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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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CLIC%is%highest%energy%proposal%
with%CDR%
•  at%the%limit%of%what%one%can%do%

(decades%of%R&D)%
•  No%obvious%way%to%improve%
%
Cost%18%GCHF,%power%590%MW%

Muon'Collider:'
'
Accelera4on%and%collision%in%
mul4ple%turns%in%rings%promises%
•  Power'efficiency'
•  Compact'tunnels'

•  10%TeV%similar%to%3%TeV%
CLIC%

•  Cost'effec@veness'
•  Natural'staging%is%natural%
%
Synergies%exist%(neutrino/higgs%
%
Detailed%studies%needed%for%
quan4ta4ve%statements%

Muon%collider%promises%unique%opportunity%
for%a%highBenergy,'highBluminosity'lepton'collider'

Luminosity%Goals%

D.%Schulte% Muon%Collider,%Muon%Collider%Agora,%February%16,%2021% 5%

Tenta4ve%target%parameters%
Scaled%from%MAP%parameters%

Parameter' Unit' 3'TeV' 10'TeV' 14'TeV'

L% 1034%cmR2sR1% 1.8% 20% 40%

N% 1012% 2.2% 1.8% 1.8%

fr% Hz% 5% 5% 5%

Pbeam% MW% 5.3% 14.4% 20%

C% km% 4.5% 10% 14%

<B>% T% 7% 10.5% 10.5%

εL% MeV%m% 7.5% 7.5% 7.5%

σE%/%E% %% 0.1% 0.1% 0.1%

σz% mm% 5% 1.5% 1.07%

β% mm% 5% 1.5% 1.07%

ε% μm% 25% 25% 25%

σx,y% μm% 3.0% 0.9% 0.63%

Target%integrated%luminosi4es%
%
%
%
%
%
%
%
Note:'currently'consider'3'TeV'
and'either'10'or'14'TeV%
•  Tenta4ve%parameters%achieve%

goal%in%5%years%%
•  FCCRhh%to%operate%for%25%years%
•  Might%integrate%some%margins%
•  Aim%to%have%two%detectors%

Feasiblity'addressed'
•  will%evaluate%luminosity%

performance,%cost%and%power%
consump4on%

Comparison:%
CLIC%at%3%TeV:%28%MW%



The coming decades

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


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

We are here. 

Xiaohu SUNPeking UniversityTop mass @ CEPC
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• 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, 
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
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“The muon smasher’s guide”



Physics program at a 
muon collider

Higgs properties.


New physics at higher energies.



Higgs properties
Obvious: important to understand the Higgs 
properties. 

Origin of the weak scale.


Nature of EW symmetry breaking.


Portal to dark sector.  



Higgs properties
Obvious: important to understand the Higgs 
properties. 

Origin of the weak scale.


Nature of EW symmetry breaking.


Portal to dark sector.  

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



MC as Higgs factory

In comparison: 

low(er) energy Higgs factories 
~ 106 Higgses

Z. Liu, LTW
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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 =
✓ p

s

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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Accelerators:    
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Positron Linac

Positron Linac

µ+

µ−

Positron
Ring

AccelerationLow EMmittance Muon 
Accelerator (LEMMA): 
1011 µ pairs/sec from 

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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precision reach on effective couplings from full EFT global fit
HL-LHC S2 + LEP/SLD
e+e-, Z-pole & 240GeV
MuC 125GeV, 20/fb
MuC 125GeV + e+e-

All lepton colliders are combined with
HL-LHC S2 + LEP/SLD

without/with 3TeV hZ&WW

MuC 125GeV 20/fb

FIG. 8. The one-sigma precision reach on the e↵ective Higgs couplings from a global fit of the Higgs and
electroweak measurements in the SMEFT framework. The four columns represent the HL-LHC S2 scenario with
electroweak measurements at LEP and SLD, a circular e+e� collider with center-of-mass energy up to 240GeV, a
muon collider at 125GeV with a total integrated luminosity of 20 fb�1, and the combination of the e

+
e
� and the

muon collider, respectively. The measurements are combined with the HL-LHC S2 and LEP/SLD measurements
for all the lepton collider scenarios. For the last two scenarios, the hZ and WW measurements at a 3TeV muon
collider (1 ab�1) are also considered. Results with (without) the 3TeV hZ/WW measurements are shown with
solid (light-shaded) columns.

similar optimal observable analysis to the measurements of µ+
µ
�
! W

+
W

� as well as the µ
+
µ
�
! hZ

process at the high-energy runs of the muon collider. While the e
+
e
�

! W
+
W

� process was also

measured at LEP 2 [45], the measurement precision was relatively low, and they do not make a significant

impact once the HL-LHC diboson measurements are included. For simplicity, they are not included in

our analysis.

Following Ref. [40] (see also Ref. [26]), we perform a global fit to the Higgs and electroweak mea-

surements with a total number of 28 independent CP-even Wilson coe�cients. Since our focus is on the

Higgs measurements and the corresponding Higgs coupling constraints, we present the result of the fit in

terms of e↵ective Higgs couplings [26, 39, 40], while treating all other couplings/coe�cients as nuisances

parameters. The result is shown in Fig. 8 in terms of the one-sigma precision of these e↵ective couplings,

denoted as �g
XX

H
. The numerical results of our analysis are provided in Table VI. Four scenarios are

considered, which are the HL-LHC S2 combined with the electroweak measurements at LEP and SLD, a

circular e+e� collider with center-of-mass energy up to 240GeV, a 125GeV muon collider with 20 fb�1

integrated luminosity, and the combination of the e
+
e
� and the muon collider. The HL-LHC S2 and

LEP/SLD measurements are also included in the fit for the last three scenarios. For the muon collider,

we consider two cases: the 125GeV run only, and the hZ and WW measurements at 3 TeV (assuming a

total luminosity of 1 ab�1), as mentioned earlier. They are shown by the light-shaded and solid columns,

respectively. We also consider the scenario of a 125GeV muon collider with a total integrated luminosity

With only 125 GeV MC, less competitive. 

J. de Blas,  J. Gu, Z. Liu, preliminary
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electroweak measurements at LEP and SLD, a circular e+e� collider with center-of-mass energy up to 240GeV, a
muon collider at 125GeV with a total integrated luminosity of 20 fb�1, and the combination of the e

+
e
� and the

muon collider, respectively. The measurements are combined with the HL-LHC S2 and LEP/SLD measurements
for all the lepton collider scenarios. For the last two scenarios, the hZ and WW measurements at a 3TeV muon
collider (1 ab�1) are also considered. Results with (without) the 3TeV hZ/WW measurements are shown with
solid (light-shaded) columns.

similar optimal observable analysis to the measurements of µ+
µ
�
! W

+
W

� as well as the µ
+
µ
�
! hZ

process at the high-energy runs of the muon collider. While the e
+
e
�

! W
+
W

� process was also

measured at LEP 2 [45], the measurement precision was relatively low, and they do not make a significant

impact once the HL-LHC diboson measurements are included. For simplicity, they are not included in

our analysis.

Following Ref. [40] (see also Ref. [26]), we perform a global fit to the Higgs and electroweak mea-

surements with a total number of 28 independent CP-even Wilson coe�cients. Since our focus is on the

Higgs measurements and the corresponding Higgs coupling constraints, we present the result of the fit in

terms of e↵ective Higgs couplings [26, 39, 40], while treating all other couplings/coe�cients as nuisances

parameters. The result is shown in Fig. 8 in terms of the one-sigma precision of these e↵ective couplings,

denoted as �g
XX

H
. The numerical results of our analysis are provided in Table VI. Four scenarios are

considered, which are the HL-LHC S2 combined with the electroweak measurements at LEP and SLD, a

circular e+e� collider with center-of-mass energy up to 240GeV, a 125GeV muon collider with 20 fb�1

integrated luminosity, and the combination of the e
+
e
� and the muon collider. The HL-LHC S2 and

LEP/SLD measurements are also included in the fit for the last three scenarios. For the muon collider,

we consider two cases: the 125GeV run only, and the hZ and WW measurements at 3 TeV (assuming a

total luminosity of 1 ab�1), as mentioned earlier. They are shown by the light-shaded and solid columns,

respectively. We also consider the scenario of a 125GeV muon collider with a total integrated luminosity

With only 125 GeV MC, not too competitive. Except this!

J. de Blas,  J. Gu, Z. Liu, preliminary
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+
e
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for all the lepton collider scenarios. For the last two scenarios, the hZ and WW measurements at a 3TeV muon
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similar optimal observable analysis to the measurements of µ+
µ
�
! W

+
W

� as well as the µ
+
µ
�
! hZ

process at the high-energy runs of the muon collider. While the e
+
e
�

! W
+
W

� process was also

measured at LEP 2 [45], the measurement precision was relatively low, and they do not make a significant

impact once the HL-LHC diboson measurements are included. For simplicity, they are not included in

our analysis.

Following Ref. [40] (see also Ref. [26]), we perform a global fit to the Higgs and electroweak mea-

surements with a total number of 28 independent CP-even Wilson coe�cients. Since our focus is on the

Higgs measurements and the corresponding Higgs coupling constraints, we present the result of the fit in

terms of e↵ective Higgs couplings [26, 39, 40], while treating all other couplings/coe�cients as nuisances

parameters. The result is shown in Fig. 8 in terms of the one-sigma precision of these e↵ective couplings,

denoted as �g
XX

H
. The numerical results of our analysis are provided in Table VI. Four scenarios are

considered, which are the HL-LHC S2 combined with the electroweak measurements at LEP and SLD, a

circular e+e� collider with center-of-mass energy up to 240GeV, a 125GeV muon collider with 20 fb�1

integrated luminosity, and the combination of the e
+
e
� and the muon collider. The HL-LHC S2 and

LEP/SLD measurements are also included in the fit for the last three scenarios. For the muon collider,

we consider two cases: the 125GeV run only, and the hZ and WW measurements at 3 TeV (assuming a

total luminosity of 1 ab�1), as mentioned earlier. They are shown by the light-shaded and solid columns,

respectively. We also consider the scenario of a 125GeV muon collider with a total integrated luminosity

Higher energy helps.

J. de Blas,  J. Gu, Z. Liu, preliminary
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precision reach on Higgs couplings from �-fit
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e+e- 240GeV
MuC 125GeV, 5 fb-1
MuC 125GeV + e+e-

columns: free �H
-: no exotic decay

FIG. 7. The same as Fig. 6 but using the luminosity benchmark of 5 fb�1 for the muon collider.

LHC, while the precision of ⇠ 6% could be achieved at the 125GeV muon collider. Not surprisingly, the

muon Yukawa coupling precision also gets a significant boost (of more than one order of magnitude) at

the 125GeV muon collider, thanks to its unique µ
+
µ
�

! H production channel. Even a future e
+
e
�

collider could not compete with the 125GeV muon collider on the muon Yukawa coupling determination.

On the other hand, a 240GeV e
+
e
� collider is much better at measuring the HZZ coupling, owing to

its excellent inclusive ZH production measurement. For the other couplings, the two colliders’ reaches

are comparable when individually combined with HL-LHC, despite the fact-of-five di↵erence in the total

number of Higgs events. For � , Z� and t, this is mainly due to the constraints from HL-LHC; for the

other couplings, it is indeed a consequence of clean measurement, (in many cases) smaller backgrounds,

and the ability to directly measure the width, as we emphasized in the previous section. The comparison

discussion changes for the 5 fb�1 scenario. Even with the reduced statistics, leading to a factor of two

deterioration in the (standalone) muon collider precision, the muon coupling could still be known at the

percent level and, thus, better than any other collider. All the other parameters are more than a factor

of two less precise in terms of precision compared to a e
+
e
� Higgs factory due to a factor of 20 fewer

statistics for the 5 fb�1 scenario.

