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Model
∫
L dt[ab! 1]

"
s [TeV] Mass limit (95% CL exclusion) Conditions
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÷t1÷t1, ÷t1→t ÷! 0
1 3 14 m(÷! 0

1)=01.7 TeV

÷t1÷t1, ÷t1→t ÷! 0
1/3 body 3 14 ∆m(÷t1, ÷! 0

1)∼ m(t)0.85 TeV

÷t1÷t1, ÷t1→c÷! 0
1/4 body 3 14 ∆m(÷t1, ÷! 0

1)∼ 5 GeV, monojet (*)0.95 TeV

÷t1÷t1, ÷t1→b÷! ±/t ÷! 0
1, ÷!

0
2 15 27 m(÷! 0

1)=03.65 TeV

÷t1÷t1, ÷t1→t ÷! 0
1/3-body 15 27 ∆m(÷t1, ÷! 0

1)∼ m(t) (*)1.8 TeV

÷t1÷t1, ÷t1→c÷! 0
1/4-body 15 27 ∆m(÷t1, ÷! 0

1)∼ 5 GeV, monojet (*)2.0 TeV

÷t1÷t1, ÷t1→t ÷! 0
1 15 37.5 m(÷! 0

1)=0 (**)4.6 TeV

÷t1÷t1, ÷t1→t ÷! 0
1/3-body 15 37.5 m(÷! 0

1) up to 3.5 TeV (**)4.1 TeV

÷t1÷t1, ÷t1→c÷! 0
1/4-body 15 37.5 ∆m(÷t1, ÷! 0

1)∼ 5 GeV, monojet (**)2.2 TeV

÷t1÷t1, ÷t1→b÷! ±/t ÷! 0
1 2.5 1.5 m(÷! 0

1)=00.75 TeV

÷t1÷t1, ÷t1→b÷! ±/t ÷! 0
1 2.5 1.5 ∆m(÷t1, ÷! 0

1)∼ m(t)0.75 TeV

÷t1÷t1, ÷t1→b÷! ±/t ÷! 0
1 2.5 1.5 ∆m(÷t1, ÷! 0

1)∼ 50 GeV(0.75 - ") TeV

÷t1÷t1, ÷t1→b÷! ±/t ÷! 0
1 5 3.0 m(÷! 0

1)∼350 GeV1.5 TeV

÷t1÷t1, ÷t1→b÷! ±/t ÷! 0
1 5 3.0 ∆m(÷t1, ÷! 0

1)∼ m(t)1.5 TeV

÷t1÷t1, ÷t1→b÷! ±/t ÷! 0
1 5 3.0 ∆m(÷t1, ÷! 0

1)∼ 50 GeV(1.5 - ") TeV

÷t1÷t1, ÷t1→t ÷! 0
1 30 100 m(÷! 0

1)=010.8 TeV

÷t1÷t1, ÷t1→t ÷! 0
1/3-body 30 100 m(÷! 0

1) up to 4 TeV10.0 TeV

÷t1÷t1, ÷t1→c÷! 0
1/4-body 30 100 ∆m(÷t1, ÷! 0

1)∼ 5 GeV, monojet (*)5.0 TeV

Mass scale [TeV]10−1 1

All Colliders: Top squark projections
(R-parity conserving SUSY, prompt searches)

ILC 500: discovery in all scenarios up to kinematic limit
√

s/2

(*) indicates projection of existing experimental searches

(**) extrapolated from FCC-hh prospects

" indicates a possible non-evaluated loss in sensitivity
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Wino-like cross-sectionsLHC 36/fb, 13 TeV
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HE-LHC 15/ab (projection)
HE-LHC compressed 15/ab (projection)

, 0.5/ab500ILC
, 1/ab1000ILC

, 2.5/ab1500CLIC
, 5/ab3000CLIC

FCC-hh (3L search, 3/ab)
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95% CL exclusion

