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Ready to build?
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development.  
• Proof-of-principle R&D 

required.  
• Concepts not ready for 

facility consideration.

• Emerging accelerator concepts requiring
significant basic R&D and design effort to bring
to maturity.

• Designs have achieved a level of
maturity to have reliable
performance evaluations based on
prior R&D and design efforts.
• Critical project risks have been

identified and sub-system focused
R&D is underway where necessary.
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• Funding for basic R&D 
required.  
• Availability of "generic" 

accelerator test facility 
access often necessary.

• Efforts would benefit from directed R&D funding
to mature collider concepts.
• Availability of test facilities to demonstrate a

broad range of technology concepts required.
• Some large-ticket demonstrators are generally

necessary before a detailed "reference" design
can be completed.

• Funding approach typically
transitions to "project-style"
efforts with significant dedicated
investment required.

Before the decision to build it, needs more R&D.    

M. Palmer



A plan.

5/03/2023 P5 Town Hall at SLAC

US Muon Collider timeline

23

Ready to build in early 2040s. 



Need support

• 2024+: Ramp-up budget profile so that US accelerator experts can 
engage with the international Muon Collider effort

• ~2030: Goal: Deliver a MuC reference design report and a TDR 
report for the demonstrator facility with cost estimates

• 2030+: Develop technology to be ready to commit, verify 
performance of all components
• Significant ramp-up is needed. Cooling channel demonstrator is expected to be 

the cost driver

US R&D budget estimate 2024-2030 (Accelerator)

5/03/202325 P5 Town Hall at SLAC

A first step: P5 report (~ 24 hours from now)

International Muon Collider Collaboration established after European strategy 
update in 2020.  

US support (money, people) will be also crucial



Why muon collider?



The obvious:  
higher energy, shorter distancesMuon%Collider%Opportunity%
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The obvious:  
higher energy, shorter distances

Good enough? Yes (for most of us). 

Still, why muon collider at these energies?

Muon%Collider%Opportunity%
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The coming decades

Main “near term” targets: precision, rare processes. 

Muon collider, going beyond these options, such as 
LHC and the low energy Higgs factories. 

We are here. 

Xiaohu SUNPeking UniversityTop mass @ CEPC

Introduction 2

• CEPC will be a versatile machine with many opportunities 

• Higgs factory @~240 GeV 

• Diboson factory @~160 GeV 

• Z factory @~90 GeV 

• Can it also be a tt factory? 

• Beam @ tt runs (Yiwei) 

• Top coupling (Zhen) 

• Top for new physics (Shufang) 

• Top mass (this talk) 

• Higgs @ tt runs (Kaili) F. Bedeschi 



Comparison with 100-ish TeV pp collider 
Such as FCC-hh or SPPC

Naively, 100 TeV pp ≈ 10+ TeV muon collider.  

Lepton collider “cleaner”. Good for precision, search 
in difficult channels. 
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Figure 1: The c.m. energy
p
sp in TeV at a proton-proton collider versus

p
sµ in TeV at

a muon collider, which yield equivalent cross sections. Curves correspond to production
via a gg (orange) or qq̄ (blue) initial state at the proton-proton collider, while production
at the muon collider is determined by µ+µ�. The partonic cross sections are related by
� ⌘ [�̂]p/[�̂]µ. The bands correspond to two di↵erent choices of proton PDF sets, NNPDF3.0
LO (as in [32]) and CT18NNLO. The left (right) panel is for 2 ! 1 (2 ! 2) scattering.

when the electroweak bosons radiated in the initial state become relevant, which typically

have x ⌧ 1; we discuss qualitative features of VBF in this section, and defer a detailed study

to Sec. 3. The discussion in this section largely reprises the arguments given in [32].

To make a concrete comparison, we work in terms of generalized parton luminosities. We

assume that the inclusive cross section for the final state F (with unspecified remnants X)

arising from collisions of (possibly composite) particles A and B takes the form

�(AB ! F +X) =

Z 1

⌧0

d⌧
X

ij

dLij

d⌧
�̂(ij ! F ) , (1)

where hats denote partonic quantities, ⌧ = ŝ/s in terms of the collider c.m. energy
p
s of the

collider and partonic energy
p
ŝ, ⌧0 is the production threshold, and the parton luminosity

is given by

dLij

d⌧
(⌧, µf ) =

1

1 + �ij

Z 1

⌧

dx

x

⇥
fi(x, µf )fj(⌧/x, µf ) + (i $ j)

⇤
. (2)

Here the fi(x, µf ) are the parton distribution functions (PDFs) for parton i carrying a

fraction x of the longitudinal momentum, at factorization scale µf , which we take to be

µf =
p
ŝ/2 when making Fig. 1.

First, we assume that the process results from a 2 ! 1 collision, i.e., AB ! Y for

a final state Y with mass M =
p
ŝ. In this case, the cross section �p at a proton-proton

7

“The muon smasher’s guide”
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Rest of the talk



Obvious:  
big step in NP searches

characterized by their common phenomenological parameters of coupling and mass.

This coupling vs. mass framework for Z
0 searches [242, 243] thus fulfills a twofold pur-

pose especially suited for the Snowmass process. First, the framework helps distill the Z
0

resonance signal from disparate ultraviolet models into the minimal new physics parame-
ter space relevant for resonance searches at colliders. Second, the framework also affords
the direct comparison of experimental reach across different collider proposals, including a
comparison of e

+
e
�, pp, and µ

+
µ

� colliders as well as other collider options. This will be
illustrated and discussed in our summary table 3, presented at the end of this subsection.
We first discuss the specific Z

0 models studied in different Snowmass contributions.

9.1.1 Universal Z
0

Figure 11: (left) The coupling versus mass reach for a universal Z
0 at the muon collider [244],

for 95% CL exclusion (solid) and 5� discovery (dashed), and the envelope of other colliders [2]
for 95% CL exclusion (dashed blue). (right) Coupling versus mass reach at 95% CL for
electron-positron colliders (CEPC, ILC, CLIC and FCC-ee) and proton-proton colliders
(HL-LHC, HE-LHC and FCC-hh) and an electron-proton collider (FCC-eh) from Ref. [2]
and the muon collider [244].

The universal Z
0 model features a Z

0 boson with unit charges for all SM fermions, hence
its universal designation. Figure 11 compares a Snowmass result on the sensitivity to a
universal Z

0 at the muon collider [244] with other colliders [2]. A muon collider at
p

s = 3
TeV is competitive with other colliders, with sensitivity nearly identical to ILC at

p
s = 1

TeV. A muon collider at
p

s = 10 TeV has the highest mass reach for a universal Z
0 with

large couplings gZ0 , uniquely probing masses MZ0 > 100 TeV. A muon collider at
p

s = 10
TeV is sensitive to smaller couplings than the other colliders, with the exception of FCC-hh,
which has the highest sensitivity from direct searches within the mass region MZ0 < 28 TeV.
Lepton colliders have an edge in sensitivity when the boson is so heavy that only indirect
effects can be measured, arising from the fact that in the signal kinematic distributions, the
lepton collider experiments benefit from relatively smaller systematic uncertainties.

42
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What are the interesting questions it can help answer?



Basic physics output2.2 Energy frontier colliders

2.2.1 High energy lepton colliders (⇢CM > 1 TeV)
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Figure 2. Peak luminosity per IP vs CM energy for the high energy lepton collider proposals as provided by
the proponents. The right axis shows integrated luminosity for one Snowmass year (107 s). Also shown are
lines corresponding to yearly production rates of important processes. The luminosity requirement for 5f
discovery of the benchmark DM scenarios Higgsino and Wino are also shown, see Refs.[22, 23]

In this section, we focus on high energy lepton colliders with ⇢CM in the range of 1 - 20 TeV.
Proposals in this range include CLIC[10], CCC[24], ILC[15], Muon Collider[25], ReLiC[16], and
Wake Field Accelerators[26][27][28]. It was also proposed to use high power Free Electron Lasers to
produce a second interaction region with high-energy and high luminosity gamma-gamma collisions
at a high-energy electron-positron collider [29]. Here, the primary goal would be searching for
heavy new physics resonances. At the same time, high energy lepton colliders can contribute to the
measurement of the Higgs coupling, such as Higgs precision coupling measurements, top Yukawa
coupling, and Higgs self-coupling. Since 4

+
4
� and `

�
`
+ colliders have very similar reaches in

this range of energies, we do not distinguish between them. The summary of our results are shown

– 6 –

Z. Liu, LTW



Physics program at a 
muon collider

Higgs and electroweak.


New physics at higher energies.


Dark matter


Flavor, CP


…

References:  
Muon smasher’s guide, IMCC input to Snowmass, Muon collider forum report 
Snowmass BSM working group report

https://arxiv.org/pdf/2103.14043.pdf
https://arxiv.org/pdf/2203.08033.pdf
https://arxiv.org/abs/2209.01318
https://arxiv.org/pdf/2209.13128.pdf
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Higgs and electroweak
Obvious: important to understand the Higgs (more 
broadly, electroweak physics) better.

Origin of the weak scale.


Nature of EW symmetry breaking.

Not so obvious: what does muon collider bring to 
the table?

It will reach energies much beyond the electroweak scale! 
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low(er) energy Higgs factories 
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In comparison: 

low(er) energy Higgs factories 
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1.5 TeV 3 TeV 6 TeV 10 TeV 30 TeVECM : 125 GeV

# of Higgs/107s: ~104-5 ~4x104 ~2x105 106 107 108

Assuming: 

Muon Collider Daniel Schulte

1. Introduction

Two main muon collider concepts have been developed and proposed: in the first the muons
are generated using protons (MAP), in the second using positrons (LEMMA). The proton driven
scheme was the object of a well-supported study, mainly in the US, but the coherent effort has now
been suspended [1]. The recently proposed positron-driven scheme is being studied with a limited
effort mainly at INFN [2]. Since no organised collaboration exists for muon colliders, a small
review group has been charged to assess their perspectives and status [3]. This review is based on
the material made available by the MAP and LEMMA studies and on some additional calculations.

2. Physics Goal

The core goal of a muon collider would be to provide high luminosites at high energies to allow
for discoveries and precision physics. Since the cross section for s-channel production scales as
s µ 1/s, the luminosity goal increases with energy. A tentative estimate for the required luminosity
is [3]:

L =
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10TeV

◆2

⇥1035 cm�2s�1 (2.1)

This assumes five years of operation. A collision energy of 14 TeV and the corresponding lumi-
nosity of 4⇥1035 cm�2s�1 would have a discovery potential comparable to FCC-hh.

3. Proposed Schemes
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e+e− interactions.  The small 
production emittance allows lower 
overall charge in the collider rings 
– hence, lower backgrounds in a 

collider detector and a higher 
potential CoM energy due to 

neutrino radiation.

Figure 1: Top: Schematic layout of a potential muon collider with a muon source based on protons. Bottom:
Schematic layout of a potential muon collider with a muon source based on positrons.

