TeV 

Physics case for 10 TeV strengthened since 

Higgs Discovery.  

The time is right for R&D!
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Why now
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Recent design & technical progress → “no showstoppers identified”

Estimates from accelerator experts put a Muon Collider within early career lifetimes

Run 3 HL-LHC

2020 2025 2030 2035 2040 2045 2050 2055 2060 2065

Muon Collider Technically Limited Timeline

3 TeV

1 ab-1

Initial Design Demonstrator/
Technical Design Construct

10 TeV

10 ab-1

LBNF/DUNE

MuC Forum Report: 2209.01318
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The perfect fit Fermilab
• A 10 TeV Muon Collider fits within Fermilab site 

• Builds on existing/proposed accelerator infrastructure 

• Timescales and neutrino synergies align nicely with 
the lab’s long term vision & US funding profile 

• A US hosted collider enables collaboration & 
competition with our global partners = best science

24

Can Energy Frontier come back to US?

S. Jindariani, UF Physics Colloquium, 202252

Fermilab, Batavia, IL 
Operated in 1983 - 2011

2040+ ???

Highest e
nergy c

ollid
er b

efore LHC

“Leveraging PIP-II and ACE, the US is well positioned to 
host a world-leading energy frontier collider as the next 
major facility at Fermilab, conceived and executed as a 
global endeavor”


- Lia Merminga @EPP Townhall 

https://indico.fnal.gov/event/58856/contributions/261995/attachments/165071/219209/EPP2023%20-%20Merminga%20-%20FINAL.pdf


Collider Challenges & 
Opportunities



“Just a bunch of naive kids at Snowmass!”

“A Muon Collider will never happen in our lifetimes”

“There still 10 or 12 miracles needed for a Muon Collider”

“Yeah but the neutrino radiation”

What you might have heard

My goal: give you a sense of the challenges, current status,

why accelerator experts think there are no showstoppers
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The muon lifetime challenge
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Need to produce, cool, accelerate, and collide muons before they decay

Rest frame τ= 2.2 µs

Multi-MW proton 
source on target

6D Ionization 
Cooling

Accelerate to nominal 
energy ~16 km  

Collider ring 
~10 km 

High field 
Solenoid for 

muon capture
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R&D History
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Reality: Recent design progress and advances in technology

2010 2015 2020

First mentions 
in literature 

MAP: self consistent designs with 
existing or near term technology 


(2011-2016)

1965 …

International Muon 
Collider Collaboration 

Formed (2020)

Normal Conducting 
RF in B-field (2018)

Multi-MW proton 
sources and targets 

(SNS, ESS, PIP-II)

32-T Superconducting 
Magnet (2016)

MICE: First demonstration of 4D ionization cooling 
(2001-2018)

Various Initial Collaborations 

& Designs

3 TeV detector 
concept

300 T/s fast ramping 
magnets

Perception: “no progress in past 50 years”
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Proton driver

Requirements: 

• Proton source: 1-2 MW  
• Accumulator & compressor: ~2ns bunches 
• Target: shifted focus from liquid to solid 

(graphite) 
• 20 T capture solenoid  

Synergies: 

• Spallation neutron and neutrino sources 
• Charged lepton flavor violation experiments

29

Targets

S. Jindariani, UF Physics Colloquium, 202234

• Beam power is  2-4 MW! Early designs focused on Mercury targets – successful but safety 
issues!

• Shifted focus on solid targets, results with Graphite promising. Mature technology exists for ~ 
1 MW 

• Targets being developed for > 2 MW neutrino program

• Solenoid design is demanding (size, high field, rad hardness) & needs R&D

ITE
R M

ag
ne

t

Nb3Sn inner and Nb-Ti outer coils

(Normal conducting)

2209.01318

Goal is to deliver ~2e14 protons at 5-8 GeV and rate of ~10 Hz 
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Status

• MAP end-to-end cooling design & simulation with 

realistic constraints within a factor of 2 of requirements 
• MICE: Demonstration of single 4D cooling element 
• Muon g-2: Demonstration of longitudinal cooling 
• FNAL MuCool Test: RF-cavities in B-fields 
• IMCC: improved lattice, test stands, demonstrator 

designs in progress 

6D Cooling demonstrator critical if we want to 
move forwards with a Muon Collider