The complementarity between a 125GeV muon collider and a 240GeV e
+
e
� collider is also interesting

and highly non-trivial. First, we note that the two colliders have similar reaches on the Higgs total width

while using completely di↵erent methods (1.8% at 20 fb�1 from a direct threshold scan12 vs 1.8% for the

determination obtained combining the inclusive ZH cross-section and the individual rates). They thus

provide important consistency checks on the properties of the Higgs boson, which is not reflected in the

12 The reasons for a better total width precision at muon collider compared to shown in Table I is that the HL-LHC inputs
reduces the correlation between width and signal strength parameter µ̃.

Fit Result [%]

10TeV Muon Collider with HL-LHC with HL-LHC + 250GeV e+e�

W 0.06 0.06 0.06

Z 0.23 0.22 0.10

g 0.15 0.15 0.15

� 0.64 0.57 0.57

Z� 1.0 1.0 0.97

c 0.89 0.89 0.79

t 6.0 2.8 2.8

b 0.16 0.16 0.15

µ 2.0 1.8 1.8

⌧ 0.31 0.30 0.27

Table 3: Results of a 10-parameter fit to the Higgs couplings in the -framework, based
on the attainable precision in each on-shell Higgs production and decay channel listed in
Table 2. Additionally, we include the e↵ects of adding data sets projected from the HL-LHC
and a 250 GeV e+e� Higgs factory. One should keep in mind that a muon collider will also
strongly constrain Higgs properties via o↵-shell measurements, which are not included here.

high energy muon collider is an impressive Higgs factory as well as a discovery machine, and

there are numerous interesting avenues for future work related to the Higgs.

4.1.2 Flavor and exotic couplings

Flavor physics in the SM only arises through the Higgs couplings, which determine both

the mass pattern of the di↵erent generations and the mixings that allow for flavor changing

processes. Taking as motivation that flavor is one of the strangest aspects of the SM, there

has been a rich history of testing the flavor structure of the SM indirectly using measurements

from intensity frontier experiments. This program has resulted in stringent bounds on flavor

changing processes, probing new physics scales that are naively well out of the direct reach

of any future energy frontier experiment. Nevertheless, not all of the SM Yukawas have been

measured yet, and large deviations in flavor diagonal Higgs couplings due to BSM physics are

possible [80,81] as well as smaller flavor-changing BSM Higgs couplings [82], depending on the

particular flavors involved. Measuring the SM Yukawas may require more than an O(10)TeV

muon collider. Any channel with a branching fraction similar to Br(h ! µ+µ�) ⇠ O(10�4)

will result in an absolute yield of 103 decays before backgrounds, acceptances, and e�ciencies

are accounted for. Nevertheless, if detectors are optimized, there is still the possibility to go

29
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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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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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cH

2

v
2

⇤2
, �V 2 = �2cH
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2

⇤2
,

�3 ⇡ �
3cH
2
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2

⇤2
+ c6

v
2

⇤2
, �4 ⇡ �
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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].

– 2 –

Measuring both checking non-linearity

good potential!

New physics effects also 
larger at higher energies.
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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?
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Which one is the right picture?

Precision Higgs 
measurements, self coupling 
and beyond,  can reveal a lot.
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More about HH
Energy growing effects
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Figure 7: Left: 95% C.L. reach on ⇠ ⌘ CHv2 (blue contours), and isolines of S/B (black contours)
as a function of collider luminosity and energy. The baseline luminosity in eq. (1) is highlighted
as a white line. Right: Combined constraints at 68% C.L. in the (CH , C6) plane from double
Higgs production, for Ecm = 3 (gray), 6 (green), 10 (blue) and 14 (orange), and 30 TeV (red).

a function of Mhh and pT,h, and we perform a di↵erential analysis dividing the phase space in 9
bins – three bins in each variable – chosen in order to maximize the sensitivity to the new physics
coe�cients. Furthermore, we require the Higgs bosons to be in the central region with rapidity
⌘h < 2 (i.e., around 15�). The cuts that define the bin of highest invariant mass and pT are
reported in Table 8, together with the corresponding `+`� ! hh⌫⌫̄ cross-sections as functions of
CH and C6, for the di↵erent collider benchmarks. This bin is the one that dominates the single-
operator CH sensitivity for CH > 0. The other bins are important for the global sensitivity in
the (C6, CH) plane. Notice that the optimal cuts in (Mhh, pT,h) scale roughly linearly with the
collider energy, as one would näıvely expect in the very high energy regime where all the masses
can be neglected. Also note that the SM cross-section decreases with increasing Ecm since no
logarithmic enhancement is present in the high-mass region. We then compute the overall event
yield, including the hadronic dijet decay modes h ! bb̄, cc̄, gg, that add up to BRh!jj = 70%.
We do not include hadronic WW , ZZ and ⌧⌧ modes, but they could also be considered in order
to increase the number of events. The di-Higgs tagging e�ciency is taken to be ✏hh = 30%. The
resulting number of reconstructed SM events is reported in the fifth column of Table 8.

The single-operator sensitivity to CH (assuming CH > 0) is given in the last column of
Table 8, expressed in terms of the 95% C.L. bound on the parameter ⇠ ⌘ v2/f2

⌘ CHv2, which
is related to the sigma-model scale f in theories where the Higgs is a composite pseudo-Goldstone
boson [24]. The ⇠ parameter (i.e., CH) also controls single-Higgs coupling modifications � =
�⇠/2 (see eq. (18)), that can be probed at the permille level at future Higgs factories such as
CLIC, FCCee and ILC [25]. A similar sensitivity to ⇠ can be achieved already at the 10 TeV
VHEL by “directly” measuring the e↵ect of OH in double Higgs production. The 14 and
30 VHEL sensitivity on ⇠ exceeds the one of Higgs factories. For instance a the 30 VHEL
sensitivity corresponds to Higgs coupling modification of �VHEL30

2�
' 2⇥10�4, which would

require exquisite experimental and theoretical precision to be detected. The “direct” VHEL
sensitivity is instead obtained from measurements with O(10%) precision in the di-Higgs high
mass tail, thanks to the enhancement of the new physics e↵ect. The left panel of Figure 7

23

Figure 6: Constraints on the Wilson coe�cients C6 and CH of eq. (16) from the inclusive
hh ! 4b cross-section measurement (blue), and from its di↵erential distribution in di-Higgs
invariant mass Mhh and Higgs transverse momentum pT,h (red). The contours indicate 68% and
95% C.L. constraints (2 d.o.f.). Left: Ecm = 10 TeV. Right: Ecm = 30 TeV.

the four jets by minimizing |Mj1j2 � mh| + |Mj3j4 � mh|, where Mjj is the invariant mass of
two jets and mh is the Higgs mass. Finally, we select the signal events requiring that for the
Higgs candidates the dijet invariant mass Mjj > Mcut, and that at least Nb jets out of four are
tagged as b-jets (we assume a b-tag e�ciency of 70% and a misidentification probability as given
in [40]). We optimize the significance of the hh cross-section measurement varying Mcut and
Nb. At 3 TeV center of mass energy we find the optimal values Mcut = 105 GeV, Nb = 3, with
a corresponding signal selection e�ciency ✏sig = 25%. This result is in perfect agreement with
the results of Ref. [39], based on a full detector simulation and a BDT selection, which quote
✏sig = 26%. At 10 TeV we find a very similar result, with ✏sig = 32%. The number of background
events that pass the selection cuts is of the same order as the number of signal events. We have
also checked that varying the energy resolution on the diboson invariant mass by ±50% has
a minor impact on the optimal e�ciency, although increasing the background contamination.
More details are reported in Appendix B.

Given these considerations, we simply estimate the error on the cross-section as �� ⇠p
L · ✏sig · �, using the value ✏sig = 26% for all collider energies, but keeping in mind that with a

di↵erent e�ciency the result scales as
p
✏sig. The final precision on the modified trilinear coupling

is given in the last column in Table 7.6 A 10 TeV muon collider could reach a 5% precision,
while a 1.5% precision can be reached at a 30 TeV collider. The results are in agreement with
the previous rough estimates based on the total number of events, but this is purely accidental.
Indeed, the acceptance cuts reduce the cross-section by a very large factor (almost 300 at
30 TeV), but the reduced number of events is compensated by a stronger sensitivity to �3.

Since the detector specifications for a VHEL are not known at present, it is interesting to
assess the dependence of our results on the assumptions about acceptance and e�ciency. In
Figure 5 right we show the dependence of the trilinear coupling limit on the acceptance cuts on
the polar angle ✓jet. We see that the reach is not drastically a↵ected by the angular cut. This is
due to the fact that the trilinear coupling contributes to the cross-section mainly in the central
region, while the forward events come from SM processes. Restricting to a more central region

6
For a 3 TeV collider we use a luminosity of 5 ab

�1
, for ease of comparison with the CLIC studies.
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Ecm/TeV L/ab�1 �(`+`� ! hh⌫⌫̄)/fb Nevents

3 5 0.82 ·
⇥
1� 0.63 �3 + 0.48 �2

3

⇤
4k

10 10 3.3 ·
⇥
1� 0.38 �3 + 0.27 �2

3

⇤
33k

14 20 4.4 ·
⇥
1� 0.34 �3 + 0.23 �2

3

⇤
88k

30 90 7.4 ·
⇥
1� 0.27 �3 + 0.18 �2

3

⇤
660k

Table 6: Total di-Higgs production cross-section from charged VBF, with its dependence on
the trilinear coupling modification �3, and total number of events at di↵erent collider energies.

3.1 Total cross-section and triple Higgs coupling

Double Higgs production receives a diagrammatic tree-level contribution that depends on the
trilinear Higgs coupling. Therefore it provides a so-called “direct” measurement of the parameter
�3 in the Higgs potential

V (h) =
m2

h

2
h2 +

m2

h

2v
(1 + �3)h

3 +
m2

h

8v2
(1 + �4)h

4 + . . . , (15)

where v ' 246 GeV is the Higgs VEV and mh is the physical Higgs boson mass. The trilinear
coupling measurement, which is di�cult to achieve at the LHC [37] at a satisfactory level of
accuracy, is a standard reference target for future colliders. A 100 TeV hadron collider is expected
to be able to measure modifications in the trilinear coupling �FCC

3
⇡ 3.5%– 8%, depending on

the assumptions on detector performance [38]. At lepton colliders, high energies are needed
to produce a significant amount of Higgs boson pairs in VBF. The 3 TeV CLIC can reach a
precision �CLIC

3
⇡ 10% [39]. Here we will estimate the sensitivity to �3 at the VHEL.