The proton driven scheme is based on a classical muon production by pion decay. A schematic
layout of the MAP scheme is shown in figure 1. An intense proton beam is sent onto a target where

1
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The proton driven scheme is based on a classical muon production by pion decay. A schematic
layout of the MAP scheme is shown in figure 1. An intense proton beam is sent onto a target where

1
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Higgs precision

0.1% level or better measurement possible at higher energies. 
A factor of 10 better than the HL-LHC 
Comparable to e+e- Higgs factories
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Figure 6. The one-sigma precision reach on the effective Higgs couplings from a global fit of the Higgs and electroweak
measurements in the SMEFT framework. The first set of (red) columns represents the HL-LHC S2 scenario with
electroweak measurements at LEP and SLD. The second (blue) and third (yellow) sets of columns represent the 3 TeV
muon collider and 10 TeV muon collider projections, respectively. The fourth (green) sets of columns represent the 10
TeV muon collider combined with a 125 GeV muon collider Higgs factory. The measurements are combined with the
HL-LHC S2 and LEP/SLD measurements for all the muon collider scenarios. The semi-opaque bars represent the results
with the Higgs width being a free parameter, e.g., allowing for exotic decays that are hard to constrain through direct
searches. The solid bars are for the results without exotic Higgs decays.

To demonstrate the first point, we consider the precision on the Higgs couplings that can be achieved at
muon colliders. Drawing on the Higgs exclusive channel inputs of Refs. [24, 26], one can perform a global fit
analysis. There are two main approaches that are followed for doing the global fits. The first is by assuming
the same type of couplings as in the SM, but associating to each of them a rescaling factor ^8 . This approach
has been dubbed “kappa framework" and enjoys the simplicity of a direct translation between different
channels and the Higgs property precision. A second approach employs the Standard Model Effective Field
Theory (SMEFT), which provides a consistent deformation of the SM which allows to perform accurate
predictions and combine information across different scales and experiments as long as new physics exists
only at a parameterically larger scale than probed. For consistency with the electroweak precision fit group at
Snowmass, we use a modified SMEFT framework, where the Higgs width can be considered as an additional
free parameter, yet not only Higgs measurements, but also electroweak precision observables and possibly
other low-energy measurements are included to achieve a consistent projection of the overall precision. a

We show the SMEFT projection results in Figure 6. Here we only report the Higgs couplings part in
the Higgs basis, marginalizing on other parameters. The corresponding precision for the electroweak sector
and trilinear gauge couplings can be found in the Snowmass report [30]. In this plot, all muon collider
projections are combined with the HL-LHC. The muon collider scenarios considered include a 3 TeV muon
collider with 1 ab�1 of luminosity, a 10 TeV muon collider with 10 ab�1 and also its combination with a
125 GeV resonant muon collider Higgs factory with 0.02 ab�1 integrated luminosity. The semi-opaque and
opaque bars represent the results with and without the Higgs width �H left as a free parameter. As one can

aWe thank EF04 electroweak fitting group for various communications in developing the results.
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1 Introduction

The discovery of the Higgs boson at the CERN Large Hadron Collider (LHC) opens a new
avenue in particle physics. On the one hand, the existence of the Higgs boson completes the
particle spectrum in the Standard Model (SM) and provides a self-consistent mechanism in
quantum field theory for mass generation of elementary particles. On the other hand, the SM
does not address the underlying mechanism for the electroweak symmetry breaking (EWSB)
and thus fails to understand the stability of the weak scale with respect to the Planck scale. In
order to gain further insight for those fundamental questions, it is of high priority to study the
Higgs boson properties to high precision in the hope to identify hints for new physics beyond
the SM.

In the SM, the Higgs sector is constructed from a complex scalar doublet �. After
the EWSB, the neutral real component is the Higgs boson excitation H and the other three
degrees of freedom become the longitudinal components of the massive gauge bosons. As such,
studying the Higgs-gauge boson couplings would be the most direct probe to the underlying
mechanism of the electroweak symmetry breaking. After the EWSB, the Higgs sector can be
parameterized as
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where v = 246 GeV is the vacuum expectation value of the Higgs field and i = 1 for the SM
couplings at tree-level. This “-scheme” is a convenient phenomenological parameterization
of deviations from the SM expectations, which is suitable for the exploratory nature of the

– 1 –

present study. Here it is made implicit that V = W = Z . This is the prediction of the
tree-level custodial SU(2) invariance [1], which is an accidental symmetry of the SM. This has
been verified to a good accuracy by precision EW measurements [2]. Nevertheless, in our fit
we wish to be more general and will not be assuming a correlated W and Z .

A fully consistent and theoretically-sound framework would utilize effective field theories
(EFT), by augmenting the SM Lagrangian with higher dimensional operators from integrating
out the heavier states [3]. While a systematic account for the effects of the higher dimensional
operators is much more involved and beyond the scope of the current work, we would like to
consider the following two operators for the purpose of illustration [4, 5]

OH =
cH

2⇤2
@µ(�†�)@µ(�†�) , O6 = �

c6�

⇤2
(�†�)3 , (1.2)

where ⇤ is the cutoff scale where new physics sets in, and � is the quartic coupling parameter in
front of (H†

H)2 term in the SM Higgs potential. At the dimension-six level these are the two
operators that are most relevant for our study. An additional operator, �†�(Dµ�)†(Dµ�), can
be removed by a suitable field-redefinition [5]. The resulting shifts �i ⌘ i � 1 in Eq. (1.1)
are1
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(1.3)

We see that deviations in the V V H and V V HH (V = W
±
, Z) couplings are correlated and

controlled by the same operator OH . However, the precision we are expecting is high and could
potentially be sensitive to effects of dimension-8 operators, in which case the correlation may be
modified. On the other hand, the Higgs trilinear self-coupling 3 is among the most important
interactions to be tested in the Higgs sector – it governs the shape of the Higgs potential and,
consequently, the nature of the electroweak symmetry breaking. In addition, 3 controls
the strength of the electroweak phase transition, which is important for understanding the
cosmological evolution of the early universe as well as the origin of the observed matter-anti-
matter asymmetry in the current unverse [7–9]. Precise measurements of these couplings will
provide insights on how nature works at the shortest distance scale ever probed by mankind.
Needless to say, should deviations from the SM predictions be observed, it would completely
revolutionize our understanding of the physical laws of nature.

With the great success of the LHC program, we have achieved the measurement of the
V V H to O(5%) accuracy [10, 11], which will be further improved by roughly a factor of two
with the high-luminosity LHC upgrade [12]. In e

+
e
� collisions at the International Linear

Collider (ILC) [13, 14], the proposed Higgs factories [15–17] and the CLIC [18, 19], sub-
percent level accuracies for WWH of O(0.6% � 1.2%) and ZZH of O(0.2% � 0.5%) could

1
Interestingly, in most cases there is a positivity constraint on cH > 0, thereby reducing the V V H and

V V HH coupling strengths [6].

– 2 –

Measuring both checking non-linearity
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V=W±,Z
<latexit sha1_base64="P4i8DhBfnQP86z1ly2irM1V4C/c=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4kLJbBb0IRS8eK9gP7K4lm2bb0Gw2JFmhLP0bXjwo4tU/481/Y9ruQVsfDDzem2FmXig508Z1v52l5ZXVtfXCRnFza3tnt7S339RJqghtkIQnqh1iTTkTtGGY4bQtFcVxyGkrHN5M/NYTVZol4t6MJA1i3BcsYgQbK/lNdIVaj76MT9FDt1R2K+4UaJF4OSlDjnq39OX3EpLGVBjCsdYdz5UmyLAyjHA6LvqpphKTIe7TjqUCx1QH2fTmMTq2Sg9FibIlDJqqvycyHGs9ikPbGWMz0PPeRPzP66QmugwyJmRqqCCzRVHKkUnQJADUY4oSw0eWYKKYvRWRAVaYGBtT0Ybgzb+8SJrVindWqd6dl2vXeRwFOIQjOAEPLqAGt1CHBhCQ8Ayv8Oakzovz7nzMWpecfOYA/sD5/AECXZBd</latexit>

⇠cH
E2

⇤2
<latexit sha1_base64="eg+N80y1NUw5XzeHNsC1sCmtWPk=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsxUQZdFEbpwUcE+oDMOmTTThiaZIckIZejKjb/ixoUibv0Gd/6NaTsLbT0QOJxzDzf3hAmjSjvOt1VYWl5ZXSuulzY2t7Z37N29lopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh8Gritx+IVDQWd3qUEJ+jvqARxUgbKbAPPUU5xEHdiyTC2fV9dZx5NybfQ4YGdtmpOFPAReLmpAxyNAL7y+vFOOVEaMyQUl3XSbSfIakpZmRc8lJFEoSHqE+6hgrEifKz6RljeGyUHoxiaZ7QcKr+TmSIKzXioZnkSA/UvDcR//O6qY4u/IyKJNVE4NmiKGVQx3DSCexRSbBmI0MQltT8FeIBMn1o01zJlODOn7xIWtWKe1qp3p6Va5d5HUVwAI7ACXDBOaiBOmiAJsDgETyDV/BmPVkv1rv1MRstWHlmH/yB9fkDjhGYig==</latexit>

h
<latexit sha1_base64="Avqj6DgOR2NBV6dY7Rsio1T0XiY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fz0eM8A==</latexit>

          Higgs self couplings

h
<latexit sha1_base64="Avqj6DgOR2NBV6dY7Rsio1T0XiY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fz0eM8A==</latexit>

O6 = �
�

⇤2
(H†

H)3
<latexit sha1_base64="dW91I4HnGq5C/AljqYT7Etr88Sg="></latexit>

VL, h
<latexit sha1_base64="PNp3fiS91m8DDVPQ6NGhwcSzv0Y=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgIeEuCloGbSwsIphLIDnC3mYvWbO3e+zuCeHIf7CxUMTW/2Pnv3GTXKGJDwYe780wMy9MONPGdb+dwsrq2vpGcbO0tb2zu1feP/C1TBWhTSK5VO0Qa8qZoE3DDKftRFEch5y2wtHN1G89UaWZFA9mnNAgxgPBIkawsZLv9+7O0LBXrrhVdwa0TLycVCBHo1f+6vYlSWMqDOFY647nJibIsDKMcDopdVNNE0xGeEA7lgocUx1ks2sn6MQqfRRJZUsYNFN/T2Q41noch7YzxmaoF72p+J/XSU10FWRMJKmhgswXRSlHRqLp66jPFCWGjy3BRDF7KyJDrDAxNqCSDcFbfHmZ+LWqd16t3V9U6td5HEU4gmM4BQ8uoQ630IAmEHiEZ3iFN0c6L8678zFvLTj5zCH8gfP5A4U2jm8=</latexit>

⇠ c6
E2

⇤2
<latexit sha1_base64="Y8bPaSZaxlL+UkaMzTYPGaLl3FU=">AAACB3icbZDLSgMxFIYz9VbrbdSlIMEiuCozVdRlUQQXLirYC3TGIZPJtKFJZkgyQhm6c+OruHGhiFtfwZ1vY3pZaOsPgY//nJPk/GHKqNKO820VFhaXlleKq6W19Y3NLXt7p6mSTGLSwAlLZDtEijAqSENTzUg7lQTxkJFW2L8c1VsPRCqaiDs9SInPUVfQmGKkjRXY+56iHOLg1Islwjm8uq8Oc+/GXBAhg4FddirOWHAe3CmUwVT1wP7yogRnnAiNGVKq4zqp9nMkNcWMDEtepkiKcB91ScegQJwoPx/vMYSHxolgnEhzhIZj9/dEjrhSAx6aTo50T83WRuZ/tU6m43M/pyLNNBF48lCcMagTOAoFRlQSrNnAAMKSmr9C3EMmEG2iK5kQ3NmV56FZrbjHlertSbl2MY2jCPbAATgCLjgDNXAN6qABMHgEz+AVvFlP1ov1bn1MWgvWdGYX/JH1+QPOGpii</latexit>
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          Higgs-Higgs-Gauge Boson couplings