Ionization Cooling

30

Ionization Cooling

S. Jindariani, UF Physics Colloquium, 202235

• The newborn beam has >100% momentum spread
• It’s impossible to accelerate such a broad beam è cooling needed
• Better be fast à ionization cooling is the only known way 

TARGET
Protons Muons

Ionization Cooling

S. Jindariani, UF Physics Colloquium, 202235

• The newborn beam has >100% momentum spread
• It’s impossible to accelerate such a broad beam è cooling needed
• Better be fast à ionization cooling is the only known way 

TARGET
Protons Muons

energy loss re-acceleratemomentum spread

Rough concept: progressively reduce transverse momentum with low density 
absorber and restore lost longitudinal momentum with RF cavities

2209.01318



Karri Folan DiPetrillo

Accelerator and Collider Rings
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Linac  
1 GeV

Recirculating Linac  
65 GeV

Rapid Cycling 
Synchotrons 
Tevatron size! 

1 TeV Accelerator Ring 
Fermilab Site Filler 

5 TeV

Collider Ring 
~10 km

Accelerator

• Normal conducting fast ramping 

dipoles: ~1.5 T in around 1 ms 
• Challenge: max field & power supplies 

Collider:

• Circulate two bunches  
• Re-fill when depleted 
• Minimize size to maximize Ncollisions 
• 10 km ring, 16 T dipoles, ~2000 turns 
• Large aperture magnets (15-20 cm) to 

accommodate shielding & prevent 
quenches

2209.01318



Karri Folan DiPetrillo

Neutrino Flux
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Mitigation strategies for 10 TeV 
scenario exist!


• Depth 200 m 
• Minimize field free regions  
• “Beam wobbling” with B-field or 

high precision movers 
~1 cm 10x reduction 
~10 cm 100x reduction 

• Better cooling/final focusing

2209.01318

Off-site yearly limit: 1000 μSv/year 

Commercial flight: 3 μSv/hour 


Large Hadron Collider : <5 µSv/year

Muon Collider Goal: <10 μSv/year

Challenge: TeV neutrinos interacting between beam and you

Neutrino Flux

S. Jindariani, UF Physics Colloquium, 202238

• Radiation due to showers generated by neutrinos from muon decays

• Showers produced in dense matter (e.g. concrete basement)

• Small effect for anyone above ground or/and above ground building

• Noticeable effect inside a “basement swimming pool”

• Unacceptably high effect, e.g., for a person lying in a basement room for extended period

width ~ 1/Eµ

Cross section ~ Eµ
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Detector Environment

33

Beam Induced Background

S. Jindariani, UF Physics Colloquium, 202240

• Muons decays and electrons originating in the decays create showers of particles
• Detector environment and occupancy can be harsh
• Beam background is one of the unique features/challenges of Muon Colliders• Circulate two bunches & re-fill when depleted  

• Event rate: 30 kHz 
• Muons survive ~2000 turns 

• Beam induced background 

• Decays w/in 20 m of interaction point: ~107 

• Tungsten nozzles block high E decay 
products from entering detector region 

• Diffuse, low E, non-pointing, out of time hits 
• R&D Needs: radiation hard, highly granular 

detectors with precision timing

1000 x lower event 
rate than LHC

Ndecay decrease 
with Energy

Dose & fluence 
~HL-LHC
Hit rates 

~10x HL-LHC

Total Edecay doesn’t 
depend on Energy

https://arxiv.org/abs/2203.07224
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Extracting Physics
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IMCC + Snowmass: high quality physics demonstrated in full simulation @3 TeV
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Fig. 26: Left: relative difference between reconstructed and true jet pseudo-rapidity. Right: b-jet pT
resolution as a function of the jet pT .
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Fig. 27: Left: Jet reconstruction efficiency (left) and jet pT resolution (right) as a function jet pT for
b-jets, c-jets and light jets in the central region |⌘| < 1.5. It has been checked that differences between
the jet flavours are mainly due to different jet ⌘ distributions in the three samples.