In the absence of BSM light degrees of freedom, and assuming Custodial Symmetry, double
Higgs production is a↵ected by new physics through the following two interactions 5

O6 = �
m2

h

2v2

✓
H†H �

v2

2

◆3

, OH =
1

2

⇣
@µ(H

†H)
⌘
2

. (16)

The coe�cients of these operators, C6 and CH , are related to triple Higgs coupling modifications

�3 = v2
✓
C6 �

3

2
CH

◆
. (17)

The quartic coupling �4, studied at VHEL in [20], is correlated with �3 in the EFT. Addition-
ally, the OH operator also induces a universal rescaling of the single Higgs couplings to vectors
and fermions

 = V = f = 1�
CH v2

2
. (18)

The total SM cross-sections for double Higgs production, along with those for several other
VBF processes, have been presented in [12] for di↵erent multi-TeV collider energies. In Table 6
we report the cross-sections for the dominant charged VBF W+W�

! hh process, which are of
the order of a few fb at the various VHEL under consideration, together with their dependence
on the anomalous trilinear �3. With the baseline luminosity of eq. (1), around 104 (few 105)
events are expected at the 10 TeV (30 TeV) VHEL. Note that the contamination from invisible
Z decays to the complete 2 ! 4 process, `+`� ! hh⌫⌫̄, is very small at these energies, with the
`+`� ! Zhh cross-section being of the order of a few ab.

5
The third operator that contributes at tree level (called OT the SILH basis) is neglected because it breaks

Custodial Symmetry and is strongly bounded by LEP, at the level CT v
2 . 10

�3
. We estimate that the VHEL

sensitivity to this operator could become comparable to the one of LEP only at Ecm = 30 TeV.
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p
s/TeV L/ab�1 �(`+`� ! hh(4b)⌫⌫̄)/ab NSM events 68% C.L. �3

3 5 132 ·
⇥
1 + (3.85CH � 0.87C6) v

2

+
�
26.8C2

H + 0.74C2

6 � 5.52CHC6

�
v4
⇤

172 [-8.5, 9.9] %

10 10 239 ·
⇥
1 + (7.25CH � 0.80C6) v

2

+
�
196C2

H + 0.71C2

6 � 8.40CHC6

�
v4
⇤

621 [-4.9, 5.3] %

14 20 257 ·
⇥
1 + (8.43CH � 0.79C6) v

2

+
�
300C2

H + 0.68C2

6 � 9.28CHC6

�
v4
⇤

1336 [-3.4, 3.6] %

30 90 271 ·
⇥
1 + (12.8CH � 0.79C6) v

2

+
�
1389C2

H + 0.78C2

6 � 13.8CHC6

�
v4

6341 [-1.6, 1.6] %

Table 7: Fiducial �(`+`� ! hh(4b)⌫⌫) in ab at various high energy lepton colliders as a function
of the new physics couplings CH and C6, normalized with v = 246 GeV. The cross-sections are
calculated in the fiducial region 10� < ✓b < 170�, pT,b > 10 GeV. We also report the number
of SM events, and the corresponding 68% C.L. bound on the modified trilinear coupling �3,
calculated neglecting backgrounds and assuming a selection e�ciency ✏sig = 26% on the signal.

From these numbers one can derive a first rough estimate of the precision attainable on the
triple Higgs coupling. For simplicity we consider only the hh ! 4b channel, keeping in mind
that a complete analysis could include several other decay channels. Taking into account the
branching ratio BR(h ! bb̄) = 0.58 for both Higgs bosons, and assuming an overall reconstruc-
tion e�ciency of ⇡ 30% (see the CLIC analysis [39]), one gets 3300 reconstructed di-Higgs events
at the 10 TeV collider. Neglecting backgrounds, the statistical precision on the cross-section is
therefore expected to be around 1.7%. With the sensitivity to �3 reported in the table, this
corresponds to a 4% precision on the trilinear coupling. At a 30 TeV collider, instead, one
expects around 600’000 events, which correspond to a percent precision on �3. These numbers
are in agreement with those of [12,19], which however do not include reconstruction e�ciencies.

These order-of-magnitude estimates could be significantly a↵ected by backgrounds, but even
more significantly by detector acceptance. VBF Higgs pair production is a soft process, mean-
ing that the Higgs bosons do not have large transverse momentum. However, they can have
considerable longitudinal boost if the collider energy is large. A very large fraction of the Higgs
bosons is thus produced in the forward (and backward) region, beyond the detector coverage.
The problem could be particularly severe at a µ+µ� VHEL because the radiation-absorbing noz-
zles might reduce the angular coverage significantly. In addition, soft beam-induced background
might a↵ect the ability to reconstruct low-pT objects from the decay of low-pT Higgs bosons.

On the other hand, the contribution of the trilinear coupling to the double Higgs cross-
section only comes from the Feynman diagram with a virtual Higgs boson in the s-channel, and
therefore it is independent of the scattering angle in the hh rest frame. The SM total cross-
section instead gets a large contribution from the the t-channel exchange of a virtual W , which
is enhanced in the kinematical region where the Higgs bosons are produced at small angle in
the hh frame. This contribution, however, is insensitive to �3 and it can be regarded as a
“background” to the �3 determination. The presence of an enhanced signal-free kinematical
region explains the relatively low sensitivity of the total cross-section to �3 that we found in
Table 6. The sensitivity decreases with Ecm as the t-channel enhancement of the background
gets more significant at higher energy. The Higgs bosons produced by the “background” SM
diagrams are forward (and backward) already in the hh rest frame. After the longitudinal boost,
they will thus move almost parallel to the beam axis. The �3 contribution instead is central in
the hh frame, producing relatively more central Higgs bosons in the lab frame. Being obliged
to restrict the measurement of the cross-section to the central region because of the detector
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Table 6: Total di-Higgs production cross-section from charged VBF, with its dependence on
the trilinear coupling modification �3, and total number of events at di↵erent collider energies.

3.1 Total cross-section and triple Higgs coupling

Double Higgs production receives a diagrammatic tree-level contribution that depends on the
trilinear Higgs coupling. Therefore it provides a so-called “direct” measurement of the parameter
�3 in the Higgs potential
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where v ' 246 GeV is the Higgs VEV and mh is the physical Higgs boson mass. The trilinear
coupling measurement, which is di�cult to achieve at the LHC [37] at a satisfactory level of
accuracy, is a standard reference target for future colliders. A 100 TeV hadron collider is expected
to be able to measure modifications in the trilinear coupling �FCC

3
⇡ 3.5%– 8%, depending on

the assumptions on detector performance [38]. At lepton colliders, high energies are needed
to produce a significant amount of Higgs boson pairs in VBF. The 3 TeV CLIC can reach a
precision �CLIC

3
⇡ 10% [39]. Here we will estimate the sensitivity to �3 at the VHEL.

In the absence of BSM light degrees of freedom, and assuming Custodial Symmetry, double
Higgs production is a↵ected by new physics through the following two interactions 5
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The coe�cients of these operators, C6 and CH , are related to triple Higgs coupling modifications
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The quartic coupling �4, studied at VHEL in [20], is correlated with �3 in the EFT. Addition-
ally, the OH operator also induces a universal rescaling of the single Higgs couplings to vectors
and fermions

 = V = f = 1�
CH v2

2
. (18)

The total SM cross-sections for double Higgs production, along with those for several other
VBF processes, have been presented in [12] for di↵erent multi-TeV collider energies. In Table 6
we report the cross-sections for the dominant charged VBF W+W�

! hh process, which are of
the order of a few fb at the various VHEL under consideration, together with their dependence
on the anomalous trilinear �3. With the baseline luminosity of eq. (1), around 104 (few 105)
events are expected at the 10 TeV (30 TeV) VHEL. Note that the contamination from invisible
Z decays to the complete 2 ! 4 process, `+`� ! hh⌫⌫̄, is very small at these energies, with the
`+`� ! Zhh cross-section being of the order of a few ab.

5
The third operator that contributes at tree level (called OT the SILH basis) is neglected because it breaks

Custodial Symmetry and is strongly bounded by LEP, at the level CT v
2 . 10

�3
. We estimate that the VHEL

sensitivity to this operator could become comparable to the one of LEP only at Ecm = 30 TeV.
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Leads to Energy growing effects

-��� -��� ��� ��� ���
-����

-����

����

����

����

�� � ��

�
�
�
��

���� � ���

� ���

	
 ���

	� ��� �
 ���

��% �� �������

Figure 7: Left: 95% C.L. reach on ⇠ ⌘ CHv2 (blue contours), and isolines of S/B (black contours)
as a function of collider luminosity and energy. The baseline luminosity in eq. (1) is highlighted
as a white line. Right: Combined constraints at 68% C.L. in the (CH , C6) plane from double
Higgs production, for Ecm = 3 (gray), 6 (green), 10 (blue) and 14 (orange), and 30 TeV (red).

a function of Mhh and pT,h, and we perform a di↵erential analysis dividing the phase space in 9
bins – three bins in each variable – chosen in order to maximize the sensitivity to the new physics
coe�cients. Furthermore, we require the Higgs bosons to be in the central region with rapidity
⌘h < 2 (i.e., around 15�). The cuts that define the bin of highest invariant mass and pT are
reported in Table 8, together with the corresponding `+`� ! hh⌫⌫̄ cross-sections as functions of
CH and C6, for the di↵erent collider benchmarks. This bin is the one that dominates the single-
operator CH sensitivity for CH > 0. The other bins are important for the global sensitivity in
the (C6, CH) plane. Notice that the optimal cuts in (Mhh, pT,h) scale roughly linearly with the
collider energy, as one would näıvely expect in the very high energy regime where all the masses
can be neglected. Also note that the SM cross-section decreases with increasing Ecm since no
logarithmic enhancement is present in the high-mass region. We then compute the overall event
yield, including the hadronic dijet decay modes h ! bb̄, cc̄, gg, that add up to BRh!jj = 70%.
We do not include hadronic WW , ZZ and ⌧⌧ modes, but they could also be considered in order
to increase the number of events. The di-Higgs tagging e�ciency is taken to be ✏hh = 30%. The
resulting number of reconstructed SM events is reported in the fifth column of Table 8.

The single-operator sensitivity to CH (assuming CH > 0) is given in the last column of
Table 8, expressed in terms of the 95% C.L. bound on the parameter ⇠ ⌘ v2/f2

⌘ CHv2, which
is related to the sigma-model scale f in theories where the Higgs is a composite pseudo-Goldstone
boson [24]. The ⇠ parameter (i.e., CH) also controls single-Higgs coupling modifications � =
�⇠/2 (see eq. (18)), that can be probed at the permille level at future Higgs factories such as
CLIC, FCCee and ILC [25]. A similar sensitivity to ⇠ can be achieved already at the 10 TeV
VHEL by “directly” measuring the e↵ect of OH in double Higgs production. The 14 and
30 VHEL sensitivity on ⇠ exceeds the one of Higgs factories. For instance a the 30 VHEL
sensitivity corresponds to Higgs coupling modification of �VHEL30

2�
' 2⇥10�4, which would

require exquisite experimental and theoretical precision to be detected. The “direct” VHEL
sensitivity is instead obtained from measurements with O(10%) precision in the di-Higgs high
mass tail, thanks to the enhancement of the new physics e↵ect. The left panel of Figure 7

23

FCC-hh expected ~5%
CERN-ACC-2018-0056

Eleni Vryonidou Muon Collider Project Meeting, 15/2/22

Prospects

13

         HHH vs HHVV
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Figure 8: Summary of the expected accuracies at 95% C.L. for the Higgs couplings at a
variety of muon collider collider energies and luminosities. The upper horizontal axis marks
the accessible scale ⇤, assuming c6,H ⇠ O(1).

TeV at a collider of (10 � 30) TeV, we would be probing new physics at very high scales or
deeply into quantum effects.

p
s (lumi.) 3 TeV (1 ab�1) 6 (4) 10 (10) 14 (20) 30 (90) Comparison

WWH (�W ) 0.26% 0.12% 0.073% 0.050% 0.023% 0.1% [41]
⇤/

p
c
i
(TeV) 4.7 7.0 9.0 11 16 (68% C.L.)