OH=
@µ(H†

H)@µ(H†
H)

2⇤2
<latexit sha1_base64="ZwYY5X4jTmO7Eq9ErbqLUnGxiEs="></latexit>

VL,h
<latexit sha1_base64="PNp3fiS91m8DDVPQ6NGhwcSzv0Y=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgIeEuCloGbSwsIphLIDnC3mYvWbO3e+zuCeHIf7CxUMTW/2Pnv3GTXKGJDwYe780wMy9MONPGdb+dwsrq2vpGcbO0tb2zu1feP/C1TBWhTSK5VO0Qa8qZoE3DDKftRFEch5y2wtHN1G89UaWZFA9mnNAgxgPBIkawsZLv9+7O0LBXrrhVdwa0TLycVCBHo1f+6vYlSWMqDOFY647nJibIsDKMcDopdVNNE0xGeEA7lgocUx1ks2sn6MQqfRRJZUsYNFN/T2Q41noch7YzxmaoF72p+J/XSU10FWRMJKmhgswXRSlHRqLp66jPFCWGjy3BRDF7KyJDrDAxNqCSDcFbfHmZ+LWqd16t3V9U6td5HEU4gmM4BQ8uoQ630IAmEHiEZ3iFN0c6L8678zFvLTj5zCH8gfP5A4U2jm8=</latexit>

V=W±,Z
<latexit sha1_base64="P4i8DhBfnQP86z1ly2irM1V4C/c=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4kLJbBb0IRS8eK9gP7K4lm2bb0Gw2JFmhLP0bXjwo4tU/481/Y9ruQVsfDDzem2FmXig508Z1v52l5ZXVtfXCRnFza3tnt7S339RJqghtkIQnqh1iTTkTtGGY4bQtFcVxyGkrHN5M/NYTVZol4t6MJA1i3BcsYgQbK/lNdIVaj76MT9FDt1R2K+4UaJF4OSlDjnq39OX3EpLGVBjCsdYdz5UmyLAyjHA6LvqpphKTIe7TjqUCx1QH2fTmMTq2Sg9FibIlDJqqvycyHGs9ikPbGWMz0PPeRPzP66QmugwyJmRqqCCzRVHKkUnQJADUY4oSw0eWYKKYvRWRAVaYGBtT0Ybgzb+8SJrVindWqd6dl2vXeRwFOIQjOAEPLqAGt1CHBhCQ8Ayv8Oakzovz7nzMWpecfOYA/sD5/AECXZBd</latexit>

⇠cH
E2

⇤2
<latexit sha1_base64="eg+N80y1NUw5XzeHNsC1sCmtWPk=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsxUQZdFEbpwUcE+oDMOmTTThiaZIckIZejKjb/ixoUibv0Gd/6NaTsLbT0QOJxzDzf3hAmjSjvOt1VYWl5ZXSuulzY2t7Z37N29lopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh8Gritx+IVDQWd3qUEJ+jvqARxUgbKbAPPUU5xEHdiyTC2fV9dZx5NybfQ4YGdtmpOFPAReLmpAxyNAL7y+vFOOVEaMyQUl3XSbSfIakpZmRc8lJFEoSHqE+6hgrEifKz6RljeGyUHoxiaZ7QcKr+TmSIKzXioZnkSA/UvDcR//O6qY4u/IyKJNVE4NmiKGVQx3DSCexRSbBmI0MQltT8FeIBMn1o01zJlODOn7xIWtWKe1qp3p6Va5d5HUVwAI7ACXDBOaiBOmiAJsDgETyDV/BmPVkv1rv1MRstWHlmH/yB9fkDjhGYig==</latexit>

h
<latexit sha1_base64="Avqj6DgOR2NBV6dY7Rsio1T0XiY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fz0eM8A==</latexit>

+

          Higgs-Higgs-Gauge Boson couplings

OH=
@µ(H†

H)@µ(H†
H)

2⇤2
<latexit sha1_base64="ZwYY5X4jTmO7Eq9ErbqLUnGxiEs="></latexit>

VL,h
<latexit sha1_base64="PNp3fiS91m8DDVPQ6NGhwcSzv0Y=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgIeEuCloGbSwsIphLIDnC3mYvWbO3e+zuCeHIf7CxUMTW/2Pnv3GTXKGJDwYe780wMy9MONPGdb+dwsrq2vpGcbO0tb2zu1feP/C1TBWhTSK5VO0Qa8qZoE3DDKftRFEch5y2wtHN1G89UaWZFA9mnNAgxgPBIkawsZLv9+7O0LBXrrhVdwa0TLycVCBHo1f+6vYlSWMqDOFY647nJibIsDKMcDopdVNNE0xGeEA7lgocUx1ks2sn6MQqfRRJZUsYNFN/T2Q41noch7YzxmaoF72p+J/XSU10FWRMJKmhgswXRSlHRqLp66jPFCWGjy3BRDF7KyJDrDAxNqCSDcFbfHmZ+LWqd16t3V9U6td5HEU4gmM4BQ8uoQ630IAmEHiEZ3iFN0c6L8678zFvLTj5zCH8gfP5A4U2jm8=</latexit>

V=W±,Z
<latexit sha1_base64="P4i8DhBfnQP86z1ly2irM1V4C/c=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4kLJbBb0IRS8eK9gP7K4lm2bb0Gw2JFmhLP0bXjwo4tU/481/Y9ruQVsfDDzem2FmXig508Z1v52l5ZXVtfXCRnFza3tnt7S339RJqghtkIQnqh1iTTkTtGGY4bQtFcVxyGkrHN5M/NYTVZol4t6MJA1i3BcsYgQbK/lNdIVaj76MT9FDt1R2K+4UaJF4OSlDjnq39OX3EpLGVBjCsdYdz5UmyLAyjHA6LvqpphKTIe7TjqUCx1QH2fTmMTq2Sg9FibIlDJqqvycyHGs9ikPbGWMz0PPeRPzP66QmugwyJmRqqCCzRVHKkUnQJADUY4oSw0eWYKKYvRWRAVaYGBtT0Ybgzb+8SJrVindWqd6dl2vXeRwFOIQjOAEPLqAGt1CHBhCQ8Ayv8Oakzovz7nzMWpecfOYA/sD5/AECXZBd</latexit>

⇠cH
E2

⇤2
<latexit sha1_base64="eg+N80y1NUw5XzeHNsC1sCmtWPk=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsxUQZdFEbpwUcE+oDMOmTTThiaZIckIZejKjb/ixoUibv0Gd/6NaTsLbT0QOJxzDzf3hAmjSjvOt1VYWl5ZXSuulzY2t7Z37N29lopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh8Gritx+IVDQWd3qUEJ+jvqARxUgbKbAPPUU5xEHdiyTC2fV9dZx5NybfQ4YGdtmpOFPAReLmpAxyNAL7y+vFOOVEaMyQUl3XSbSfIakpZmRc8lJFEoSHqE+6hgrEifKz6RljeGyUHoxiaZ7QcKr+TmSIKzXioZnkSA/UvDcR//O6qY4u/IyKJNVE4NmiKGVQx3DSCexRSbBmI0MQltT8FeIBMn1o01zJlODOn7xIWtWKe1qp3p6Va5d5HUVwAI7ACXDBOaiBOmiAJsDgETyDV/BmPVkv1rv1MRstWHlmH/yB9fkDjhGYig==</latexit>

h
<latexit sha1_base64="Avqj6DgOR2NBV6dY7Rsio1T0XiY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fz0eM8A==</latexit>

          Higgs-Gauge Boson couplings

h
<latexit sha1_base64="Avqj6DgOR2NBV6dY7Rsio1T0XiY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fz0eM8A==</latexit>

OH =
@µ(H†

H)@µ(H†
H)

2⇤2
<latexit sha1_base64="ZwYY5X4jTmO7Eq9ErbqLUnGxiEs="></latexit>

V = W±, Z
<latexit sha1_base64="P4i8DhBfnQP86z1ly2irM1V4C/c=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4kLJbBb0IRS8eK9gP7K4lm2bb0Gw2JFmhLP0bXjwo4tU/481/Y9ruQVsfDDzem2FmXig508Z1v52l5ZXVtfXCRnFza3tnt7S339RJqghtkIQnqh1iTTkTtGGY4bQtFcVxyGkrHN5M/NYTVZol4t6MJA1i3BcsYgQbK/lNdIVaj76MT9FDt1R2K+4UaJF4OSlDjnq39OX3EpLGVBjCsdYdz5UmyLAyjHA6LvqpphKTIe7TjqUCx1QH2fTmMTq2Sg9FibIlDJqqvycyHGs9ikPbGWMz0PPeRPzP66QmugwyJmRqqCCzRVHKkUnQJADUY4oSw0eWYKKYvRWRAVaYGBtT0Ybgzb+8SJrVindWqd6dl2vXeRwFOIQjOAEPLqAGt1CHBhCQ8Ayv8Oakzovz7nzMWpecfOYA/sD5/AECXZBd</latexit>

VL, h
<latexit sha1_base64="PNp3fiS91m8DDVPQ6NGhwcSzv0Y=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgIeEuCloGbSwsIphLIDnC3mYvWbO3e+zuCeHIf7CxUMTW/2Pnv3GTXKGJDwYe780wMy9MONPGdb+dwsrq2vpGcbO0tb2zu1feP/C1TBWhTSK5VO0Qa8qZoE3DDKftRFEch5y2wtHN1G89UaWZFA9mnNAgxgPBIkawsZLv9+7O0LBXrrhVdwa0TLycVCBHo1f+6vYlSWMqDOFY647nJibIsDKMcDopdVNNE0xGeEA7lgocUx1ks2sn6MQqfRRJZUsYNFN/T2Q41noch7YzxmaoF72p+J/XSU10FWRMJKmhgswXRSlHRqLp66jPFCWGjy3BRDF7KyJDrDAxNqCSDcFbfHmZ+LWqd16t3V9U6td5HEU4gmM4BQ8uoQ630IAmEHiEZ3iFN0c6L8678zFvLTj5zCH8gfP5A4U2jm8=</latexit>

⇥
<latexit sha1_base64="y3ZFcWqBEabekax7ttofWU1jMYg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0alXvolq7v6zUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPt3mPOA==</latexit>

 
<latexit sha1_base64="JlJCEkmBZCR9zkXXaN1C7LNM7w0=">AAAB63icbVBNSwMxEJ31s9avqkcvwSJ4KrtV0GPRi8cK9gPapWTTbBuaZEOSFcrSv+DFgyJe/UPe/Ddm2z1o64OBx3szzMyLFGfG+v63t7a+sbm1Xdop7+7tHxxWjo7bJkk1oS2S8ER3I2woZ5K2LLOcdpWmWEScdqLJXe53nqg2LJGPdqpoKPBIspgRbHOprwwbVKp+zZ8DrZKgIFUo0BxUvvrDhKSCSks4NqYX+MqGGdaWEU5n5X5qqMJkgke056jEgpowm986Q+dOGaI40a6kRXP190SGhTFTEblOge3YLHu5+J/XS218E2ZMqtRSSRaL4pQjm6D8cTRkmhLLp45gopm7FZEx1phYF0/ZhRAsv7xK2vVacFmrP1xVG7dFHCU4hTO4gACuoQH30IQWEBjDM7zCmye8F+/d+1i0rnnFzAn8gff5AyWNjk4=</latexit>