Wino-like cross-sectionsLHC 36/fb, 13 TeV
HL-LHC 3/ab, 14 TeV (3L search)
HL-LHC compressed 3/ab, 14 TeV
HE-LHC 15/ab (projection)
HE-LHC compressed 15/ab (projection)

, 0.5/ab500ILC
, 2.5/ab1500CLIC
, 5/ab3000CLIC

FCC-hh (3L search, 3/ab)
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210

Higgsino-like EWK processes

HL-LHC 3/ab, 14 TeV (soft-lepton A)
HL-LHC 3/ab, 14 TeV (soft-lepton B)
HE-LHC 15/ab, 27 TeV (soft-lepton B)
FCC-hh (HE-LHC approx. rescaling)

, 0.5/ab500ILC
, 1/ab1000ILC

380 / FCC-ee380CLIC
, 2.5/ab1500CLIC
, 5/ab3000CLIC

HL-LHC monojet

LHeC monojet-like (proj)

HE-LHC monojet

FCC-eh monojet-like

FCC-hh monojet

 m(NLSP,LSP) not displayed!Monojet reach in 

CLIC: extrapolated below 5 GeV

This is ~1/3 of the Physics 
BrieÞng Book [1910.11775] plots, 
that are relevant for the "-coll, 
where there is no "-coll line.!
A lot of work to do!

https://arxiv.org/pdf/1910.11775.pdf
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 m(NLSP,LSP) not displayed!Monojet reach in 

CLIC: extrapolated below 5 GeV

The only exception:!
scalar singlet [1807.04743, 
see also 1910.04170 ]

This is ~1/3 of the Physics 
BrieÞng Book [1910.11775] plots, 
that are relevant for the "-coll, 
where there is no "-coll line.!
A lot of work to do!

https://arxiv.org/abs/1807.04743
https://arxiv.org/pdf/1910.04170.pdf
https://arxiv.org/pdf/1910.11775.pdf
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This is ~1/3 of the Physics 
BrieÞng Book [1910.11775] plots, 
that are relevant for the "-coll, 
where there is no "-coll line.!
A lot of work to do!
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https://arxiv.org/pdf/1910.11775.pdf
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The muon collider physics potential emerges from a variety  of measurements 
and searches that o#er opportunities  for new physics discoveries  that are 
comparable  or superior  to ÒstandardÓ future colliders.

Our studies must be illustrative of the MC potential for new physics 
exploration in multiple directions . E.g.

Short-Term Goal: SnowMass21

Direct search of 
heavy particles

SUSY-inspired, WIMP, 
VBF production, 2->1

High energy 
measurements 

difermion, diboson, EFT, 
Higgs compositeness 

High rate Higgs 
production 

Higgs single and self-
couplings, rare Higgs 
decays, exotic decays
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Letter of Interest: Muon Collider Physics Potential
D. Buttazzo, R. Capedevilla, M. Chiesa, A. Costantini, D. Curtin, R. Franceschini,

T. Han, B. Heinemann, C. Helsens, Y. Kahn, G. Krnjaic, I. Low, Z. Liu,
F. Maltoni, B. Mele, F. Meloni, M. Moretti, G. Ortona, F. Piccinini, M. Pierini,
R. Rattazzi, M. Selvaggi, M. Vos, L.T. Wang, A. Wulzer , M. Zanetti, J. Zurita

On behalf of the forming muon collider international collaboration [1]

We describe the plan for muon collider physics studies in order to provide inputs to the Snowmass
process. The goal is a first assessment of the muon collider physics potential. The target
accelerator design center of mass energies are 3 and 10 TeV or more [2]. Our study will consider
energies ECM = 3, 10, 14, and the more speculative ECM = 30 TeV, with reference integrated
luminosities L = (ECM / 10 TeV)2 ⇥ 10 ab�1 [3]. Variations around the reference values are
encouraged, aiming at an assessment of the required luminosity of the project based on physics
performances. Recently, the physics potentials of several future collider options have been studied
systematically [4], which provide reference points for comparison for our studies.

1 Physics study topics

Among the many possible directions, we plan to first focus on the following ones.