ZZH (�Z) 1.4% 0.89% 0.61% 0.46% 0.21% 0.13% [17]
⇤/

p
c
i
(TeV) 2.1 2.6 3.2 3.6 5.3 (95% C.L.)

WWHH (�W2) 5.3% 1.3% 0.62% 0.41% 0.20% 5% [36]
⇤/

p
c
i
(TeV) 1.1 2.1 3.1 3.8 5.5 (68% C.L.)

HHH (�3) 25% 10% 5.6% 3.9% 2.0% 5% [22, 23]
⇤/

p
c
i
(TeV) 0.49 0.77 1.0 1.2 1.7 (68% C.L.)

Table 7: Summary table of the expected accuracies at 95% C.L. for the Higgs couplings at a
variety of muon collider collider energies and luminosities.

In our analyses, we only focused on the leading decay channel H ! bb̄. A more com-

– 15 –

c.f. FCC-hh:

5% for Δκ3  (>100%@HL-LHC)

1% for ΔκW2  (20%@HL-LHC) (arXiv:1611.03860)

10 TeV
30 TeV

Eleni Vryonidou Muon Collider Project Meeting, 15/2/22
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        VBF Double Higgs
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         HHH vs HHVV: Sensitivity

- 3 to 30 TeV, a factor of 25 improvement


- luminosity plus energy growing behavior

Han, Liu, Low, Wang arXiv: 2008.12204 
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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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, (1.1)

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].
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Measuring both checking non-linearity
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More about HH
Energy growing effects
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Figure 7: Left: 95% C.L. reach on ⇠ ⌘ CHv2 (blue contours), and isolines of S/B (black contours)
as a function of collider luminosity and energy. The baseline luminosity in eq. (1) is highlighted
as a white line. Right: Combined constraints at 68% C.L. in the (CH , C6) plane from double
Higgs production, for Ecm = 3 (gray), 6 (green), 10 (blue) and 14 (orange), and 30 TeV (red).

a function of Mhh and pT,h, and we perform a di↵erential analysis dividing the phase space in 9
bins – three bins in each variable – chosen in order to maximize the sensitivity to the new physics
coe�cients. Furthermore, we require the Higgs bosons to be in the central region with rapidity
⌘h < 2 (i.e., around 15�). The cuts that define the bin of highest invariant mass and pT are
reported in Table 8, together with the corresponding `+`� ! hh⌫⌫̄ cross-sections as functions of
CH and C6, for the di↵erent collider benchmarks. This bin is the one that dominates the single-
operator CH sensitivity for CH > 0. The other bins are important for the global sensitivity in
the (C6, CH) plane. Notice that the optimal cuts in (Mhh, pT,h) scale roughly linearly with the
collider energy, as one would näıvely expect in the very high energy regime where all the masses
can be neglected. Also note that the SM cross-section decreases with increasing Ecm since no
logarithmic enhancement is present in the high-mass region. We then compute the overall event
yield, including the hadronic dijet decay modes h ! bb̄, cc̄, gg, that add up to BRh!jj = 70%.
We do not include hadronic WW , ZZ and ⌧⌧ modes, but they could also be considered in order
to increase the number of events. The di-Higgs tagging e�ciency is taken to be ✏hh = 30%. The
resulting number of reconstructed SM events is reported in the fifth column of Table 8.

The single-operator sensitivity to CH (assuming CH > 0) is given in the last column of
Table 8, expressed in terms of the 95% C.L. bound on the parameter ⇠ ⌘ v2/f2

⌘ CHv2, which
is related to the sigma-model scale f in theories where the Higgs is a composite pseudo-Goldstone
boson [24]. The ⇠ parameter (i.e., CH) also controls single-Higgs coupling modifications � =
�⇠/2 (see eq. (18)), that can be probed at the permille level at future Higgs factories such as
CLIC, FCCee and ILC [25]. A similar sensitivity to ⇠ can be achieved already at the 10 TeV
VHEL by “directly” measuring the e↵ect of OH in double Higgs production. The 14 and
30 VHEL sensitivity on ⇠ exceeds the one of Higgs factories. For instance a the 30 VHEL
sensitivity corresponds to Higgs coupling modification of �VHEL30

2�
' 2⇥10�4, which would

require exquisite experimental and theoretical precision to be detected. The “direct” VHEL
sensitivity is instead obtained from measurements with O(10%) precision in the di-Higgs high
mass tail, thanks to the enhancement of the new physics e↵ect. The left panel of Figure 7

23

Figure 6: Constraints on the Wilson coe�cients C6 and CH of eq. (16) from the inclusive
hh ! 4b cross-section measurement (blue), and from its di↵erential distribution in di-Higgs
invariant mass Mhh and Higgs transverse momentum pT,h (red). The contours indicate 68% and
95% C.L. constraints (2 d.o.f.). Left: Ecm = 10 TeV. Right: Ecm = 30 TeV.

the four jets by minimizing |Mj1j2 � mh| + |Mj3j4 � mh|, where Mjj is the invariant mass of
two jets and mh is the Higgs mass. Finally, we select the signal events requiring that for the
Higgs candidates the dijet invariant mass Mjj > Mcut, and that at least Nb jets out of four are
tagged as b-jets (we assume a b-tag e�ciency of 70% and a misidentification probability as given
in [40]). We optimize the significance of the hh cross-section measurement varying Mcut and
Nb. At 3 TeV center of mass energy we find the optimal values Mcut = 105 GeV, Nb = 3, with
a corresponding signal selection e�ciency ✏sig = 25%. This result is in perfect agreement with
the results of Ref. [39], based on a full detector simulation and a BDT selection, which quote
✏sig = 26%. At 10 TeV we find a very similar result, with ✏sig = 32%. The number of background
events that pass the selection cuts is of the same order as the number of signal events. We have
also checked that varying the energy resolution on the diboson invariant mass by ±50% has
a minor impact on the optimal e�ciency, although increasing the background contamination.
More details are reported in Appendix B.

Given these considerations, we simply estimate the error on the cross-section as �� ⇠p
L · ✏sig · �, using the value ✏sig = 26% for all collider energies, but keeping in mind that with a

di↵erent e�ciency the result scales as
p
✏sig. The final precision on the modified trilinear coupling

is given in the last column in Table 7.6 A 10 TeV muon collider could reach a 5% precision,
while a 1.5% precision can be reached at a 30 TeV collider. The results are in agreement with
the previous rough estimates based on the total number of events, but this is purely accidental.
Indeed, the acceptance cuts reduce the cross-section by a very large factor (almost 300 at
30 TeV), but the reduced number of events is compensated by a stronger sensitivity to �3.

Since the detector specifications for a VHEL are not known at present, it is interesting to
assess the dependence of our results on the assumptions about acceptance and e�ciency. In
Figure 5 right we show the dependence of the trilinear coupling limit on the acceptance cuts on
the polar angle ✓jet. We see that the reach is not drastically a↵ected by the angular cut. This is
due to the fact that the trilinear coupling contributes to the cross-section mainly in the central
region, while the forward events come from SM processes. Restricting to a more central region

6
For a 3 TeV collider we use a luminosity of 5 ab

�1
, for ease of comparison with the CLIC studies.
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Ecm/TeV L/ab�1 �(`+`� ! hh⌫⌫̄)/fb Nevents

3 5 0.82 ·
⇥
1� 0.63 �3 + 0.48 �2

3

⇤
4k

10 10 3.3 ·
⇥
1� 0.38 �3 + 0.27 �2

3

⇤
33k

14 20 4.4 ·
⇥
1� 0.34 �3 + 0.23 �2

3

⇤
88k

30 90 7.4 ·
⇥
1� 0.27 �3 + 0.18 �2

3

⇤
660k

Table 6: Total di-Higgs production cross-section from charged VBF, with its dependence on
the trilinear coupling modification �3, and total number of events at di↵erent collider energies.

3.1 Total cross-section and triple Higgs coupling

Double Higgs production receives a diagrammatic tree-level contribution that depends on the
trilinear Higgs coupling. Therefore it provides a so-called “direct” measurement of the parameter
�3 in the Higgs potential

V (h) =
m2

h

2
h2 +

m2

h

2v
(1 + �3)h

3 +
m2

h

8v2
(1 + �4)h

4 + . . . , (15)

where v ' 246 GeV is the Higgs VEV and mh is the physical Higgs boson mass. The trilinear
coupling measurement, which is di�cult to achieve at the LHC [37] at a satisfactory level of
accuracy, is a standard reference target for future colliders. A 100 TeV hadron collider is expected
to be able to measure modifications in the trilinear coupling �FCC

3
⇡ 3.5%– 8%, depending on

the assumptions on detector performance [38]. At lepton colliders, high energies are needed
to produce a significant amount of Higgs boson pairs in VBF. The 3 TeV CLIC can reach a
precision �CLIC

3
⇡ 10% [39]. Here we will estimate the sensitivity to �3 at the VHEL.

In the absence of BSM light degrees of freedom, and assuming Custodial Symmetry, double
Higgs production is a↵ected by new physics through the following two interactions 5

O6 = �
m2

h

2v2

✓
H†H �

v2

2

◆3

, OH =
1

2

⇣
@µ(H

†H)
⌘
2

. (16)

The coe�cients of these operators, C6 and CH , are related to triple Higgs coupling modifications

�3 = v2
✓
C6 �

3

2
CH

◆
. (17)

The quartic coupling �4, studied at VHEL in [20], is correlated with �3 in the EFT. Addition-
ally, the OH operator also induces a universal rescaling of the single Higgs couplings to vectors
and fermions

 = V = f = 1�
CH v2

2
. (18)

The total SM cross-sections for double Higgs production, along with those for several other
VBF processes, have been presented in [12] for di↵erent multi-TeV collider energies. In Table 6
we report the cross-sections for the dominant charged VBF W+W�

! hh process, which are of
the order of a few fb at the various VHEL under consideration, together with their dependence
on the anomalous trilinear �3. With the baseline luminosity of eq. (1), around 104 (few 105)
events are expected at the 10 TeV (30 TeV) VHEL. Note that the contamination from invisible
Z decays to the complete 2 ! 4 process, `+`� ! hh⌫⌫̄, is very small at these energies, with the
`+`� ! Zhh cross-section being of the order of a few ab.

5
The third operator that contributes at tree level (called OT the SILH basis) is neglected because it breaks

Custodial Symmetry and is strongly bounded by LEP, at the level CT v
2 . 10

�3
. We estimate that the VHEL

sensitivity to this operator could become comparable to the one of LEP only at Ecm = 30 TeV.
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p
s/TeV L/ab�1 �(`+`� ! hh(4b)⌫⌫̄)/ab NSM events 68% C.L. �3

3 5 132 ·
⇥
1 + (3.85CH � 0.87C6) v

2

+
�
26.8C2

H + 0.74C2

6 � 5.52CHC6

�
v4
⇤

172 [-8.5, 9.9] %

10 10 239 ·
⇥
1 + (7.25CH � 0.80C6) v

2

+
�
196C2

H + 0.71C2

6 � 8.40CHC6

�
v4
⇤

621 [-4.9, 5.3] %

14 20 257 ·
⇥
1 + (8.43CH � 0.79C6) v

2

+
�
300C2

H + 0.68C2

6 � 9.28CHC6

�
v4
⇤

1336 [-3.4, 3.6] %

30 90 271 ·
⇥
1 + (12.8CH � 0.79C6) v

2

+
�
1389C2

H + 0.78C2

6 � 13.8CHC6

�
v4

6341 [-1.6, 1.6] %

Table 7: Fiducial �(`+`� ! hh(4b)⌫⌫) in ab at various high energy lepton colliders as a function
of the new physics couplings CH and C6, normalized with v = 246 GeV. The cross-sections are
calculated in the fiducial region 10� < ✓b < 170�, pT,b > 10 GeV. We also report the number
of SM events, and the corresponding 68% C.L. bound on the modified trilinear coupling �3,
calculated neglecting backgrounds and assuming a selection e�ciency ✏sig = 26% on the signal.