⇠ cH
vE

⇤2
<latexit sha1_base64="Zu6caeiFFOiVsrVMsAZe+Dof+cI=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclaQKuiyK0IWLCvYBTQyTyaQdOpmEmUmhhOzc+CtuXCji1l9w5984bbPQ1gMXDufcO3Pv8RNGpbKsb2NpeWV1bb20Ud7c2t7ZNff22zJOBSYtHLNYdH0kCaOctBRVjHQTQVDkM9Lxh9cTvzMiQtKY36txQtwI9TkNKUZKS5555EgaQew1oBMKhLMRvMkz51Y/EKCHWu6ZFatqTQEXiV2QCijQ9MwvJ4hxGhGuMENS9mwrUW6GhKKYkbzspJIkCA9Rn/Q05Sgi0s2md+TwRCsBDGOhiys4VX9PZCiSchz5ujNCaiDnvYn4n9dLVXjpZpQnqSIczz4KUwZVDCehwIAKghUba4KwoHpXiAdI56F0dGUdgj1/8iJp16r2WbV2d16pXxVxlMAhOAanwAYXoA4aoAlaAINH8AxewZvxZLwY78bHrHXJKGYOwB8Ynz/yv5i6</latexit>

Correlated in SMEFT
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1 Introduction

The discovery of the Higgs boson at the CERN Large Hadron Collider (LHC) opens a new
avenue in particle physics. On the one hand, the existence of the Higgs boson completes the
particle spectrum in the Standard Model (SM) and provides a self-consistent mechanism in
quantum field theory for mass generation of elementary particles. On the other hand, the SM
does not address the underlying mechanism for the electroweak symmetry breaking (EWSB)
and thus fails to understand the stability of the weak scale with respect to the Planck scale. In
order to gain further insight for those fundamental questions, it is of high priority to study the
Higgs boson properties to high precision in the hope to identify hints for new physics beyond
the SM.

In the SM, the Higgs sector is constructed from a complex scalar doublet �. After
the EWSB, the neutral real component is the Higgs boson excitation H and the other three
degrees of freedom become the longitudinal components of the massive gauge bosons. As such,
studying the Higgs-gauge boson couplings would be the most direct probe to the underlying
mechanism of the electroweak symmetry breaking. After the EWSB, the Higgs sector can be
parameterized as

L �
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where v = 246 GeV is the vacuum expectation value of the Higgs field and i = 1 for the SM
couplings at tree-level. This “-scheme” is a convenient phenomenological parameterization
of deviations from the SM expectations, which is suitable for the exploratory nature of the
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present study. Here it is made implicit that V = W = Z . This is the prediction of the
tree-level custodial SU(2) invariance [1], which is an accidental symmetry of the SM. This has
been verified to a good accuracy by precision EW measurements [2]. Nevertheless, in our fit
we wish to be more general and will not be assuming a correlated W and Z .

A fully consistent and theoretically-sound framework would utilize effective field theories
(EFT), by augmenting the SM Lagrangian with higher dimensional operators from integrating
out the heavier states [3]. While a systematic account for the effects of the higher dimensional
operators is much more involved and beyond the scope of the current work, we would like to
consider the following two operators for the purpose of illustration [4, 5]

OH =
cH

2⇤2
@µ(�†�)@µ(�†�) , O6 = �

c6�

⇤2
(�†�)3 , (1.2)

where ⇤ is the cutoff scale where new physics sets in, and � is the quartic coupling parameter in
front of (H†

H)2 term in the SM Higgs potential. At the dimension-six level these are the two
operators that are most relevant for our study. An additional operator, �†�(Dµ�)†(Dµ�), can
be removed by a suitable field-redefinition [5]. The resulting shifts �i ⌘ i � 1 in Eq. (1.1)
are1
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2
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9
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v
2

⇤2
+ 6c6

v
2

⇤2
,

(1.3)

We see that deviations in the V V H and V V HH (V = W
±
, Z) couplings are correlated and

controlled by the same operator OH . However, the precision we are expecting is high and could
potentially be sensitive to effects of dimension-8 operators, in which case the correlation may be
modified. On the other hand, the Higgs trilinear self-coupling 3 is among the most important
interactions to be tested in the Higgs sector – it governs the shape of the Higgs potential and,
consequently, the nature of the electroweak symmetry breaking. In addition, 3 controls
the strength of the electroweak phase transition, which is important for understanding the
cosmological evolution of the early universe as well as the origin of the observed matter-anti-
matter asymmetry in the current unverse [7–9]. Precise measurements of these couplings will
provide insights on how nature works at the shortest distance scale ever probed by mankind.
Needless to say, should deviations from the SM predictions be observed, it would completely
revolutionize our understanding of the physical laws of nature.

With the great success of the LHC program, we have achieved the measurement of the
V V H to O(5%) accuracy [10, 11], which will be further improved by roughly a factor of two
with the high-luminosity LHC upgrade [12]. In e

+
e
� collisions at the International Linear

Collider (ILC) [13, 14], the proposed Higgs factories [15–17] and the CLIC [18, 19], sub-
percent level accuracies for WWH of O(0.6% � 1.2%) and ZZH of O(0.2% � 0.5%) could

1
Interestingly, in most cases there is a positivity constraint on cH > 0, thereby reducing the V V H and

V V HH coupling strengths [6].
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Measuring both checking non-linearity

good potential!

Crucial measurements 
such at the Higgs self-
coupling.



Nature of EW phase transition
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Electroweak Phase Transition. How does the background Higgs field move 
from zero in the early universe to its nonzero value today?

����	����
 ��	

hhi
=

0
G
eV

hhi
=

0
G
eV

hhi
=

0
G
eV

hhi
=

246
G
eV

hhi
=

246
G
eV

hhi
=

246
G
eV

hhi
=

0
G
eV

hhi
=

246
G
eV

���������� �������	�

����	����
 ��	

����� ���	� ����	 ����������

���������� (1)

����������
(2)

������������� ����������

� �� ��� ��� ��� ��� ��� ���
���

���

���

���

���

���

���

����� ����� �� ���

��
��
��
��
��
��
��
�
��
(�
��

�
��

)�

���������� (1)

����������
(2)

������������� ����������

� �� ��� ��� ��� ��� ��� ���
���

���

���

���

���

���

���

����� ����� �� ���

��
��
��
��
��
��
��
�
��
(�
��

�
��

)�

�,�&��*� �'��$ (*��!�,!'& �� + &�/ ( 1+!�+ �$$'/+

( T ~ 100 GeV,   t ~ 10 ps ) 

Which one is the right picture?

Precision Higgs 
measurements, self coupling 
and beyond,  can reveal a lot.

10 TeV muon collider



Higgs’s friends

� � �� �� �� ��
��-�

��-�

��-�

��-�

�ϕ [���]

���
� γ

��-���

�� ��� ���� �� ��-�

�� ���

� ���

�� ���

�� ���

��% ���� ����������

�γ = �� /�ϕ�γ = ��
� /�ϕ�

Figure 14: Exclusions on the mixing angle of a generic scalar singlet, sin2 � = V � 1, as
a function of the singlet mass m� for the various collider benchmarks (colored lines). The
expected limits at HL-LHC (solid) and a FCC-hh (dashed) are shown as black lines for
comparison. The thin dashed lines indicate the two possible scalings of the mixing angle
with m� in realistic models with fixed coupling.

picking out a high mass scale between 1 - 23 TeV for SU(2)L representations ranging from

doublets to septuplets. This makes minimal dark matter a motivated but di�cult scenario

for colliders in light of the high mass scale. Additionally, it is challenging from the detector

point of view, because the typically small splittings of the EW multiplets suppress the

amount of visible energy (and hence, missing momentum) in a typical event. Nevertheless,

the abundant electroweak cross sections and relatively low irreducible backgrounds at a muon

collider make it well positioned to search for minimal dark matter, to the point where a muon

collider of su�cient energy could potentially render a decisive verdict on the scenario. In

this section, we summarize the studies performed in Ref. [33], adapting their projections to

the optimistic and conservative luminosity targets presented here.

Perhaps the best-known examples of minimal dark matter are the SU(2)L doublet and

triplet, which can be mapped onto the higgsino and wino in supersymmetric theories.

However, it is also interesting to consider multiplets with quantum numbers (1, n, Y ) under

the SM gauge group SU(3)C ⇥ SU(2)L ⇥ U(1)Y . For definiteness, we restrict our attention

to fermions, whose only renormalizable SM interactions are with electroweak gauge bosons

and whose mass arises from a vector-like mass parameter. The resulting mass degeneracy

among members of the multiplet is split by EW loop corrections [111–115]. A number of

considerations shape the motivated values of n and Y . For n > 7, the large electroweak

charge induces a Landau pole in the Standard Model gauge couplings about one to two

orders of magnitude above the mass of the EW multiplet [116]. As such, we will restrict our

attention to n  7. For a given n, a specific value of Y ensures that the lightest eigenstate

of the EW multiplet is neutral and hence a suitable dark matter candidate.

39

Singlet scalar mixing with the Higgs.

D. Buttazzo, D. Redigolo, F. Sala, A. Tesi, 1807.04743



Top partner

Spectacular signal, 10s event needed for discovery

reach = 0.45xECM

μ+μ− → T′ T̃′ 

Pair production

Examples:  
SUSY stop 
Composite T 
…



Energy⇒precision
The effect of heavy new physics can be 
parameterized by higher dimensional (EFT) operators. 


Their effect grows at higher energies. 


e.g. if new physics lead to dim-6 operators

𝒪(6)

Λ2
NP

→ dσ ∝ E2

Higher energy ⇒ better precision



Composite Higgs

Figure 2: Exclusion (2-�) sensitivity projections for future colliders (as labeled) in the mass
scale vs. coupling strength plane for Composite Higgs models. Plot based on Refs. [2, 199].
See text for details.

impact Higgs coupling measurements. C2W on the other hand has lower sensitivity for
larger couplings as the mass scale increases. Also shown is the direct search sensitivity for
a triplet vector ⇢ resonance. The muon collider is also expected to probe such models, and
we show projections for the 10 TeV Muon collider [199] considering the tree level process
µ

+
µ

�
! hh⌫⌫, which is minimally sensitive to C�. Probes of C� from Higgs coupling

measurements [200] may be competitive or stronger at lower energy muon colliders, but they
are not considered here. A further degree of freedom is associated with the compositeness of
the fermionic sector, and can have significant effects on tt and bb production. For example,
the sensitivity of a 10 TeV muon collider to a scenario where both the left and right handed
tops are assumed to have equal amounts of compositeness ✏t = ✏q

p
yt/g⇤ (not shown) can

significantly impact the possible reach. For details, see Ref. [199] and references within.
For further discussions of the sensitivity of future colliders to composite Higgs models see
Refs. [201–203].
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at Snowmass. This KK model is one of the many models that are constrained by general tt

resonance searches, which are regularly performed at the LHC [193,194] and are planned for
future pp colliders [195]. The mass reach, and hence the inverse scale of the extra dimensions,
for the KK gluon is 5.7 (6.6) TeV for 5� (95% CL) for the HL-LHC at

p
s = 14 TeV with 3

ab�1, and 9.4 (10.7) TeV for the HE-LHC at
p

s = 27 TeV with 15 ab�1 [196]. A model of
a KK gluon decaying to a SM boson and a radion was also discussed [141], in particular the
three-gluon final state which has been searched for at the LHC [197].