6.7 Future prospects on jet reconstruction
Before discussing the heavy-flavour jet identification, we notice that, at this stage, the jet reconstruction
algorithm can be improved in several ways. In this Section some guidelines are given:

– track filter: it has been verified that the track filter has a different impact in the central and the
forward region, in particular the efficiency in the forward region is lower. An optimized selection
should be defined,

– calorimeters threshold: the hit energy threshold has been set to the relatively high value of 2
MeV, as a compromise between computing time and jet reconstruction performance. This is a
major limitation in the jet performance as can be seen in Fig. 29 (left), where the H ! bb̄ dijet
invariant mass, reconstructed without the presence of the BIB, is compared between 2 MeV and
200 KeV thresholds. However reducing this threshold is not an easy task, given the large number
of calorimeter hits selected from the BIB that contaminate the jet reconstruction. This is shown
in Fig. 29 (right), where can be clearly seen that the performance at 1 MeV threshold is degraded
with respect to 2 MeV. To tackle this problem an optimized algorithm should be developed: as
an example thresholds that depend on the sensor depth could by applied, since the longitudinal
energy distribution released by the BIB is different from the signal jets as shown in Fig. 30 (right).
A generalization of this idea could be the application of a multivariate-algorithm trained to select
signal hits and reject BIB hits,

– fake jet removal: the fake jet removal applied in this study has an impact in reducing the jet

30

Biggest challenge: tracker

26Detector Performance Report 

once reduced to a level that can be reasonably 
read out, tracking makes it possible 

to reject additional BIB 

~100,000 fake tracks per event, but  
largely low-pT, fewer hits. can be  

drastically reduced with quality handles 

find examples of this applied to b-tagging 
and analyses here

K. Krizka 

https://arxiv.org/abs/2303.08533
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It’s an exciting time!
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• International Muon Collider Collaboration (CERN) 
• Second Annual Meeting June 2023 in Orsay 
• Rapid progress beyond MAP designs 

• “MuCol” project funded by EU  
• Design study for collider complex at 10 TeV 
• Brings in ~7M Euro  

• US Muon Collider Coordination Group formed to 
coordinate funding request to P5 

• 4+ major meetings dedicated to muon colliders

In just the past year

https://indico.cern.ch/event/1250075/
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P5 Accelerator Ask 

Next steps for the US
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P5 Detector Ask

2207.06213

Proposed Muon Collider R&D program presented to P5 

Should hear back soon!

https://indico.slac.stanford.edu/event/7992/contributions/5873/attachments/2660/7641/P5_MuC_Talk_Accelerators_Final.pdf
https://indico.bnl.gov/event/18372/contributions/75212/attachments/47014/80217/P5_BNLTownhall_MuC_RD.pdf
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How the future could look
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D. Stratakis FERMILAB-FN-1229

https://indico.fnal.gov/event/59663/ 

ACE workshop Organizers

Nhan Tran and Stefania Gori

We could be on our way to prototypes, a demonstrator, 
and designing a muon collider front-end

• This plan is pending P5 decision and will be modified after 
consultation with the IMCC AND knowledge of the US funding profile

Elements of a MuC US R&D program  (2024-2030) 

Design and 
Simulation work

Demonstrator

Prototyping & tests

• Optimize ACE for MuC proton driver needs
• Accelerator & collider designs for a FNAL MuC
• Neutrino flux mitigation for a FNAL MuC
• Ionization cooling design work

• Bunch compression & proton stripping
• Target material & performance studies 
• Fast ramping magnet prototypes 
• Low-frequency SRF cavity prototyping & testing

• Explore facility options for a full demo 
• Design & prototype (if possible) 1.5 cooling cell  
• Deliver a TDR for a demo facility with costs

Some examples 

Some examples 

Some examples 

IMCC Annual Meeting14

https://indico.cern.ch/event/1250075/contributions/5337403/attachments/2668748/4625451/IMCC2023_P5_Talk_Final.pdf
https://indico.fnal.gov/event/59663/attachments/167657/224734/Report_from_the_Fermilab_Proton_Intensity_Upgrade_Central_Design_Group-FN-1229.pdf
https://indico.fnal.gov/event/59663/
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Conclusions

• US Long Term Planning

• Snowmass made the case for an e+e- Higgs Factory and a 10 TeV-scale collider 
• Enthusiasm for compact, power efficient, and US-hosted options 
• We should hear more from P5 soon 

• Momentum for a Multi-TeV Muon Collider 

• Energy and precision in a single machine 
• Interesting synergies & staging opportunities 
• No show stoppers identified, R&D should start now! 

• Do your homework & decide for yourself!

• Collider Implementation Task Force 
• International Muon Collider Collaboration 
• Towards a Muon Collider
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https://arxiv.org/abs/2208.06030
https://muoncollider.web.cern.ch/
https://arxiv.org/abs/2303.08533