From these numbers one can derive a first rough estimate of the precision attainable on the
triple Higgs coupling. For simplicity we consider only the hh ! 4b channel, keeping in mind
that a complete analysis could include several other decay channels. Taking into account the
branching ratio BR(h ! bb̄) = 0.58 for both Higgs bosons, and assuming an overall reconstruc-
tion e�ciency of ⇡ 30% (see the CLIC analysis [39]), one gets 3300 reconstructed di-Higgs events
at the 10 TeV collider. Neglecting backgrounds, the statistical precision on the cross-section is
therefore expected to be around 1.7%. With the sensitivity to �3 reported in the table, this
corresponds to a 4% precision on the trilinear coupling. At a 30 TeV collider, instead, one
expects around 600’000 events, which correspond to a percent precision on �3. These numbers
are in agreement with those of [12,19], which however do not include reconstruction e�ciencies.

These order-of-magnitude estimates could be significantly a↵ected by backgrounds, but even
more significantly by detector acceptance. VBF Higgs pair production is a soft process, mean-
ing that the Higgs bosons do not have large transverse momentum. However, they can have
considerable longitudinal boost if the collider energy is large. A very large fraction of the Higgs
bosons is thus produced in the forward (and backward) region, beyond the detector coverage.
The problem could be particularly severe at a µ+µ� VHEL because the radiation-absorbing noz-
zles might reduce the angular coverage significantly. In addition, soft beam-induced background
might a↵ect the ability to reconstruct low-pT objects from the decay of low-pT Higgs bosons.

On the other hand, the contribution of the trilinear coupling to the double Higgs cross-
section only comes from the Feynman diagram with a virtual Higgs boson in the s-channel, and
therefore it is independent of the scattering angle in the hh rest frame. The SM total cross-
section instead gets a large contribution from the the t-channel exchange of a virtual W , which
is enhanced in the kinematical region where the Higgs bosons are produced at small angle in
the hh frame. This contribution, however, is insensitive to �3 and it can be regarded as a
“background” to the �3 determination. The presence of an enhanced signal-free kinematical
region explains the relatively low sensitivity of the total cross-section to �3 that we found in
Table 6. The sensitivity decreases with Ecm as the t-channel enhancement of the background
gets more significant at higher energy. The Higgs bosons produced by the “background” SM
diagrams are forward (and backward) already in the hh rest frame. After the longitudinal boost,
they will thus move almost parallel to the beam axis. The �3 contribution instead is central in
the hh frame, producing relatively more central Higgs bosons in the lab frame. Being obliged
to restrict the measurement of the cross-section to the central region because of the detector
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Ecm/TeV L/ab�1 �(`+`� ! hh⌫⌫̄)/fb Nevents

3 5 0.82 ·
⇥
1� 0.63 �3 + 0.48 �2

3

⇤
4k

10 10 3.3 ·
⇥
1� 0.38 �3 + 0.27 �2

3

⇤
33k

14 20 4.4 ·
⇥
1� 0.34 �3 + 0.23 �2

3

⇤
88k

30 90 7.4 ·
⇥
1� 0.27 �3 + 0.18 �2

3

⇤
660k

Table 6: Total di-Higgs production cross-section from charged VBF, with its dependence on
the trilinear coupling modification �3, and total number of events at di↵erent collider energies.

3.1 Total cross-section and triple Higgs coupling

Double Higgs production receives a diagrammatic tree-level contribution that depends on the
trilinear Higgs coupling. Therefore it provides a so-called “direct” measurement of the parameter
�3 in the Higgs potential

V (h) =
m2

h

2
h2 +

m2

h

2v
(1 + �3)h

3 +
m2

h

8v2
(1 + �4)h

4 + . . . , (15)

where v ' 246 GeV is the Higgs VEV and mh is the physical Higgs boson mass. The trilinear
coupling measurement, which is di�cult to achieve at the LHC [37] at a satisfactory level of
accuracy, is a standard reference target for future colliders. A 100 TeV hadron collider is expected
to be able to measure modifications in the trilinear coupling �FCC

3
⇡ 3.5%– 8%, depending on

the assumptions on detector performance [38]. At lepton colliders, high energies are needed
to produce a significant amount of Higgs boson pairs in VBF. The 3 TeV CLIC can reach a
precision �CLIC

3
⇡ 10% [39]. Here we will estimate the sensitivity to �3 at the VHEL.

In the absence of BSM light degrees of freedom, and assuming Custodial Symmetry, double
Higgs production is a↵ected by new physics through the following two interactions 5

O6 = �
m2

h

2v2

✓
H†H �

v2

2

◆3

, OH =
1

2

⇣
@µ(H

†H)
⌘
2

. (16)

The coe�cients of these operators, C6 and CH , are related to triple Higgs coupling modifications

�3 = v2
✓
C6 �

3

2
CH

◆
. (17)

The quartic coupling �4, studied at VHEL in [20], is correlated with �3 in the EFT. Addition-
ally, the OH operator also induces a universal rescaling of the single Higgs couplings to vectors
and fermions

 = V = f = 1�
CH v2

2
. (18)

The total SM cross-sections for double Higgs production, along with those for several other
VBF processes, have been presented in [12] for di↵erent multi-TeV collider energies. In Table 6
we report the cross-sections for the dominant charged VBF W+W�

! hh process, which are of
the order of a few fb at the various VHEL under consideration, together with their dependence
on the anomalous trilinear �3. With the baseline luminosity of eq. (1), around 104 (few 105)
events are expected at the 10 TeV (30 TeV) VHEL. Note that the contamination from invisible
Z decays to the complete 2 ! 4 process, `+`� ! hh⌫⌫̄, is very small at these energies, with the
`+`� ! Zhh cross-section being of the order of a few ab.

5
The third operator that contributes at tree level (called OT the SILH basis) is neglected because it breaks

Custodial Symmetry and is strongly bounded by LEP, at the level CT v
2 . 10

�3
. We estimate that the VHEL

sensitivity to this operator could become comparable to the one of LEP only at Ecm = 30 TeV.
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Differential measurements play a crucial role
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Figure 7: Left: 95% C.L. reach on ⇠ ⌘ CHv2 (blue contours), and isolines of S/B (black contours)
as a function of collider luminosity and energy. The baseline luminosity in eq. (1) is highlighted
as a white line. Right: Combined constraints at 68% C.L. in the (CH , C6) plane from double
Higgs production, for Ecm = 3 (gray), 6 (green), 10 (blue) and 14 (orange), and 30 TeV (red).

a function of Mhh and pT,h, and we perform a di↵erential analysis dividing the phase space in 9
bins – three bins in each variable – chosen in order to maximize the sensitivity to the new physics
coe�cients. Furthermore, we require the Higgs bosons to be in the central region with rapidity
⌘h < 2 (i.e., around 15�). The cuts that define the bin of highest invariant mass and pT are
reported in Table 8, together with the corresponding `+`� ! hh⌫⌫̄ cross-sections as functions of
CH and C6, for the di↵erent collider benchmarks. This bin is the one that dominates the single-
operator CH sensitivity for CH > 0. The other bins are important for the global sensitivity in
the (C6, CH) plane. Notice that the optimal cuts in (Mhh, pT,h) scale roughly linearly with the
collider energy, as one would näıvely expect in the very high energy regime where all the masses
can be neglected. Also note that the SM cross-section decreases with increasing Ecm since no
logarithmic enhancement is present in the high-mass region. We then compute the overall event
yield, including the hadronic dijet decay modes h ! bb̄, cc̄, gg, that add up to BRh!jj = 70%.
We do not include hadronic WW , ZZ and ⌧⌧ modes, but they could also be considered in order
to increase the number of events. The di-Higgs tagging e�ciency is taken to be ✏hh = 30%. The
resulting number of reconstructed SM events is reported in the fifth column of Table 8.

The single-operator sensitivity to CH (assuming CH > 0) is given in the last column of
Table 8, expressed in terms of the 95% C.L. bound on the parameter ⇠ ⌘ v2/f2

⌘ CHv2, which
is related to the sigma-model scale f in theories where the Higgs is a composite pseudo-Goldstone
boson [24]. The ⇠ parameter (i.e., CH) also controls single-Higgs coupling modifications � =
�⇠/2 (see eq. (18)), that can be probed at the permille level at future Higgs factories such as
CLIC, FCCee and ILC [25]. A similar sensitivity to ⇠ can be achieved already at the 10 TeV
VHEL by “directly” measuring the e↵ect of OH in double Higgs production. The 14 and
30 VHEL sensitivity on ⇠ exceeds the one of Higgs factories. For instance a the 30 VHEL
sensitivity corresponds to Higgs coupling modification of �VHEL30

2�
' 2⇥10�4, which would

require exquisite experimental and theoretical precision to be detected. The “direct” VHEL
sensitivity is instead obtained from measurements with O(10%) precision in the di-Higgs high
mass tail, thanks to the enhancement of the new physics e↵ect. The left panel of Figure 7
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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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Higgs’s friends
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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.
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Singlet scalar mixing with the Higgs.
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Origin of the weak scale

#EW

New physics at 
TeVs-10 TeV ?

The usual naturalness, not discovered at the LHC,  just a little delayed?



Top partner

Spectacular signal, 10s event needed for discovery

reach = 0.45xECM

μ+μ− → T′ T̃′ 

Pair production



SUSY top squark 
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Figure 16: Exclusion reach on a stop-top-neutralino simplified model as a function of
p
s and

mt̃ with m� = 1 GeV, assuming “optimistic” (solid) and “conservative” (dashed) integrated
luminosity scaling as detailed in the body of the text. Left: Limit on pair production of an
RH stop in muon annihilation. Center: Limit on pair production of an LH stop in muon
annihilation. Right: Limit on pair production of an LH stop in vector boson fusion.

in the minimal supersymmetric extension of the Standard Model without significant mixing

between the stop gauge eigenstates suggests that the stops lie around or above ⇠ 5 - 10

TeV; see, e.g., [136] for a review. A high-energy muon collider operating at
p
s = 30 TeV

could cover the typical scale of the stop mass suggested by the observed Higgs mass at large

values of tan �, subject to further dependence on mixing angles and the remaining sparticle

spectrum. At moderate values of tan �, the stops can be heavier, ⇠ 100 - 1000 TeV in well-

motivated models. However, in such scenarios the electroweakinos may be accessible (e.g.,

via the searches discussed in Sec. 4.2), and the lightest sfermions, such as the right-handed

stau, may be an order of magnitude lighter than the stops and could be directly accessible.

Thus, the full range of searches for superparticles could cover a substantial portion of the

parameter space motivated by the measured Higgs mass.