Weakly produced KK states, such as the the KK graviton, are often searched for in
di-jet resonances at pp colliders, pp! X ! 2 jets, discussed further in Sec. 9.4. The 5� �

discovery mass at future colliders is shown as a function of the integrated luminosity in
Fig. 14, and the corresponding summary of sensitivities in presented in Table 5.

6.2 Composite Higgs

As discussed in detail previously, in composite Higgs models, the minimal Higgs mechanism
for electroweak symmetry breaking is extended by new confining degrees of freedom that
ameliorate the gauge hierarchy problem in the Standard Model. The corresponding 125 GeV
Higgs scalar observed is then generally a mixture of a fundamental scalar boson and a
composite meson of the confining group. The combination of these ingredients then cures the
perturbative unitarity problem of longitudinal EW gauge boson scattering amplitudes when
the SM Higgs is neglected. Moreover, since the fundamental scalar boson is only partially
responsible for unitarity restoration, the composite degrees of freedom are matched to EW
diboson resonances necessary for the remaining restoration of unitarity. These EW diboson
resonances are thus a central prediction in composite Higgs models and emblematic of their
rich phenomenology.

The phenomenology of a Composite Higgs model is mainly governed by two parameters:
the mass (compositeness) scale m⇤, and the coupling g⇤ (which sets the scale of the couplings
in the EFT Lagrangian). In comparison with the SM couplings, we expect a strongly
interacting sector to have g⇤ > 1 couplings, while unitarity requires g⇤ < 4⇡. The Wilson
Coefficients, defined in Ref. [198], can be all parameterized in terms of this mass scale and
coupling, modulo order 1 factors. Different colliders have complementary sensitivities to the
various operators, the most relevant ones being [2, 198]
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As can be seen in Fig. 2, while the FCC (both ee and hh/ee) sensitivity to CW is almost
independent of g⇤, C� can probe larger couplings for higher mass scales, and would also

28



Top quark - Higgs coupling
3

FIG. 1. The Feynman diagrams for the process W+W�
! tt̄.

vector boson hard scattering. Factorization and resummation ensure a cross-section devoid of

collinear divergences in high-energy limits. Our initial assumption only considers a Higgs cou-

pling shift yt ! yt (1 + �yt) through a single SMEFT operator Ot
y = H†HQ̄H̃tR. Additionally, we

examine a scenario involving a heavy singlet vector-like quark.

The paper is structured as follows: Section II introduces our theoretical framework, Section III

details various partonic channels, Section IV presents the results, and Section V concludes.

II. THEORETICAL FRAMEWORK

The Top Yukawa coupling can be directly measured from processes with final states containing

Higgs boson, such as htt̄. One can also access the Top Yukawa coupling with processes with Higgs

boson in the intermediate state but not appearing in the external legs. The scattering amplitude

of a process with longitudinal gauge bosons as external states, such as V V ! tt̄, could grow with

energy if a coupling deviates from the SM. As a result, such an amplitude eventually violates

unitarity at a high-energy scale, implying the breakdown of the low-energy description and the

appearance of new physics.

In this section, we will first examine the e↵ects of the anomalous Top Yuakawa coupling in the

W+
L
W�

L
! tt̄ channel and focus on the energy dependence of the scattering amplitude. We then

discuss some possible UV models that can generate such Top Yukawa coupling, and further discuss

the electroweak PDF which would be convoluted with the V V ! tt̄ cross-section to obtain the

total signal rate at muon colliders.

Largest Higgs coupling.   
Plays an important role in weak scale dynamics. Sensitive to new physics.

e.g.  NP effect = 1
Λ2

H†HHQt → ℳ ∝ E

Larger effect at high energies!



Top quark - Higgs coupling
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the phase space in terms of the top quark pair invariant mass mtt̄ and the outgoing polar angle in

the CM frame with respect to the µ+ direction. Bin-by-bin signal significance after convolution is

shown in Fig. 6, where the range of cos ✓ is divided into eight equally sized bins, and mtt̄ is divided

into 50 GeV bins to take into account finite resolution e↵ects. From the figure, it is clear that our

sensitivity will come from the linear term, which peaks near the threshold.

FIG. 7. The ��2 as a function of �yt after summation over bins for
p
s = 3 TeV (left) and

p
s = 10

TeV (right). Contributions from both the interference terms and quadratic terms are included in the ��2

analysis, despite the quadratic term’s contribution is negligible.

-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
δyt

LHC ×10 0.16-0.35
+0.24

HL-LHC ±0.034

ILC-500 ±0.028

FCC-ee ±0.031

FCC-hh ±0.01

MuC-3 ×3 0-0.09
+0.06

MuC-10 0-0.013
+0.015

FIG. 8. The reach plot for �yt at 1 � C.L. on various colliders. The bound on the Top Yukawa shift factor �yt

from (top to the bottom) the current LHC [15, 36], future High Luminosity LHC [37], proposed ILC [38, 39],

FCC-ee and FCC-hh [40].

We perform a chi-square test to set bounds on anomalous Top Yukawa coupling. The results

for the �2 analysis are presented in Fig. 7 for which we require the number of events in each bin

Higher energies at muon collider lead to better precision.

Z. Liu, K-F Lyu, I. Mahbube, LTW 2308.06323



Multi-boson production
Annihilation to Multi-Boson: Cross Sections
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Annihilation
Annihilation vs VBS: Cross Sections
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VBSAnnihilation to Multi-Boson: Cross Sections
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From W. Kilian, PittPACC workshop on muon Collider, 2020

W, Z, h ``massless”.  

Can be sensitive to higher order NP effects.



Physics program at a 
muon collider

Higgs and electroweak.


New physics at higher energies.


Dark matter


Flavor, CP


…
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Simple assumption: DM in thermal eq. with the 
SM in early universe

DM

DM

SM

WIMP: 



Simplest model:  
part of an EW multiplet

Simplicity: there is no additional new mediator.  

Mediated by W/Z/h. Very predictive.  

In SUSY, there are two such examples  

Higgsino: doublet.  Wino: triplet. 

q
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χ0
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Z/γ/h

χ±, χ0

χ∓, χ0
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“Minimal dark matter”, Cirelli, Fornengo and Strumia, hep-ph/0512090, 0903.3381



Thermal targets
Model Therm. 5σ discovery coverage (TeV)

(color, n, Y ) target mono-γ mono-µ di-µ’s disp. tracks
(1,2,1/2) Dirac 1.1 TeV — 2.8 — 1.8− 3.7

(1,3,0) Majorana 2.8 TeV — 3.7 — 13− 14

(1,3,ε) Dirac 2.0 TeV 0.9 4.6 — 13− 14

(1,5,0) Majorana 14 TeV 3.1 7.0 3.1 10− 14

(1,5,ε) Dirac 6.6 TeV 6.9 7.8 4.2 11− 14

(1,7,0) Majorana 23 TeV 11 8.6 6.1 8.1− 12

(1,7,ε) Dirac 16 TeV 13 9.2 7.4 8.6− 13

Table 1: Generic minimal dark matter considered in this paper and a brief summary of
their 5σ discovery coverage at a 30 TeV high energy muon collider with the three individual
channels. Further details of individual and combined channels, the 2σ and 5σ reaches, and
different collider parameter choices, including

√
s =3, 6, 10, 14, 30, 100 TeV are provided in

the summary plots in Figure 15, Figure 16, and in the appendix.

signals to be investigated in this paper. We will, however, adopt the notation (1, n = 2T+1, ε)

to label a Dirac multiplet, and correspondingly (1, n = 2T + 1, 0) for a Majarona multiplet.
For an even-dimensional n-plet, setting Y = (n − 1)/2 ensures the lightest eigenstate of

the EW multiplet to be neutral.1 In the minimal case, the limits from direct detection rule out
all cases with Y #= 0.2 Hence, to make the even-dimensional multiplet a viable scenario, we
could go beyond the minimality and introduce another state which mixes with the multiplet
after EW symmetry breaking and generates a small Majorana mass splitting between the
neutral Dirac fermion pair [20]. It is also possible to have such a splitting, while the EW loop
corrections still dominate the mass splitting between the neutral and the charged members
of the multiplet. For example, if a dimension-5 operator generates a mass splitting after
integrating out the new physics with a mass scale M , we have ∆m ∝ v2/M . Requiring this
to be smaller than the loop contributions and yet large enough to protect against the direct
detection bounds puts M ∼ (10–1000) TeV. Whether such additional new physics can also be
probed at a high-energy muon collider is a model-dependent question that we will not pursue
further. For the rest of our analyses, we will present the EW doublet (Higgsino) results while
implicitly making the assumptions above. It is the smallest even-dimensional multiplet and
also present in SUSY. The results for higher even-n multiplets are included in the appendix.
The main features of the collider signals in these cases are similar to those odd-dimensional
multiplets discussed in detail in this paper.

In principle, both real and complex scalar EW multiplets can contain viable dark matter
1For smaller values of Y for the even n-plet, one might need to rely on some additional splitting generating

mechanisms to change the lightest state being charged to neutral for n ≥ 4. For a more detailed discussion on
the splittings and hyper-charges, see subsection 3.4.

2The only exception is the case with tiny hyper-charge discussed above.
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Mitridate, Redi, Smirnov, Strumia, 1702.01141

Reach up to thermal target 
≈  

complete coverage for WIMP candidate

48.8

Correct relic abundance 
⇒ Thermal targets

S. Bottaro, D. Buttazzo, M. Costa, R. Franceschini, P. Panci, D. 
Redigolo, L. Vittorio, 2107.09688

Way beyond LHC reach.



Two classes of “direct” DM 
signals at colliders

 Production of dark matter particle.  

Inclusive search for X+MET 

similar to mono-jet at hadron colliders

(a) (b) (c) (d)

Figure 1: Representative Feynman diagrams for the mono-photon signal from a variety of
χχ production channels (a) µ+µ− annihilation, (b) γγ fusion, (c) γW fusion, and (d) WW

fusion.

(a) (b)

Figure 2: Representative Feynman diagrams for the SM mono-photon background (a) from
W -exchange, and (b) from Z → νν̄.

particles, or leave a charge track if the charged states are long lived. As we stated above, we
will consider these soft particles to be unobservable for now. Hence, the most obvious signal
would be to have an additional photon recoiling against the EW multiplet in the production
process. In the following, we will study this mono-photon channel in detail.

We consider the following signal processes

µ+µ− → γχχ via annihilation µ+µ− → χχ, (3.2)
γγ → γχχ via γγ → χχ, (3.3)

γµ± → γνχχ via γW → χχ, (3.4)
µ+µ− → γννχχ via WW → χχ and µ+µ− → χχZ. (3.5)

where χ represents any state within the n-plet and χχ represents any combination of a pair of
the χ states allowed by the gauge symmetries. We show the representative Feynman diagrams
for the mono-photon signal corresponding to the above processes in Figure 1. Apart from
the initial state radiation (ISR) or final state radiation (FSR) photon, the signal rate and
kinematics are mainly determined by the underlying two-to-two processes. For a heavy χ,
the direct µ+µ− annihilation remains to be the dominant production source via γ∗, Z∗ → χχ

(dubbed as a Drell-Yan process due to its similarity to pp → γ∗/Z∗ → $+$− at hadron
colliders). For the next two processes in γγ and γW fusion, photons are treated as initial
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Figure 5: Integrated luminosities needed for (a) mono-photon and (b) mono-muon channels,
to reach 2σ statistical significance at

√
s = 14 TeV.