Reach of the direct search for heavy new physics particles. This will be a main strength
of the muon collider running at multi-TeV energies. Selected study topics include:
1) SUSY. The reaches for the stop, other sfermions, and EW-inos will be estimated, possibly
including R-parity-violating signatures. Scenarios with well separated to compressed particle
spectra will be considered, which will require significantly di! erent strategies and challenge the
detector performances (see below). The lessons learned from SUSY benchmarks will be also
useful for the study of other new physics scenarios.
2) Minimal WIMP dark matter scenarios. Many of the simplest WIMP dark matter scenarios
put its mass in the multi-TeV range, within the reach of a high energy muon collider. They often
feature a highly compressed spectrum. Direct reach can be based on stub-tracks, as well as more
inclusive search channels, such as the mono-X. Indirect searches can also be sensitive [5]. Possible
benchmarks include the Minimal DM [6] in which the dark matter resides in an electroweak
multiplet, as well as the Coannihilation [7] and well-tempered [8] scenarios. See also [9, 10]
3) Heavy particle production in Vector Boson Fusion (VBF), including !! initial state. VBF
is instrumental at a high energy muon collider. Its potential in the singlet searches has been
demonstrated [11,12]. An assessment of the VBF opportunities for direct new physics searches, by
extending and refining Ref. [13], will be performed. This might impact the studies in “1” and ”2”.
High energy measurements. Cross-sections at the highest available energies o! er tremendous
indirect sensitivity to very heavy new physics. This will be substantiated by the following study.
4) E! ective Field Theory (EFT) sensitivity of high energy di-boson/di-fermion production cross-
section, with interpretation in Composite Higgs (and Top) and simple Z 0 models. The interplay
with direct searches will also be explored. Low-energy (e.g., Higgs couplings) and intermediate-
energy (e.g., VBF double-Higgs at TeV energies [14]) probes will be also exploited.
The precision measurement of the Higgs couplings. The muon collider with the baseline
energies and luminosities will produce a large number of Higgs bosons, from 105 at 3 TeV to more
than 107 at 10 TeV and above. We will study how to fully take advantage of this opportunity.The
main targets of the study are:
5) Projections of the precision of single Higgs coupling measurements, with EFT interpretation
for a comparison of the sensitivity with other probes such as those at point “4”. Unlike the
other proposed (e+ e�) Higgs factories running at lower energies, the main Higgs production
mode would be vector boson fusion instead of higgsstrahlung. The implications of this di! erence
will be carefully investigated. The possible complementarity with low-energy Higgs factories,
probably constructed before the muon collider, will be investigated.

1

https://indico.cern.ch/event/944012/contributions/3989516/attachments/2091456/3518021/Physics_SnowMass_LoI.pdf
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1) SUSY. The reaches for the stop, other sfermions, and EW-inos will be estimated, possibly
including R-parity-violating signatures. Scenarios with well separated to compressed particle
spectra will be considered, which will require significantly di! erent strategies and challenge the
detector performances (see below). The lessons learned from SUSY benchmarks will be also
useful for the study of other new physics scenarios.
2) Minimal WIMP dark matter scenarios. Many of the simplest WIMP dark matter scenarios
put its mass in the multi-TeV range, within the reach of a high energy muon collider. They often
feature a highly compressed spectrum. Direct reach can be based on stub-tracks, as well as more
inclusive search channels, such as the mono-X. Indirect searches can also be sensitive [5]. Possible
benchmarks include the Minimal DM [6] in which the dark matter resides in an electroweak
multiplet, as well as the Coannihilation [7] and well-tempered [8] scenarios. See also [9, 10]
3) Heavy particle production in Vector Boson Fusion (VBF), including !! initial state. VBF
is instrumental at a high energy muon collider. Its potential in the singlet searches has been
demonstrated [11,12]. An assessment of the VBF opportunities for direct new physics searches, by
extending and refining Ref. [13], will be performed. This might impact the studies in “1” and ”2”.
High energy measurements. Cross-sections at the highest available energies o! er tremendous
indirect sensitivity to very heavy new physics. This will be substantiated by the following study.
4) E! ective Field Theory (EFT) sensitivity of high energy di-boson/di-fermion production cross-
section, with interpretation in Composite Higgs (and Top) and simple Z 0 models. The interplay
with direct searches will also be explored. Low-energy (e.g., Higgs couplings) and intermediate-
energy (e.g., VBF double-Higgs at TeV energies [14]) probes will be also exploited.
The precision measurement of the Higgs couplings. The muon collider with the baseline
energies and luminosities will produce a large number of Higgs bosons, from 105 at 3 TeV to more
than 107 at 10 TeV and above. We will study how to fully take advantage of this opportunity.The
main targets of the study are:
5) Projections of the precision of single Higgs coupling measurements, with EFT interpretation
for a comparison of the sensitivity with other probes such as those at point “4”. Unlike the
other proposed (e+ e�) Higgs factories running at lower energies, the main Higgs production
mode would be vector boson fusion instead of higgsstrahlung. The implications of this di! erence
will be carefully investigated. The possible complementarity with low-energy Higgs factories,
probably constructed before the muon collider, will be investigated.