Finally, we turn to the gluino, which evades our reach estimates because it does not carry

electroweak quantum numbers. Nonetheless, it may still be produced by a variety of higher-

order processes, including gluon splitting from qq̄ production. The gluino contribution to

the tuning of the weak scale at leading logarithmic order scales as

�g̃ '
↵sy2t
⇡3

m2
g̃

m2
h

log2
⇤

mg̃

(47)

Again taking ⇤ = 10 ⇥ mg̃, 10% tuning corresponds to mg̃ ⇠ 3 TeV, percent tuning to

mg̃ ⇠ 9.5 TeV, and per mille tuning to mg̃ ⇠ 30 TeV.

To estimate the production rate, we consider the process µ+µ�
! g̃g̃ + qq̄ with modest

phase space cuts, as detailed in the Appendix. Although the final state is quite distinctive

49

Spectacular signal, 10s event needed for discovery

Estimates in “muon smasher’s guide”

Reach quite close to 0.5xECM

exclusion reach
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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

compositeness at 
few 10 TeV

compositeness at 
few TeV @ HL-LHC

μμ 3 TeV CL
Glioti, Chen, Rattazzi, Ricci, Wulzer

top & higgs

09/09/2018 Philipp Roloff Physics at future linear colliders 23

Composite Higgs
m

*
: mass scale

g
*
: coupling

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

FCC-all and 3 TeV CLIC similar

Roberto Franceschini - Muon Collider Project Meeting 1 - https://indico.cern.ch/event/1108523/
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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

compositeness at 
few 10 TeV

compositeness at 
few TeV @ HL-LHC

μμ 3 TeV CL
Glioti, Chen, Rattazzi, Ricci, Wulzer

top & higgs

09/09/2018 Philipp Roloff Physics at future linear colliders 23

Composite Higgs
m

*
: mass scale

g
*
: 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. 



Higgs portal

Dark sector coupling to the SM 


More relevant coupling ⇔ lowest dim operator


Unique  choice: OSM = HH†. Higgs portal.


OSM ⋅ Odark

: gauge inv. SM operatorOSM : dark sector operatorOdark

Standard 
Model

Dark  
Sector

h



Higgs rare decay
Standard 

Model
Dark  

Sector

h

Decay back to SM

….



Higgs exotic decay

Complementary to hadron collider searches

Zhen Liu, Hao Zhang, LTW

Studies done for low E Higgs factory with 106 Higgses. 
High energy muon colliders, with 107+ Higgses at 10+ TeV, 
will do even better. 



(Other) new physics at high 
scale

Dark matter (WIMP)


Z’


Flavor/CP


Lepto-quark


…



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

q̄

W±

χ±

χ0

q

q̄

Z/γ/h

χ±, χ0

χ∓, χ0

SM

SM

SM

SM

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



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

Consider first the fermionic mulitplets.


Only couplings at the renormalizable level are the gauge interactions. 


The only free parameter at this level is the mass, m*.


Very predictive. 



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).



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.

– 4 –

Mitridate, Redi, Smirnov, Strumia, 1702.01141

Reach up to thermal target 
≈  

complete coverage for WIMP candidate48.8

Correct relic abundance 
⇒ Thermal targets

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



“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



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. 

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

Disappearing track
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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,
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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].
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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 m* ≈ 1/2 ECM



(Other) new physics at high 
scale

Dark matter (WIMP)


Z’


Flavor/CP


Lepto-quark


…



Flavor (CP), complementarity

The absence of (confirmed) BSM flavor (CP) signal 
point to a higher scale for flavor violation 


#flavor > 10(s) TeV


Muon collider can (both directly and indirectly) 
probe this scale.



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

See also (b anomaly motivated) 
 P. Asadi, R. Capdeville, C. Cesarotti, S. Homiller, 2014.05720
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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.

M with CP-violating phase �CP, could generate an electron EDM of the size
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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
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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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

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



What if new physics just 
like muon

1. Muon g-2 Anomaly

4
Rodolfo Capdevilla, Perimeter Institute and University of Toronto

<latexit sha1_base64="wt9GcUosaOTh9ap7bC7IQhIxYRo="></latexit>

aµ(exp) = 116 592 061(41)⇥ 10�11

Muon g-2 Collaboration (BNL), 
Phys. Rev. D 73 (2006) 072003

Muon g-2 Collaboration (FNAL), 
Phys. Rev. Lett. 126 (2021) 14, 141801
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aµ(the) = 116 591 810(43)⇥ 10�11

Muon g-2 Theory Initiative, 
Phys. Rept. 887 (2020) 1-166

• Status

BMW collaboration, 
Nature 593 (2021) 
7857, 51-55

Will be a new era, with a new definitive target. 
Much of the current would have to be re-done. 



Muon collider can do it,    
of course. Summary

28
Rodolfo Capdevilla, Perimeter Institute and University of Toronto

Muon g-2:   EFT charm q,  Singlet Models,  heavy leptons, 

                    heavy leptons + 2HDM low 

MuC

Energy
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Muon g-2:   Motivated Electroweak Models,  EFT dipole operator
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tan�

RK:   EFT nightmare,  Scalar LQ S3 ?

RK:   Generic Z’,  Vector LQ U1

Flavor:   Ta3Mu (optimistic) ~30TeV,   Mu3e (optimistic) ~1000TeV,

              Mu3e (pessimistic) ~30TeV,  Lmu-Ltau (g-2/RK)

Flavor:   Ta3Mu (optimistic) ~65TeV,   Mu3e (optimistic ansatz) ~10,000TeV,

              Mu3e (pessimistic ansatz) ~65TeV

Dark:   Dipole DP ~141TeV,   ALP ~112TeV

Dark:   Dipole DP ~459TeV,   ALP ~375TeV

Mu-Higgs:   ~100% deviations,  ~10TeV

Mu-Higgs:   ~10% deviations,  ~30TeV

Mu-Higgs:   ~1% deviations,  ~100TeV

Muon g-2:   EFT top quark,  EFT Zh
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Conclusions

Muon collider is a powerful machine at the energy 
frontier, with a rich physics program. 


Great Higgs measurements for ECM  > 3 TeV.


Exciting reaches for a broach spectrum of new 
physics in the range multiple - 10(s) TeV. 


Tests of WIMP DM, naturalness, flavor violations, … 



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 

e+  e- colliders will play an essential role!  

Offer rich program, covering 90 eV - TeV(s).  



Muon	  Collider	  

Daniel	  Schulte	  for	  the	  Muon	  Collider	  Collabora4on	  
	  

D.	  Schulte	   1	  Muon	  Collider,	  Touschek	  Syposium,	  Frasca4,	  December	  2021	  



Why	  Muon	  Collider?	  
Most	  of	  the	  muon	  collider	  R&D	  has	  been	  done	  by	  MAP	  in	  the	  US	  
•  Experimental	  programme	  at	  MICE	  in	  the	  UK	  
•  alterna4ve	  LEMMA	  concept	  considered	  mainly	  at	  INFN	  
•  S4ll	  the	  basis	  for	  our	  designs	  
	  
Interest	  in	  Europe	  started	  with	  last	  Strategy	  Update	  
•  Change	  of	  goals:	  Started	  looking	  for	  very	  high	  energy	  high-‐luminosity	  lepton	  collider	  

–  The	  champion	  is	  CLIC	  at	  3	  TeV,	  which	  has	  been	  op4mised	  over	  decades	  for	  this	  
•  18	  GCHF,	  590	  MW	  power	  consump4on	  

–  The	  muon	  collider	  promises	  to	  be	  able	  to	  go	  to	  10	  TeV	  or	  higher	  
•  Technology	  and	  design	  advances	  since	  MAP	  

–  e.g.	  superconduc4ng	  magnet	  technology	  (HTS)	  
–  e.g.	  rec4linear	  cooling	  channel	  
–  Progress	  on	  specific	  technologies	  for	  the	  muon	  collider	  
–  Expect	  compe44ve	  cost	  and	  power	  consump4on	  

CERN	  allocated	  budget	  to	  muon	  collider	  and	  ini4ated	  collabora4on	  
Muon	  collider	  is	  part	  of	  European	  Accelerator	  R&D	  Roadmap	  
•  evaluated	  in	  detail,	  with	  lots	  of	  help	  from	  US	  experts	  
	  D.	  Schulte	   Muon	  Collider,	  Muon	  Collider	  Agora,	  February	  16,	  2021	   2	  



Proton-‐driven	  Muon	  Collider	  Concept	  

Produce	  short,	  
intense	  proton	  
bunch	  

Ionisa4on	  cooling	  of	  
muon	  in	  ma^er	  

Accelera4on	  to	  
collision	  energy	  

Collision	  

D.	  Schulte	   3	  Muon	  Collider	  Technologies,	  JUAS,	  March	  1,	  2022	  

Would	  be	  easy	  if	  the	  muons	  did	  not	  decay	  
Life4me	  is	  τ	  =	  γ	  x	  2.2	  μs	  

Protons	  in	  target	  
produce	  pions	  which	  
decay	  into	  muons	  
muons	  are	  captured	  

Some	  explora4on	  long	  4me	  ago	  in	  Europe	  
MAP	  study	  in	  US	  developed	  the	  concept,	  MICE	  experiment	  in	  UK	  (but	  US	  did	  not	  go	  for	  high-‐energy	  collider)	  
Alterna4ve	  developed	  at	  INFN	  (but	  needs	  consolida4on)	  
With	  last	  Strategy	  for	  Par4cle	  Physics	  interest	  in	  Europe	  started	  
Also	  interest	  in	  US	  and	  elsewhere	  again	  



Lepton	  Physics	  at	  High	  Energy	  

D.	  Schulte	   4	  Muon	  Collider,	  Touschek	  Syposium,	  Frasca4,	  December	  2021	  

Discovery	  reach	  
	  
14	  TeV	  lepton	  collisions	  are	  comparable	  
to	  100	  TeV	  proton	  collisions	  for	  
produc4on	  of	  heavy	  par4cle	  pairs	  

High	  energy	  lepton	  colliders	  are	  precision	  and	  discovery	  machines	  

Precision	  poten4al	  
	  
Measure	  k4	  to	  some	  10%	  
With	  14	  TeV,	  20	  ab-‐1	  

Chiesa, Maltoni, Mantani, 
Mele, Piccinini, Zhao 
Muon Collider - 
Preparatory Meeting 

A. Wulzer 

Luminosity	  goal	  
	  

(Factor	  O(3)	  less	  than	  CLIC	  at	  3	  TeV)	  
4x1035	  cm-‐2s-‐1	  at	  14	  TeV	  



Muon	  Collider	  Promises	  

D.	  Schulte	   Muon	  Collider,	  Touschek	  Syposium,	  Frasca4,	  December	  2021	   5	  
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CLIC	  is	  at	  the	  limit	  of	  what	  one	  can	  
do	  (decades	  of	  R&D)	  
•  No	  obvious	  way	  to	  improve	  

luminosity	  

Luminosity	  per	  beam	  power	  
increases	  with	  energy	  in	  muon	  
collider	  	  
•  power	  efficient	  
	  
Site	  is	  compact	  
•  10	  TeV	  comparable	  to	  3	  TeV	  

CLIC	  

Staging	  is	  natural	  
•  Each	  ring	  accelerates	  by	  a	  

factor	  of	  a	  few	  
	  
Promises	  cost	  effec>veness	  
•  but	  need	  detailed	  study	  

Other	  synergies	  (neutrino/higgs)	  	  

Muon	  collider	  promises	  unique	  opportunity	  
for	  a	  high-‐energy,	  high-‐luminosity	  lepton	  collider	  