(a) (b)

Figure 6: Representative Feynman diagrams for the mono-muon signal (a) from γZ fusion
and (b) from WZ/Wγ fusion.

3.2 Mono-Muon

While the mono-photon is a generic dark matter signal for all high energy colliders, mono-
muon signal to be studied in this section is unique to muon colliders. The leading signal
processes are

γ µ± → µ±χχ via γZ → χχ,

µ+µ− → µ±νχχ via γW,ZW → χχ,
(3.10)

where χ’s represent any states within the n-plet, and χχ represents any combination of a pair
of the χ states allowed by gauge symmetries. The µ± is required to be in the detector coverage
as in Equation 3.6. Some representative Feynman diagrams of such a signal, from γZ fusion
and WZ/Wγ fusion, are shown in Figure 6.

The main background comes from processes in which a charged particle (mostly muon)
escapes detection in the forward direction, due to the finite angular acceptance of the detector.
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Examples: 

Challenges: sizable background, systematics



Two classes of “direct” DM 
signals at colliders

 Small EW induced mass splitting, charged 
member long-lived.  

Disappearing track

Challenge: detector need to be close, beam induced background



WIMP reach

High energy muon collider can play a decisive 
role in probing WIMP dark matter!
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m� [TeV]
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(1, 3, 0)MF

(1, 3, �)CS

(1, 3, 0)RS

(1, 2, 1
2)DF

(1, 2, 1
2)CS

�
s =3, 10, 14 TeV

Electroweak DM 2� reach

Thermal Target

Higgsino-like

Wino-like

Figure 8. 2f exclusion of DM masses with horizontal (thick) bars for combined channels and various muon collider
running scenarios for

p
B = 3, 10 and 14 TeV [49]. The thin bars show the reach of the mono-photon plus one disappearing

track search. The vertical bars indicate the thermal mass targets.

The thick (darker) bars represent the reach in DM mass (horizontal axis) by combining different inclusive
missing-mass signals. The thin (fainter) bars are the estimates of the mono-photon plus one disappearing
track search. We have also included the target masses (vertical bars in black) for which the DM thermal
relic abundance is saturated by the EW multiplets DM under consideration. When combining the inclusive
(missing mass) channels, the overall reach is less than the kinematical limit <j ⇠

p
B/2, especially for EW

multiplets with =  3 due to the low signal-to-background ratio. It is possible to cover (with 2f) the thermal
targets of the doublet and Dirac fermion triplet with a 10 TeV muon collider. A 14 TeV muon collider can
cover the complex scalar triplet. For the real scalar and Majorana fermion triplet, a 30 TeV option would
suffice. The thermal targets of complex scalar and Dirac fermion (real scalar and Majorana fermion) 5-plet
would be covered by 30 (100) TeV muon colliders. We note that in order to cover the thermal targets, the
necessary center-of-mass energy and luminosity in many cases can be much lower than the benchmark values
we showed in Equation 3.7. At the same time, the disappearing track signal has excellent potential and could
be the leading probe for 5-plet or lower EW multiplet. Based on our study, it could bring the reach very
close to the kinematical threshold <j ⇠

p
B/2. We note that a 6 TeV muon collider with a disappearing track

search can cover the thermal target of the doublet case, motivating further detailed studies in this direction.
A 3 TeV muon collider has sufficient energy to access the pure-Higgsino DM through the disappearing track
channel kinematically. However, with the current detector layout design [54] and the short lifetime, the
signal efficiency would still be too low [48]. The maximal signal efficiency can be estimated as follows. At
⇢CM = 3 TeV, the Higgsino would be produced relatively close to the threshold. With a lifetime of 0.02 ns,
it would have a lab frame lifetime smaller than 0.56 cm, with a smaller transverse displacement. The single
disappearing track reconstruction would have an efficiency at most 2.5 ⇥ 10�4 without taking into account
any experimental acceptance. The Higgsino production rate without the requirement of the existence of a
25 GeV ?) photon is 10 fb. After requiring such a photon associated with the single track, the cross-section
is 1 fb. Higgsinos will be produced with a pseudorapidity distribution, yielding an even smaller number of
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Muon Collider vs others



Physics program at a 
muon collider

Higgs and electroweak.


New physics at higher energies.


Dark matter


Flavor, CP


…

References:  
Muon smasher’s guide, IMCC input to Snowmass, Muon collider forum report 
Snowmass BSM working group report

https://arxiv.org/pdf/2103.14043.pdf
https://arxiv.org/pdf/2203.08033.pdf
https://arxiv.org/abs/2209.01318
https://arxiv.org/pdf/2209.13128.pdf


Flavor (CP) 
What is the scale of new flavor/CP physics?


Flavor (CP) measurements have consistently 
pushed this to be (far) beyond weak scale. 


e. g. Lepton flavor violation


e. g. EDM 


High energy muon colliders offers new windows to 
probe them. 



Lepton flavor violation
BR(μ → 3e) < 10−12

c
Λ2

(eΓμ)(eΓe), Λ > 2 × 102 TeV

Exp limit:

Constraint: 

BR(τ → 3μ) < 2.1 × 10−8

c
Λ2

(μΓτ)(μΓμ), Λ > 10 TeV

Exp limit:

Constraint: 

μ+μ− → ℓiℓjDirect probe at muon colliders: 



Probing lepton flavor violation
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Figure 22: Summary of muon collider and precision constraints on flavor-violating 3-body
decays. The colored horizontal lines show the sensitivity to the ⌧3µ operator at various
energies, all assuming 1 ab�1 of data. The dashed horizontal (vertical) lines show the current
or expected sensitivity from ⌧ ! 3µ (µ ! 3e) decays for comparison. The diagonal black
lines show the expected relationship between di↵erent Wilson coe�cients with various ansatz
for the scaling of the flavor-violating operators (e.g., “Anarchy” assumes that all Wilson
coe�cients are O(1)).

structure of the theory [179,193]. A high-energy muon collider, on the other hand, would not

only be capable of producing superpartners at high masses, but would also provide direct

measurements of the lepton-flavor violating processes that would complement these low-

energy probes and provide detailed insight into the mechanism of supersymmetry breaking.

For simplicity, we will consider a simplified scenario where the e↵ects of all scalar super-

partners except for ẽR and µ̃R decouple. In this case, the slepton mixing reduces to a 2⇥ 2

problem with slepton-mass squared matrix

M
2
˜̀,RR

=

 
�RR,11 em2

E,12

em2
E,12 �RR,22

!
, (63)

where the diagonal terms are the sum of both soft-SUSY-breaking scalar masses (em2
E
) and

D-terms as well as terms dictated by supersymmetry, and we have assumed the o↵-diagonal

soft-breaking terms are CP conserving. This mass matrix can be diagonalized via a unitary

matrix UR to yield mass eigenstates m2
ẽ1
,m2

ẽ2
with the mixing angle given by

1

2
sin(2✓R) =

em2
E,12

m2
ẽ1
�m2

ẽ2

. (64)

We will further consider the situation where the lightest supersymmetric particle is a pure

63

S. Homiller, Q. Lu, M. Reece, 2203.08825, Smasher’s guide

μ+μ− → τμ



LFV at loop order

At loop order, the NP masses is lower.


Opportunity to search for it directly at muon collider.



LFV at loop order
Supersymmetry. 


Slepton flavor violation.

a muon collider, including an estimate of how precisely the slepton and neutralino masses can

be measured. In Section 4, we present the muon collider reach for the flavor-violating processes

at high-energies and compare to future constraints Mu3e, Mu2e, and PRISM/PRIME. Finally, in

Section 5 we discuss how the LFV signatures can change when we include states beyond the minimal

ingredients, and the complementarity with searches for electric dipole moments. We conclude in

Section 6. The appendices contain more discussion on how flavor-violating terms arise in realistic

models of supersymmetry breaking and provide more details on the slepton and neutralino mass

measurement and the reconstruction procedure used to compute the collider reach.

2 Charged Lepton Flavor Violation in the MSSM

Charged lepton flavor violation arises in the MSSM when there are contributions to the slepton

masses that are not diagonal in the same basis as the SM leptons. When this occurs, the physical

sleptons are mixtures of di↵erent flavors, and their interactions with the SM leptons and neutrali-

nos/charginos will be flavor-violating.

As the Yukawa interactions dictated by supersymmetry are necessarily aligned with the lepton

interactions, the flavor-violating terms must arise from soft supersymmetry-breaking terms, which

depend on the underlying model of supersymmetry breaking. In this sense, the flavor structure of

supersymmetry is inextricably tied with understanding the dynamics of supersymmetry breaking.

We will say more about this in Appendix A.

For our purposes, it will su�ce to consider only the right-handed sleptons and the lightest

neutralino of the full MSSM spectrum. The left-handed and color-charged scalars, as well as the

gluino, are assumed to acquire soft masses with parametrically larger values that lie outside the

reach of the high-energy collider we consider. We will further assume that the lightest neutralino

is pure Bino, B̃, with mass M1. Aside from being phenomenologically convenient, this assumption

is also quite natural, as the left-handed and color-charged particles typically receive additional

contributions to their masses from SU(2)L and SU(3)c gauge interactions that the right-handed

sleptons and Bino do not. This spectrum bears some resemblance to those studied from a UV

perspective in ref. [8] in the context of the hierarchy problem and the muon (g � 2). The LHC

bounds were compared to the flavor constraints for a similar spectrum in ref. [9] as well.

For our collider studies, we will be interested in the case that M1 is less than the slepton masses,

so that the sleptons decay via ˜̀
i ! `jB̃, with the neutralino appearing as missing momentum.

Finally, for simplicity, we will largely ignore the e↵ects of the stau, and assume that its mass is

reasonably well separated from the selectron and smuon. We will revisit the e↵ects of stau mixing

with the other sleptons again at the end of the section and in much more detail in Section 5.

The result of this suite of motivated assumptions is that the flavor-violating slepton spectrum

is reduced to a 2⇥ 2 mixing problem. We write the mass matrix of the right-handed selectron and

smuon as

⇣
ẽ†R µ̃†

R

⌘⇣
M

2
R

⌘ ẽR
µ̃R

!
⌘

⇣
ẽ†R µ̃†

R

⌘ m2
R +�RR

ee �RR
eµ�

�RR
eµ

�⇤
m2

R +�RR
µµ

! 
ẽR
µ̃R

!
(1)
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2.1 Low-Energy Signatures of Lepton Flavor Violation

In this section, we discuss the constraints from low-energy precision measurements of muons. In

particular, we’ll focus on the constraints from µ ! e�, µ ! 3e and µ-to-e conversion in atomic

nuclei, since these arise without any field content beyond the mixed right-handed sleptons and the

Bino that we will also consider for the collider reach. Beyond this minimal scenario, additional

constraints from flavor-violating mixings with the stau and searches for the electron electric dipole

moment can arise, but these depend on additional parameters, so we delay a discussion of them

until Section 5.