1

https://indico.cern.ch/event/944012/contributions/3989516/attachments/2091456/3518021/Physics_SnowMass_LoI.pdf
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Abstract 
The Higgs boson can be considered as a portal to new physics. The determination of its couplings 
to fermions and bosons and of its self-couplings constitute one of the fundamental tests of the 
mechanism at the basis of the Electroweak Symmetry Breaking. While the formers are expected 
to be measured with the necessary precision at any future collider, the latter, i.e. the full 
determination of the Higgs potential will be extremely challenging. In this letter we propose to 
determine the accuracy that could be reached at a muon collider on the Higgs couplings to b-
quarks, W and Z bosons and to demonstrate that it will be possible to determine the Higgs potential 
by using the full simulation of the detector and taking into account the beam-induced background 
at ! " # $%& TeV, ! " # ' %(  TeV, and ! " # $(  TeV. 
 
State of the art 
A major leap forward in understanding the electroweak symmetry breaking will be the verification 
of the shape of the Higgs scalar potential. In the Standard Model (SM), the scalar potential is 
completely fixed by the Higgs boson mass ) *  and the vacuum expectation value + #

$ , ! - . /0 1 -23 4.56 , where . /  is the Fermi constant. At low energy, it can be parametrized in 

terms of the trilinear !789 and quadrilinear (7: 9"Higgs self-couplings: 
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The experimental extraction/determination of 78F47: will be of paramount importance, since the 
actual nature of the observed Higgs particle might be hidden into the shape of the Higgs scalar 
potential [1], [2]. It can also dramatically affect the dynamics of the early Universe being related 
to the electroweak phase transition. A nonstandard shape might allow baryogenesis to take place 
as a result of a 1st order electroweak phase transition.  
The simplest mechanism for obtaining information on the Higgs self-couplings is the measurement 
of the production of double and triple Higgs final states, that being characterized by exceedingly 
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Abstract

We propose an aspirational theory case underlining the physics potential of a high-energy lepton
collider. Exploring the coverage of motivated scenarios for physics beyond the Standard Model and
highlighting unique opportunities afforded by energetic lepton beams, we aim to identify energy and
luminosity goals that would position such a collider as a natural successor to the LHC and proposed
electron-positron Higgs factories.
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Abstract The discovery of the Higgs boson in 2012, and its subsequent measurement during run 1
and 2 of the LHC, have clariÞed the broad strokes of the mechanism of electroweak symmetry breaking
(EWSB). The unique nature of the Higgs boson and its place at the heart of the Standard Model (SM)
and many theories Beyond the SM (BSM) make it an extremely attractive target for further study. A
muon collider [1,2] provides an exciting set of new possible measurements at potentially higher energies
than other facilities with relatively clean experimental environments, but studies of these measurements
are thus far limited compared to those at other facilities. We aim to use the results of a dedicated
object-performance study, separately submitted as an LoI, to characterize the performance of a potential
detector at the Muon Collider. We will then report on new projections on the sensitivity of a muon
collider, operating at a range of potential energies, on a range of important measurements related to the
Higgs boson and EWSB.