Luminosity	  Goals	  

D.	  Schulte	   Muon	  Collider,	  Touschek	  Syposium,	  Frasca4,	  December	  2021	   6	  

Tenta4ve	  target	  parameters	  
Scaled	  from	  MAP	  parameters	  

Parameter	   Unit	   3	  TeV	   10	  TeV	   14	  TeV	  

L	   1034	  cm-‐2s-‐1	   1.8	   20	   40	  

N	   1012	   2.2	   1.8	   1.8	  

fr	   Hz	   5	   5	   5	  

Pbeam	   MW	   5.3	   14.4	   20	  

C	   km	   4.5	   10	   14	  

<B>	   T	   7	   10.5	   10.5	  

εL	   MeV	  m	   7.5	   7.5	   7.5	  

σE	  /	  E	   %	   0.1	   0.1	   0.1	  

σz	   mm	   5	   1.5	   1.07	  

β	   mm	   5	   1.5	   1.07	  

ε	   μm	   25	   25	   25	  

σx,y	   μm	   3.0	   0.9	   0.63	  

Target	  integrated	  luminosi4es	  
	  
	  
	  
	  
	  
	  
	  
Note:	  currently	  consider	  3	  TeV	  
and	  either	  10	  or	  14	  TeV	  
	  
•  Tenta4ve	  parameters	  achieve	  

goal	  in	  5	  years	  	  
•  FCC-‐hh	  to	  operate	  for	  25	  years	  
•  Might	  integrate	  some	  margins	  
•  Aim	  to	  have	  two	  detectors	  

Now	  study	  if	  these	  parameters	  
lead	  to	  realis>c	  design	  with	  
acceptable	  cost	  and	  power	  

Comparison:	  
CLIC	  at	  3	  TeV:	  28	  MW	  



Interna4onal	  Muon	  Collider	  Collabora4on	  

D.	  Schulte	   Muon	  Collider,	  Muon	  Collider	  Agora,	  February	  16,	  2021	   7	  

CERN	  is	  the	  ini4al	  host	  organiza4on	  for	  the	  MC	  Study.	  
Goal	  is	  to	  
•  [..]	  establish	  whether	  the	  investment	  into	  a	  full	  Conceptual	  

Design	  Report	  (“CDR”)	  and	  demonstrator	  for	  a	  muon	  
collider	  is	  scien4fically	  jus4fied.	  [..]	  

•  [..]	  focus	  on	  the	  high-‐energy	  fron4er	  and	  consider	  op4ons	  
with	  a	  centre-‐of-‐mass	  energy	  of	  3	  TeV	  and	  of	  10	  TeV	  or	  
more.	  
•  10+	  TeV	  op>on	  is	  the	  reason	  to	  study	  muon	  colliders,	  
•  3	  TeV	  op>on	  might	  be	  ini4al	  energy	  step	  with	  

technologies	  available	  in	  10-‐20	  years	  
•  Poten4al	  synergies	  [..]	  shall	  be	  explored	  [..].	  

•  Neutrino	  facili4es	  and	  poten4ally	  higgs	  factories	  

Muon Collider Study 
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Memorandum on Cooperation 
for the Muon Collider (MC) Study 

  
 
THE INSTITUTES, LABORATORIES, UNIVERSITIES AND FUNDING 
AGENCIES AND OTHER SIGNATORIES OF THIS MEMORANDUM ON 
COOPERATION AND CERN AS THE HOST ORGANIZATION (“the Participants”) 
 
Whereas 
 
At a dedicated session of the CERN Council held on 19 June 2020, the Council updated 
the European Strategy for Particle Physics which included inter alia the following 
statement: 
 
“…Innovative accelerator technology underpins the physics reach of high-energy and 
high-intensity colliders. It is also a powerful driver for many accelerator-based fields 
of science and industry. The technologies under consideration include high-field 
magnets, high-temperature superconductors, plasma wakefield acceleration and other 
high-gradient accelerating structures, bright muon beams, energy recovery linacs. The 
European particle physics community must intensify accelerator R&D and sustain it 
with adequate resources. A roadmap should prioritise the technology, taking into 
account synergies with international partners and other communities such as photon 
and neutron sources, fusion energy and industry. Deliverables for this decade should 
be defined in a timely fashion and coordinated among CERN and national laboratories 
and institutes.” 
 
The underlying Deliberation Document of the 2020 Update of the European Strategy 
for Particle Physics stipulates that, in addition to high field magnets, the accelerator 
R&D roadmap should contain: 
 
“…an international design study for a muon collider, as it represents a unique 
opportunity to achieve a multi-TeV energy domain beyond the reach of e+e– colliders, 
and potentially within a more compact circular tunnel than for a hadron collider. The 
biggest challenge remains to produce an intense beam of cooled muons, but novel ideas 
are being explored”; 
 
A conceptual design study for a muon collider (the “MC Study”) shall be available in 
time for the next Update of the European Strategy for Particle Physics; 
 
CERN has offered to act as the initial host of the MC Study, it being understood that 
hosting responsibilities may transfer to another institute in the course of the study, 
 
It is hereby acknowledged: 
 
 
 
 
 

muon.collider.secretariat@cern.ch	  

Partners	  
(in	  some	  cases	  formal	  procedure	  is	  not	  
yet	  completed)	  
	  
•  INFN	  
•  Commissariat	  à	  l'Energie	  Atomique	  

(CEA)	  
•  Iowa	  State	  University	  
•  University	  of	  Huddersfield	  
•  University	  of	  Warwick	  
•  Ins4tute	  of	  High	  Energy	  Physics	  	  
•  University	  of	  Rostock	  
•  University	  of	  Oxford	  (JAI)	  
•  Tampere	  University	  
•  Uppsala	  University	  
•  TU	  Darmstadt	  
•  Peking	  University	  
•  Sun	  Yat-‐Sen	  University	  

•  European	  Spalla4on	  Source	  (ESS)	  
•  Rutherford	  Appleton	  Laboratory	  

(RAL)	  
•  University	  de	  Genève	  



Muon	  Collider	  Luminosity	  Scaling	  

D.	  Schulte	   8	  Muon	  Collider	  and	  INFN,	  October	  2020	  

Fundamental	  limita4on	  
Assumes	  no	  emi^ance	  growth	  a{er	  source	  and	  no	  technical	  limita4on	  
Applies	  to	  MAP	  and	  LEMMA	  scheme	  

Note:	  emi^ances	  are	  normalised	  

High	  field	  in	  collider	  ring	  
=	  small	  ring	  
=	  many	  collisions	  

Dense	  beam	  
High	  energy	  

High	  beam	  power	  Large	  energy	  acceptance	  
=	  short	  bunch	  
=	  small	  betafunc4on	  



Key	  Challenges	  

D.	  Schulte	   9	  Muon	  Collider,	  Touschek	  Syposium,	  Frasca4,	  December	  2021	  

High	  energy	  complex	  
Cost	  and	  power	  consump4on	  drivers,	  limit	  energy	  reach	  
e.g.	  30	  km	  accelerator	  for	  10/14	  TeV,	  10/14	  km	  collider	  ring	  
Also	  impacts	  beam	  quality	  

Muon	  source	  drives	  the	  
beam	  quality	  
quite	  detailed	  MAP	  design	  
s4ll	  challenging	  design	  with	  
challenging	  components	  
op#mise	  as	  much	  as	  possible	  

Dense	  neutrino	  flux	  
mi4gated	  by	  mover	  
system	  and	  site	  selec4on	  

Beam	  induced	  
background	  

Physics	  poten>al	  assessment	  



Proton	  Complex	  and	  Target	  Area	  

D.	  Schulte	   Muon	  Collider,	  Touschek	  Syposium,	  Frasca4,	  December	  2021	   10	  

Large	  aperture	  O(1.2m)	  
to	  allow	  shielding	  

2	  MW	  proton	  beam	  
requires	  radia4on	  protec4on	  

High	  field	  to	  efficiently	  collect	  pions/
muons:	  20	  T,	  then	  tapering	  
Using	  copper	  solenoid	  in	  
superconduc4ng	  solenoid	  

Proton	  beam	  power	  is	  no	  issue,	  some	  look	  required	  at	  
H-‐	  source	  and	  accumulator	  and	  combiner	  complex	  

Mercury	  design	  shown,	  
solid	  target	  preferred	  



Target	  Design	  

11	  

20	  T	  

12…15	  T	  

MAP	  target	  design	  
K.	  McDonald,	  et	  al.	  

D.	  Schulte	   Muon	  Collider	  Technologies,	  JUAS,	  March	  1,	  2022	  

ITER	  Central	  Solenoid	  Model	  Coil	  
13	  T	  in	  1.7	  m	  (LTS)	  

CNGS	  

Shock	  in	  target:	  
Simula4ons	  of	  graphite	  
target	  indicate	  2	  MW	  
could	  be	  acceptable	  

Two	  approaches:	  
•  Superconduc4ng	  O(15	  T)	  outer	  solenoid	  boosted	  

by	  resis4ve	  inner	  solenoid	  
•  O(20	  T)	  HTS	  solenoid	  
	  
Need	  to	  shield	  superconduc4ng	  solenoid	  
⇒  larger	  aperture	  

Past	  simula4ons	  showed	  
•  5	  kW	  to	  outer	  (O(2	  m)	  aperture)	  
•  100	  kW	  to	  inner	  

Proton	  beam	  

Opera4on	  at	  2000	  °C	  to	  
maximise	  stress	  resistance	  	  



Y	  

Cooling:	  The	  Emi^ance	  Path	  

12	  

Transverse	  Emi^ance	  (microns)	  

Lo
ng
itu

di
na
l	  E
m
i^
an
ce
	  (m

m
)	  

Bunch	  
Merge	  

For	  accelera4on	  to	  
mul4-‐TeV	  collider	  

Final	  
Cooling	   post-‐merge	  

6D	  Cooling	  

For	  accelera4on	  to	  NuMAX	  (325MHz	  
injector	  acceptance	  3mm,24mm)	  

Ini4al	  
Cooling	  

D.	  Schulte	   Muon	  Collider	  Technologies,	  JUAS,	  March	  1,	  2022	  

Target	  
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Rotator	  
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pre-‐merge	  
6D	  Cooling	  (original	  

design)	  

Exit	  Front	  End	  
(15mm,45mm)	  

Specifica>on	  

For	  accelera4on	  
to	  Higgs	  Factory	  

MAP	  collabora4on	  



Final	  Cooling	  Challenge	  

D.	  Schulte	   Muon	  Collider	  Technologies,	  JUAS,	  March	  1,	  2022	   13	  

energy loss re-acceleration

Energy	  loss	  =	  cooling	   Mul4ple	  sca^ering	  =	  hea4ng	  

High	  field	  solenoids	  
minimise	  beta-‐func4on	  
and	  impact	  of	  mul4ple	  
sca^ering	  



Equilibrium	  Emi^ance,	  Material	  and	  Energy	  

D.	  Schulte	   Muon	  Collider	  Technologies,	  JUAS,	  March	  1,	  2022	   14	  
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Material	  property	  
best	  is	  hydrogen	  
	  
Lithium	  hydride	  is	  good	  
solid	  material	  

best	  at	  low	  energies	  
but	  rapidly	  increasing	  
energy	  spread	  
⇒ use	  for	  final	  cooling	  

Most	  of	  cooling	  is	  done	  here	  

Hard	  stochas4c	  
losses	  

Strong	  solenoid	  field	  helps	  



Solenoid	  Fields	  

15	  

HTS	  insert	  of	  NHMFL	  all	  SC	  32	  T	  	  
32	  T	  in	  40	  mm	  (15	  T	  LTS	  +	  17	  T	  HTS)	  	  