There is a large literature on the rate of charged lepton flavor violation processes in super-

symmetric theories, too large to review here; key papers and useful entry points to this literature

include [13–22]. Here, we will only extract some results in particular limits and regions of parameter

space that are of interest for our work.

In the situations of interest to us, the dominant contributions to CLFV processes are from

contributions to dipole operators. Given a general dipole operator below the electroweak scale,

L � A
R
ij
¯̀
i�

µ⌫PR`jFµ⌫ + h.c., (6)

the µ ! e� decay rate is given by

Br(µ ! e�) =
48⇡3↵

m2
µG

2
F

�
|A

R
eµ|

2 + |A
R
µe|

2
�
. (7)

The minimal set of ingredients we consider already leads to a contribution to the dipole operator

above, as illustrated in Fig. 1. This diagram has a mass insertion on the external muon line.

Because the diagram is not 1LPI, one way to interpret this is that integrating out the sleptons

and bino generates an operator of the form ē†j�
µ

$
D⌫ ēiBµ⌫ , which becomes the more familiar dipole

operator Lj�µ⌫ ēiBµ⌫ only after applying the equation of motion for the lepton fields.

⇥
µL µR eR

µ̃R ẽR
⇥

�

�RR
eµ

B̃

Figure 1: The minimal one-loop contribution to the µ ! e� dipole associated with the flavor-violating
slepton collider signal of interest. The right-handed selectron and smuon are both relatively light, and
contribute to µ ! e� through a loop involving a bino and the o↵-diagonal slepton mass matrix contribution
�RR
eµ .

The mixing of ẽR and µ̃R leads to two slepton mass eigenstates ˜̀
1,2. Then the dipole amplitude

6

BR(μ → eγ) < 4.2 × 10−13 → mSUSY > TeV



LFV at loop order
At muon collider

Samuel Homiller — shomiller@g.harvard.edu Muon Colliders and Complementarity 6

LFV Signals at a Muon Collider:
µ�

µ+

�, Z

˜̀
1,2

˜̀
1,2

µ

B̃

e

B̃

µ�

µ+

B̃

˜̀
i

˜̀
j

µ

B̃

e

B̃

The same physics can be directly tested at a muon collider via slepton 
pair-production with LFV decays!


 Rates at MuC depend on the same parameters as the low-energy 
LFV signals 


This story was studied extensively in the context of  machines

⟹
(sin 2θR, Δm2, m2, M1)

e+e−

Arkani-Hamed, Cheng, Feng, Hall [hep-ph/9603431]

(see their discussion of the interference/oscillation 
effects in particular!)

Samuel Homiller — shomiller@g.harvard.edu Muon Colliders and Complementarity

Muon Collider Discovery Reach

1110 TeV muon collider can have interesting reaches. 
Complementary to low energy measurement.

S. Homiller, Q. Lu, M. Reece, 2203.08825



EDM (Barr-Zee)
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Figure 21: One possibility for testing the physics associated with a Barr-Zee type
contribution to a lepton EDM at a future muon collider. Left: The two-loop Barr-Zee
contribution to a lepton EDM. Right: A �� ! hh process at a muon collider, sensitive to
loops of charged particles that couple to the Higgs. The dotted blue box shows that both
processes probe the same underlying physics.
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This is only a rough, order-of-magnitude guide, but it shows that an EDM experiment could

provide the first discovery of the e↵ects of new physics beyond the reach of current colliders.

A one-loop EDM of this size could arise, for example, from sleptons with masses of order

PeV and order one CP-violating phases [179, 180], or from lighter sleptons with smaller

CP-violating phases. A two-loop EDM could arise, for instance, from chargino loops in

split SUSY [181,182]. More generally, any new particles interacting with electroweak gauge

bosons and the Higgs can produce a 2-loop EDM through Barr-Zee diagrams [183], see the

left panel of Fig. 21.

An EDM discovery would tell us that new physics exists, but would tell us very little about

the nature of the new physics. Colliders will have a crucial role to play, by providing more

insight on the new particles responsible for the EDM and allowing us to determine which

extension of the SM explains the e↵ect. A one-loop EDM would be associated with new

particles carrying electric charge which could be directly pair-produced at a muon collider

if they are kinematically within reach, e.g., for sleptons we would search for µ+µ�
! ˜̀+ ˜̀�.

The range of possibilities at two loops is broader (e.g., [184,185]), but the case of the Barr-

Zee diagram o↵ers a particularly appealing target. It involves new electroweak particles

which could be pair produced directly. However, it also implies that these particles alter the

interactions between Higgs and gauge bosons, as illustrated in Fig. 21. Since high-energy

lepton colliders are electroweak gauge boson colliders, they o↵er a unique prospect to directly

probe the same underlying electroweak interactions that generate the EDM, via precision
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Figure 21: One possibility for testing the physics associated with a Barr-Zee type
contribution to a lepton EDM at a future muon collider. Left: The two-loop Barr-Zee
contribution to a lepton EDM. Right: A �� ! hh process at a muon collider, sensitive to
loops of charged particles that couple to the Higgs. The dotted blue box shows that both
processes probe the same underlying physics.
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This is only a rough, order-of-magnitude guide, but it shows that an EDM experiment could

provide the first discovery of the e↵ects of new physics beyond the reach of current colliders.

A one-loop EDM of this size could arise, for example, from sleptons with masses of order

PeV and order one CP-violating phases [179, 180], or from lighter sleptons with smaller

CP-violating phases. A two-loop EDM could arise, for instance, from chargino loops in

split SUSY [181,182]. More generally, any new particles interacting with electroweak gauge

bosons and the Higgs can produce a 2-loop EDM through Barr-Zee diagrams [183], see the

left panel of Fig. 21.

An EDM discovery would tell us that new physics exists, but would tell us very little about

the nature of the new physics. Colliders will have a crucial role to play, by providing more

insight on the new particles responsible for the EDM and allowing us to determine which

extension of the SM explains the e↵ect. A one-loop EDM would be associated with new

particles carrying electric charge which could be directly pair-produced at a muon collider

if they are kinematically within reach, e.g., for sleptons we would search for µ+µ�
! ˜̀+ ˜̀�.

The range of possibilities at two loops is broader (e.g., [184,185]), but the case of the Barr-

Zee diagram o↵ers a particularly appealing target. It involves new electroweak particles

which could be pair produced directly. However, it also implies that these particles alter the

interactions between Higgs and gauge bosons, as illustrated in Fig. 21. Since high-energy

lepton colliders are electroweak gauge boson colliders, they o↵er a unique prospect to directly

probe the same underlying electroweak interactions that generate the EDM, via precision
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Potential sensitivity of next generation exp. 

2-loop Barr-Zee
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contribution to a lepton EDM at a future muon collider. Left: The two-loop Barr-Zee
contribution to a lepton EDM. Right: A �� ! hh process at a muon collider, sensitive to
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This is only a rough, order-of-magnitude guide, but it shows that an EDM experiment could

provide the first discovery of the e↵ects of new physics beyond the reach of current colliders.

A one-loop EDM of this size could arise, for example, from sleptons with masses of order

PeV and order one CP-violating phases [179, 180], or from lighter sleptons with smaller

CP-violating phases. A two-loop EDM could arise, for instance, from chargino loops in

split SUSY [181,182]. More generally, any new particles interacting with electroweak gauge

bosons and the Higgs can produce a 2-loop EDM through Barr-Zee diagrams [183], see the

left panel of Fig. 21.

An EDM discovery would tell us that new physics exists, but would tell us very little about

the nature of the new physics. Colliders will have a crucial role to play, by providing more

insight on the new particles responsible for the EDM and allowing us to determine which

extension of the SM explains the e↵ect. A one-loop EDM would be associated with new

particles carrying electric charge which could be directly pair-produced at a muon collider

if they are kinematically within reach, e.g., for sleptons we would search for µ+µ�
! ˜̀+ ˜̀�.

The range of possibilities at two loops is broader (e.g., [184,185]), but the case of the Barr-

Zee diagram o↵ers a particularly appealing target. It involves new electroweak particles

which could be pair produced directly. However, it also implies that these particles alter the

interactions between Higgs and gauge bosons, as illustrated in Fig. 21. Since high-energy

lepton colliders are electroweak gauge boson colliders, they o↵er a unique prospect to directly

probe the same underlying electroweak interactions that generate the EDM, via precision
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contribution to a lepton EDM. Right: A �� ! hh process at a muon collider, sensitive to
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This is only a rough, order-of-magnitude guide, but it shows that an EDM experiment could

provide the first discovery of the e↵ects of new physics beyond the reach of current colliders.

A one-loop EDM of this size could arise, for example, from sleptons with masses of order

PeV and order one CP-violating phases [179, 180], or from lighter sleptons with smaller

CP-violating phases. A two-loop EDM could arise, for instance, from chargino loops in

split SUSY [181,182]. More generally, any new particles interacting with electroweak gauge

bosons and the Higgs can produce a 2-loop EDM through Barr-Zee diagrams [183], see the

left panel of Fig. 21.

An EDM discovery would tell us that new physics exists, but would tell us very little about

the nature of the new physics. Colliders will have a crucial role to play, by providing more

insight on the new particles responsible for the EDM and allowing us to determine which

extension of the SM explains the e↵ect. A one-loop EDM would be associated with new

particles carrying electric charge which could be directly pair-produced at a muon collider

if they are kinematically within reach, e.g., for sleptons we would search for µ+µ�
! ˜̀+ ˜̀�.

The range of possibilities at two loops is broader (e.g., [184,185]), but the case of the Barr-

Zee diagram o↵ers a particularly appealing target. It involves new electroweak particles

which could be pair produced directly. However, it also implies that these particles alter the

interactions between Higgs and gauge bosons, as illustrated in Fig. 21. Since high-energy

lepton colliders are electroweak gauge boson colliders, they o↵er a unique prospect to directly

probe the same underlying electroweak interactions that generate the EDM, via precision
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Potential sensitivity of next generation exp. 

2-loop Barr-Zee

Same process probed by 10(s) TeV muon collider!



Conclusion

High energy muon collider holds promise of 
getting the next (10 TeV) high energy frontier.


A lot of interesting physics to cover.


My hope: we will do solid R&D in the coming 
decades to make it into a mature project.



DM part of a EW multiplet

n odd. Fermionic. 


n>7, Landau pole close to MDM . 


After EWSB,  mass splitting (minimally) generated at 1-loop.


Choose Y=0. Lightest member electric neutral. Potential DM 
candidate. 

DM ∈ (1, n, Y) of SU(3)C × SU(2)L × U(1)Y



DM part of a EW multiplet
DM ∈ (1, n, Y) of SU(3)C × SU(2)L × U(1)Y

n even. Fermionic


Choose Y=(n-1)/2 ensures lightest member is neutral. 


Direct detection rules out the minimal case due to tree level Z 
exchange. 


Can be avoided to introduce a small splitting, δm > 102 keV, of 
the neutral states (for example, from a dim-5 operator). Not quite 
minimal (additional model dependence).


Famous example: Higgsino (1,2)1/2



DM part of a EW multiplet
DM ∈ (1, n, Y) of SU(3)C × SU(2)L × U(1)Y

Scalar (real and complex)


Minimal case: mass splitting, stability discussion parallel to 
that of the fermionic multiplets.