Higgs Couplings, Mass, and Width The characterization of the Higgs boson is one of the main
experimental goals of all upcoming high energy facilities. Moste+/e! facilities propose to operate (at
least at their start) at

p
s = 250 GeV, where the Higgs is produced mostly via Z-strahlung processes.

A muon collider operating at
p
s = 1 .5 TeV or higher, on the other hand, would produce Higgs bosons

mostly via the vector-boson-fusion (VBF) process [3Ð5]. This VBF production mode allows for a set of
Higgs couplings measurements complementary to other facilities, and allows for particularly e! ective
measurements of the couplings to vector bosons. We will aim to benchmark sensitivity of a muon
collider operating at a variety of energies for measuring the Higgs couplings to the various SM particles,
in particular couplings to vector bosons (! V ) and bottom quarks (! b) using WW " /ZZ" and bøb decay
modes, respectively. Couplings to the second generations of fermions can be quite challenging at both
hadron and lepton colliders. However, they are of particular interest due to sensitivity to a whole class
of new physics models (e.g. enhanced Yukawa in 2HDM) and potential connections with various muon
anomalies. We will thus aim to study those couplings in detail.

It should be noted that a Muon Collider operating near
p
s = 125 GeV has the potential to perform

a very precise measurement of the second generation lepton Yukawa coupling (! µ ) using the s-channel
production of the Higgs boson. In addition, it enables a unique measurement of the mass and width of
the Higgs boson by scanning the beam energies across the resonance mass and directly measuring the
total cross-section, similar to measurements of theZ boson at LEP. Measuring the width of the Higgs
would help place important new constraints on the Higgs couplings to BSM particles. While the beam-
induced-backgrounds, which increase at lower muon beam energies, are expected to be a challenging
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Electroweak multiplets at the Muon Collider
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1 Introduction

The lack of a Dark Matter (DM) candidate in the Standard Model (SM) is
one of the most compelling arguments to seek for its extension. Among the
various possibilities, Weakly Interacting Massive Particles (WIMP) are a well-
motivated option to obtain the correct relic abundance through the freeze-out
mechanism, and they are ubiquitous in BSM models. Higgsino- and Wino-
like states, the supersymmetric partners of the Higgs and W Þelds respectively,
are a notable model-speciÞc example of a WIMP. Minimalistic bottom-up SM
extensions [1, 2] propose to add new multiplets to the SM such that the lightest
neutral component is stable and provides a DM candidate. Depending on the
mass hierarchy and di↵erences between the particles in the multiplets, striking
experimental signatures can be obtained, with either charged states with a long
enough lifetime to be observed directly as charged tracks, or production of
displaced charged particles [3, 4, 5, 6, 7, 8]. The investigation of either of these
scenarios is particularly challenging at hadron colliders. Future lepton colliders,
such as a high-energy muon collider could greatly extend the reach of the current
hadronic machines (LHC and HL-LHC) [9]. In particular, for the muon collider
case, it has been shown in Ref. [10] that it can discover the new physics behind
the g-2 anomaly, assuming that the current running experiment at Fermilab
establish the g-2 excess.

While this LoI focuses on EW multiplets as WIMP DM, it is true that they
have a larger scope and appear in other contexts, e.g: FIMP DM [11], Seesaw
type-III [12], or explanations for the muon (g-2) anomaly [13, 14]. We leave the
exploration of such new physics scenarios as a possible research direction.