Addition couplings of the form H† H X† X. More parameters 
involved in a full analysis.


More focus on the fermion case (so far).



“indirect”, from precision 
measurement

23

The case for direct searches

EW pair-produced particles up to kinematical threshold

Striking for 10+TeV 
Particularly effective for VBF-produced BSM

Need studies for compressed/invisible/difficult decays

WIMP DM: 
           in mono-X [2009.11287 + Buttazzo, Franceschini et. al. in progress] 

           disappearing tracks [2009.11287 + Meloni, Zurita et. al. in progress]

                indirectly [1810.10993]
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At loop level, modifying the qq̄( or ℓ+ℓ−) → f f̄ amplitude

Di Luzio, Grober, Panico, 1810.10993
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Figure 15: Comparison of different channels discussed in this paper. The faint bars repre-
sent our estimation of the mono-photon plus one- or two-disappearing track searches. The
burgundy vertical bars represent the thermal target for a given EW-multiplet model.

in Figure 15, with various muon collider running scenarios listed in Equation 1.1 as indicated
by the color codes. Our observations are as follows:
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FIG. 5. Di↵erent bars show the 2� (solid wide) and 5� (hatched thin) reach on the WIMP mass at a muon collider for
di↵erent search channels. The first seven bars show the channels discussed in Sec. VA where DM would appear as missing
invariant mass (MIM) recoiling against one or more SM objects: mono-gamma, inclusive mono-W, leptonic mono-W, mono-Z,
di-gamma, same sign di-W, and the combination of all these MIM channels (blue). The last two bars show the reach of
disappearing tracks as discussed in Sec. VB, requiring at least 1 disappearing track (red), or at least 2 tracks (orange). All the
results are shown assuming systematic uncertainties to be 0 (light), 1h (medium), or 1% (dark). The vertical red bands show
the freeze-out prediction. Left: Majorana 3-plet for

p
s = 14TeV and L = 20 ab�1. Right: Majorana 5-plet for

p
s = 30TeV

and L = 90 ab�1.

summation of large logarithms. We have checked that
for the EW 3-plet and 5-plet, and for the energies under
consideration here, the fixed-order computations are still
accurate.

First, we consider the di-photon process

`
+
`
�
! �

i
�
�i + �� . (34)

We apply the same acceptance cuts of the mono-� anal-
ysis, and in addition we require a separation �R�� > 0.4
between the two photons. We employ the same event se-
lection strategy of the mono-� case, using as variables ⌘X ,
pT,X , where X is the compound �� system. Moreover,
we require each photon to be as central as the �� system
itself. For the 5-plet, we find that the di-� search can be
stronger than the mono-� in presence of large systematic
uncertainties, where suppressing the SM background is
more important. For the 3-plet, which has a smaller EW
charge, the signal yield is too much a↵ected by the re-
quirement of a second emission to be competitive with
the mono-V. In both cases, the values of S/B for the ex-
cluded di-� signal are much larger than for the mono-�
signal, and systematic errors thus have a smaller impact.
Details of the results are reported in Table II in the Ap-
pendix.

Second, we consider the double W emission

`
+
`
�
! �

i
�
�i⌥2 +W

±
W

±
, (35)

which holds a potentially very clean signature due to the
two same-sign W bosons. We focus on leptonically de-
caying W bosons to ensure that their charge can be ac-
curately tracked. A potential SM background consists in
events with two lost charged particles, with the leading
contribution being

`
+
`
�
! W

�
W

�
W

+
W

+
, (36)

where two W bosons of same sign are lost. This back-
ground is however negligible, as pairs of W bosons with
opposite charge tend to be radiated from the same ex-
ternal leg and to be collinear: requiring only one of
two collinear W bosons to be within detector acceptance
reduces the rate to negligible levels. The other possi-
ble background is given by events with a misidentified
charge,

`
+
`
�
! W

�
W

+(mistag) ⌫⌫̄ , (37a)

`
+
`
�
! W

�
W

+(mistag) `+`� , (37b)

where in the second case the charged final-state leptons
are lost along the beam line. Requiring pT,WW & p

s/10
makes the process in Eq. (37b) subdominant with re-
spect to the ⌫⌫̄ background Eq. (37a). On top of this pT
cut, we do not apply further selection cuts, and simply
require the two W bosons to be within the geometri-
cal acceptance of the detector, |⌘W | < 2.5. As an esti-
mate for the charge misidentification probability we take
✏misid = 10�3.
Due to the negligible background contamination, the

same-sign di-W signal has a much higher signal-to-noise
ratio than the mono-V channels and even than the di-
photon signal, reaching up to S/B ⇠ O(1). This makes
this channel very robust against systematic uncertain-
ties, and particularly e↵ective for large n-plets n � 5 at
higher energies due to their large EW charge. This sig-
nature may be one of the most robust and convincing
signal of n = 5 multiplets at colliders. Further sources of
background and a proper characterization of the missing
(transverse) momentum in this reaction depend on de-
tector performances, as well as on the knowledge of the
initial state of the collision to be used in the computation

mono-X, more generic model independent. Interesting 
channels: muon-mu, mono-W. 
Disappearing track. Some model dependence. Important 
to have the right BIB estimates.

S. Bottaro, D. Buttazzo, M. Costa, R. Franceschini, P. Panci, D. 
Redigolo, L. Vittorio, 2107.09688

T. Han, Z. Liu, X. Wang, LTW 2009.11287
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Figure 16: Summary of the exclusion (upper panel) and discovery (lower panel) reaches of
various muon collider running scenarios. The thick bars represent the combined reach from
missing mass searches through mono-photon, mono-muon, and VBF di-muon channels. The
thin and faint bars represent our estimates of the mono-photon plus one disappearing track
search. The burgundy vertical bars represent the thermal target for a given EW-multiplet
model.

are indicated by the color codes. The thick (darker) bars represent the mass reach (horizontal
axis) by combining the channels of inclusive missing-mass signals. The thin (fainter) bars
are our estimates of the mono-photon plus one disappearing track search. For comparison,

– 26 –

Direct detection projection 2.004

Indirect detection 3.493

HL-LHC 0.891

HE-LHC 2.082

FCC-eh 0.526

LE-FCC 37.5 TeV 3.199

FCC-hh 6.488FCC-hh 4.75

MuC 3 TeV 1.42MuC 3 TeV 1.41

MuC 10 TeV 4.65MuC 10 TeV 4.55

CLIC 3 TeV 1.677CLIC 3 TeV 1.49

CLIC 1.5 TeV 0.932CLIC 1.5 TeV 0.741

CLIC 0.38 TeV 0.398CLIC 0.38 TeV 0.189

ILC 0.5 TeV 0.427ILC 0.5 TeV 0.249

FCC-ee 0.397FCC-ee 0.175

CEPC 0.359CEPC 0.119

m(e�±1 ) [TeV]10
�1 1

Wino

No collider

2�, disappearing track

5�, disappearing track

kinematic limit
p

s/2
2�, indirect limit

Figure 16: Summary of the sensitivity to pure wino models at future experimental facili-
ties. The results for other facilities are taken from Refs. [17, 60].
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Figure 17: Summary of the sensitivity to pure higgsino models at future experimental
facilities. The results for other facilities are taken from Refs. [17, 60].

– 25 –

T. Han, Z. Liu, X. Wang, LTW 2009.11287R. Capdevilla F. Meloni, J. Zurita,  2102.11292

With inclusive signal: ECM ≈ 14 TeV enough to cover n≤3 multiplets. 
Higher energy needed to cover higher multiplets.

If we have disappearing track: potential to reach almost m𝛘 ≈ 1/2 ECM
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Other colliders:

Promising results for a high-energy muon collider!

Chiesa, Maltoni, Mantani, Mele, Piccinini, Zhao, 2003.13628
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Figure 1: Representative Feynman diagrams contributing to the process µ
+
µ
�
! HHH⌫⌫

that do not involve self-couplings (top-left and bottom-right), involve the trilinear twice (top-
right) and once (central), and the quartic (bottom-left) couplings. s-channel diagrams (bottom-
right) contribute but become negligible at high energy (note that in this case ⌫ = ⌫e, ⌫µ, ⌫⌧ ).
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Figure 1: Representative Feynman diagrams contributing to the process µ
+
µ
�
! HHH⌫⌫

that do not involve self-couplings (top-left and bottom-right), involve the trilinear twice (top-
right) and once (central), and the quartic (bottom-left) couplings. s-channel diagrams (bottom-
right) contribute but become negligible at high energy (note that in this case ⌫ = ⌫e, ⌫µ, ⌫⌧ ).
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Figure 5: Estimated stop exclusion reaches for various colliders and search methods. The
two, three, and four-body decay searches target the regions �m(et1, e�0

1
) 2 (mt, 1), (mb +

mW , mt), and (0, mb + mW ) respectively. The bars show the largest limit on m(et1) in the
m(et1) � m(e�0

1
) phase-space for each region. The Precision Higgs constraints are based on

measuring production rates of the Higgs boson assuming the only BSM contributions are
from stops. ILC, CLIC, and Muon Collider limits are estimated to be

p
s/2, with slight

inefficiencies in the three and four-body decay searches due to soft decay products. Current
expected limits from the LHC [87] are shown as vertical lines. A table detailing the origin
of each line is given in Table 9. The hashed gray band indicates the range of estimates in
the case where both a dedicated study and Run-2 extrapolation are available.

reach is expected to
p

(s)/2.

A second model, shown in Figure 7, is considered where the LSP is primarily the Hig-
gsino with small mixings with the other states. Such a scenario is of particular interest in
naturalness-motivated scenarios, because the fine-tunning of the Higgs mass is particularly
sensitive to the Higgsino mass parameter which contributes to the Higgs mass at tree-level.
This leads to small mass splitting between the neutralino LSP and the lightest chargino
and the next-to-lightest neutralino. CMS and ATLAS have performed dedicated searches
for this compressed region using a combination of the two and three lepton and E

miss

T
final-

states using Run-2 LHC data [210, 211]. They also have dedicated studies for the HL-LHC
and HE-LHC sensitivity. These provide a good opportunity to compare dedicated studies
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

final state studies. Direct searches are more effective at low g⇤, which may seem surprising.
The reason is that g⇤ is the r coupling to the Higgs boson, while the coupling of the r to
quarks, which drives the production, scales like g2

2/g⇤ and therefore increases for small g⇤.
Unfortunately, no direct reach projection is currently available for the HE-LHC.

The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.
The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [443])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

Looking ahead
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: coupling

ILC at 250 GeV and CLIC at 380 GeV 
already significantly better than HL-LHC

FCC-all and 3 TeV CLIC similar
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

final state studies. Direct searches are more effective at low g⇤, which may seem surprising.
The reason is that g⇤ is the r coupling to the Higgs boson, while the coupling of the r to
quarks, which drives the production, scales like g2

2/g⇤ and therefore increases for small g⇤.
Unfortunately, no direct reach projection is currently available for the HE-LHC.

The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.
The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [443])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

Looking ahead
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: coupling

ILC at 250 GeV and CLIC at 380 GeV 
already significantly better than HL-LHC

FCC-all and 3 TeV CLIC similar

Through precision measurement at high energies. 



Blind spot for muon collider?

New physics only charged under color.


e.g. Gluino


Muon blind flavor specific coupling.  