2 Experimental setup(s)

The main experimental facility considered in this study is a future muon collider
able to operate at the center of mass energies

p
s = 3, 10, and 30 TeV. For eachp

s conÞguration, an integrated luminosity ofL = (
p
s/10 TeV)⇥2⇥10 ab�1 is

assumed to be collected. Compared to hadron machines, lepton colliders utilize
the full

p
s, enabling the exploration of BSM physics at unprecedented energy

scales. The muon collider sensitivity will be compared, when available, with
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1 Introduction

Phenomena that take place at multi-TeV scales — high-energy elementary particle scattering
or the annihilation/decay of ultra heavy states such as dark matter particles — can give rise
to relativistic, final states that are naturally accompanied by additional radiation, that in turn
leads to particle showers and final states with large particle multiplicities. In the the Stan-
dard Model, the e! ects of QCD and QED radiation are well understood and treated at various
level of sophistication. These range from fixed-order computations at an increasing accuracy to
resummed computations via parton showering algorithms and semi-analytic approaches. Even
matching/merging between the two while keeping their respective accuracies is available.

In such multi-TeV scales processes typical momentum transfers Q are much larger than the
electroweak (EW) scale m ! mZ , and intial- and final-state EW radiation becomes important.
In particular, EW boson emission gives rise to transition rates that grow with logarithms of the
type logQ/m . For su" ciently large Q, these logarithms must be resummed in order to recover
physically meaningful results. Despite recent progress, a fully exclusive approach that can take
care of fixed-order EW corrections, resum large EW logarithms in both inital and final states,
systematically account for power corrections, and is implemented in ready-to-use Monte Carlo
simulation software is not yet available.

The purpose of this LoI is to undertake a critical assessment of recent progress
towards studying EW e ! ects in multi-TeV processes and to set goals for the coming
years by identifying the hurdles and open questions. In this quest, it is important to
stress the broad scope of this task, which ranges from the need for field-theoretic constructions
such as factorization theorems to e" cient Monte Carlo techniques. Such a broad-based approach
is necessary for a precise description of EW interactions at high energies.

2 Theoretical approaches - State of the art

• Fixed Order

Ð Universal Leading terms for arbitrary processes are known since many years [1,2] and
also implemented in Sherpa [3].

Ð Currently, exact EW corrections at NLO are available in an automatic form for arbi-
trary processes in the SM, for example in MadGraph5_MC@NLO [4], Sherpa+Recola
[5].

• Resummation

Ð General
In Ref. [6–8], resummed EW corrections were computed to NLL order, and a universal
factorization formalism for the amplitude in terms of soft and collinear functions was
developed.
In Ref. [9] electroweak collinear splitting functions for the Standard Model, including
the massive fermions, gauge bosons and the Higgs boson are derived, identifying the
leading contributions at a splitting scale kT far above the EW scale v. A practical
EW showering scheme based on these splitting functions using a Sudakov evolution
formalism is also proposed.

1
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Increasing activity on MC sensitivity/reach projections in pheno. community.

Towards the Physics Potential

We will collect and review result, and stimulate further work. 
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Increasing activity on MC sensitivity/reach projections in pheno. community.

Towards the Physics Potential

Automatic byproduct will be the assessment of key detector performances 
for signal/bck discrimination, as well as target collider luminosity.

We will collect and review result, and stimulate further work. 

Input to, and feedback from, the detector experts. Incorporated in a Delphes 
card with (moving) target performances.

11

Muon Collider card

¥ ÒFinalÓ v0 can be found here:

¥ https://github.com/delphes/delphes/blob/master/cards/delphes_card_MuonColliderDet.tcl
¥ https://github.com/delphes/delphes/tree/master/cards/MuonCollider

¥ Added: 

¥ Forward muon collection
¥ Jet Substructure
¥ Validation

See talk by M.Selvaggi here!
v0 card available

https://indico.cern.ch/event/953063/contributions/4004535/attachments/2101907/3533828/delphes_card_mucol.pdf
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Starting the activities with (~bi-weekly) ÒPhysics PotentialÓ thematic meetings 
focused on speciÞc items and analyses

Towards the Physics Potential

The Þrst one will be on Friday !

Looking forward to see you there contributing with discussions/ideas/
suggestions for the next thematic meetings 
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Towards the Physics Potential

Thank You !