NHMFL	  HTS	  Li^le	  Big	  Coil	  	  
45.5	  T	  in	  14	  mm	  (14.5	  T	  HTS	  +	  31	  T	  resis4ve)	  

LNCMI/CEA	  Nougat	  	  
HTS	  insert	  	  

32.5	  T	  in	  50	  mm	  	  
(12.	  5	  T	  HTS	  +	  20	  T	  

resis4ve)	  

Sunam	  NI	  one-‐
body	  	  

HTS	  magnet	  	  
26.4	  T	  in	  35	  mm	  	  

A"Solenoid"“Design"Chart”"

21"

50"mm"diameter"bore"

Stress"limits"the"
frac<on"of"HTS"
current"density"
that"can"be"
effec<vely"used"

Solenoid"mass"grows"as"≈B3"

Solenoids	  with	  >30	  T	  and	  aperture	  	  of	  50	  mm	  exist	  for	  high	  
magne4c	  field	  science	  
	  
The	  limit	  is	  the	  stress	  in	  the	  HTS	  
	  
Even	  60	  T	  might	  be	  possible	  
•  but	  important	  R&D	  required	  to	  see	  how	  far	  we	  can	  push	  

Luca	  Bo^ura	  

D.	  Schulte	   Muon	  Collider	  Technologies,	  JUAS,	  March	  1,	  2022	  



6D	  Cooling	  Cell	  Design	  

D.	  Schulte	   Muon	  Collider	  Technologies,	  JUAS,	  March	  1,	  2022	   16	  

  

Rectilinear Cooling Channel
A1 A4

B1 B8

Beam

Beam

Ini4al	  6D	  cooling	  

MuCool:	  >50	  MV/m	  in	  5	  T	  
Two	  solu4ons	  
•  H2-‐filled	  copper	  cavi4es	  
•  Cavi4es	  with	  Be	  end	  caps	  

2.2	  T	  

Will	  aim	  for	  further	  op4misa4on	  
This	  is	  the	  unique	  and	  novel	  system	  of	  the	  muon	  collider	  
Will	  need	  a	  test	  facility	  

High-‐gradient	  cavi>es	  in	  
high	  magne>c	  field	  
	  
Tight	  integra>on	  of	  
solenoids,	  RF,	  absorbers,	  
instrumenta4on,	  cooling,	  
vacuum,	  alignment,	  …	  



RF	  Cavity	  Challenge	  

D.	  Schulte	   Muon	  Collider	  Technologies,	  JUAS,	  March	  1,	  2022	   17	  

Gradient	  of	  normal-‐conduc4ng	  RF	  cavi4es	  is	  
typically	  limited	  by	  breakdown	  
	  
Model:	  
•  electrons	  start	  at	  one	  emi^er	  site	  
•  electrons	  are	  accelerated	  by	  cavity	  field	  and	  hit	  

other	  side	  

In	  solenoid	  field:	  
•  electrons	  spiral	  around	  magne4c	  field	  line	  
•  they	  all	  hit	  one	  spot	  on	  the	  other	  site	  
•  this	  can	  heat	  spot	  above	  plas4c	  deforma4on	  

stress	  
•  and	  lead	  to	  breakdown	  

•  in	  any	  case	  electrons	  bounce	  back	  and	  forth	  
between	  sites	  



RF	  Cavi4es:	  Solu4ons	  

D.	  Schulte	   Muon	  Collider	  Technologies,	  JUAS,	  March	  1,	  2022	   18	  

Solu4on	  1:	  Reduce	  losses	  in	  the	  wall	  
•  Shorter	  pulses	  
•  Replace	  copper	  with	  beryllium	  

•  lower	  density,	  smaller	  Z	  

Experimental	  result	  (MUCOOL):	  
•  Beryllium	  cavity	  in	  3	  T:	  50	  MV/m	  with	  30	  μs	  RF	  pulse	  
	  
To	  be	  studied:	  gradient	  in	  higher	  field	  

Solu4on	  2:	  Use	  high-‐pressure	  hydrogen	  gas	  
•  un4l	  mean	  free	  path	  allows	  less	  than	  15	  

eV	  energy	  gain	  (ionisa4on	  energy)	  

Experimental	  results	  (MUCOOL):	  
•  Molybdenum	  cavity	  in	  3	  T:	  65	  MV/m	  
•  for	  low	  density,	  limited	  by	  gas	  density	  

(gradient	  is	  propor4onal	  to	  density)	  
•  Final	  value	  depends	  on	  surface	  property	  



MICE	  (in	  the	  UK)	  

D.	  Schulte	   Muon	  Collider,	  Touschek	  Syposium,	  Frasca4,	  December	  2021	   19	  

Principle	  of	  ionisa4on	  
cooling	  has	  been	  
demonstrated	  

Electron
Muon

Ranger
(EMR)

Pre-shower
(KL)

ToF 2

Time-of-flight
hodoscope 1

(ToF 0)

Cherenkov
counters
(CKOV)

ToF 1

MICE
Muon
Beam
(MMB)

Upstream
spectrometer module

Downstream
spectrometer module

Absorber/focus-coil
module

Liquid-hydrogen
absorber

Scintillating-fibre
trackers

Variable thickness
high-Z diffuser

7th February 2015

MICE

Nature	  volume	  578,	  
pages	  53-‐59	  (2020)	  

More	  par4cles	  at	  smaller	  
amplitude	  a{er	  absorber	  
is	  put	  in	  place	  

More	  complete	  
experiment	  with	  higher	  
sta4s4cs,	  more	  than	  
one	  stage	  required	  
	  
Integra4on	  of	  magnets,	  
RF,	  absorbers,	  vacuum	  
is	  engineering	  
challenge	  



Accelera4on	  

20	  

J.	  Sco^	  Berg,	  et	  al.	  

Linac	  
Recircula4ng	  linacs	  
Sequence	  of	  rings	  
•  baseline:	  pulsed	  

synchrotron	  (RCS)	  
•  alterna4ve:	  FFA	  

Hybrid	  RCS	  combines	  sta4c	  
superconduc4ng	  magnets	  and	  fast-‐
ramping	  normal-‐conduc4ng	  magnets	  

D.	  Schulte	   Muon	  Collider	  Technologies,	  JUAS,	  March	  1,	  2022	  

Test	  of	  fast-‐ramping	  normal-‐
conduc>ng	  magnet	  design	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  



Power	  Converter	  Challenge	  

21	  

Laser	  Mega	  Joule	  (France)	  
400	  MJ,	  480	  x	  5.76	  GW	  peak	  power	  
1	  pulse	  every	  25min	  

POPS	  (CERN)	  
20MJ,	  6	  x	  10	  MW	  peak	  power	  
1	  pulse	  every	  1.2s;	  	  

Total	  stored	  energy	  in	  ramped	  magnets:	  O(300	  MJ),	  OK	  
	  
Peak	  power	  during	  ramp	  (all	  rings	  combined)	  O(200	  GW),	  OK	  
	  
Average	  power	  to	  magnets	  3.3	  GW	  
•  novel	  regime	  
•  requires	  outstanding	  energy	  recovery	  (98%)	  
•  close	  interac4on	  between	  beam	  physicists	  and	  power	  

experts	  required	  to	  limit	  system	  cost	  	  

D.	  Schulte	   Muon	  Collider	  Technologies,	  JUAS,	  March	  1,	  2022	  

Synergy	  with	  power	  grid	  applica4ons	  



Collider	  Ring	  Arc	  Challenge	  

D.	  Schulte	   Muon	  Collider	  Technologies,	  JUAS,	  March	  1,	  2022	   22	  

Arc	  dipoles	  
aperture	  O(150	  mm),	  stress	  limited	  
	  
3	  TeV:	  3	  km	  of	  11	  T	  
•  Nb3Sn	  dipoles	  (HL-‐LHC	  level)	  
	  

Beam	  loss	  protec>on	  O(500	  W/m)	  
•  requires	  larger	  aperture	  for	  shielding	  
•  will	  be	  op4mised	  
	  
30	  mm	  W	  shielding	  for	  10	  years:	  
•  suppresses	  neutrons	  very	  well:	  DPA	  O(10-‐4)	  
•  30-‐40	  MGy	  (3,	  10	  TeV),	  very	  local	  can	  be	  

reduced	  by	  slightly	  increased	  shielding	  
⇒  taken	  care	  of	  

Coils	  

Shielding	  

A.	  Lechner	  
D.	  Calzolari	  

• Same L1-L2 coil
• Turns in L3-L4 grouped in blocks, separated by ribs, and distributed over 

larger azimuthal angle 
– L3-L4 coil blocks are wound into slots

• Larger coil radial rigidity => smaller horizontal deformation
• Azimuthal stress management in L3-L4
• Smaller vertical force component in L1-L2 => smaller stress in L1 midplane

How could it be implemented in CT magnets?

04/04/2017 Stress management in cos-theta magnets at FNAL4

10	  TeV:	  7	  km	  of	  16	  T	  
•  stress	  managed	  Nb3Sn	  dipoles	  
•  or	  HTS	  



Final	  Focus	  Magnet	  Challenge	  

D.	  Schulte	   Muon	  Collider	  Technologies,	  JUAS,	  March	  1,	  2022	   23	  

At	  3	  TeV:	  
Up	  to	  12	  T	  in	  aperture	  150	  mm	  
Similar	  to	  HL-‐LHC	  final	  focus	  magnets	  
Close	  to	  state	  of	  the	  art	  with	  Nb3Sn	  
	  
At	  10+	  TeV:	  
Aperture	  of	  200+	  mm	  
20	  T	  field	  in	  aperture	  
⇒ Stress	  is	  significantly	  higher	  
⇒ Will	  need	  HTS	   Parameter	   Q1	   Q1	   Q3	   Q4	  

Aperture	  (mm)	   90	   110	   130	   150	  

Gradients	  (T/m)	   267	   218	   -‐154	   -‐133.5	  

Peak	  field	  (T)	   12	   12	   10+	   10+	  

Dipole	  field	  (T)	   0	   0	   2.00	   2.00	  

3	  TeV	  FFS	  Design	  (MAP)	  

HTS	  magnet	  development	  is	  
essen4al	  for	  10	  TeV	  



Neutrino	  Flux	  

D.	  Schulte	   Muon	  Collider,	  Touschek	  Syposium,	  Frasca4,	  December	  2021	  

Need	  mi>ga>on	  of	  arcs	  at	  10+	  TeV:	  idea	  of	  Mokhov,	  Ginneken	  to	  move	  beam	  in	  aperture	  
Our	  approach:	  move	  collider	  ring	  components,	  e.g.	  ver4cal	  bending	  with	  1%	  of	  main	  field	  

Need	  to	  study	  mover	  
system,	  magnet,	  connec>ons	  	  
	  and	  impact	  on	  beam	  

15	  cm	  

~2	  x	  600	  m	   Opening	  angle	  ±	  1	  mradian	  
	  
14	  TeV,	  in	  200	  m	  deep	  tunnel	  
comparable	  to	  LHC	  case	  

24	  

t1	  

t2	   s1	  
neutrinos	  

Neutrino Hazard “Ring” dose and “straight section” 
dose
(plot from B.King, hep-ex/005006)

4

Expected scaling laws:
Ring:          NP* E3, from Energy*cross section*1/J
Straight: : NP*E4, from Energy*cross section*1/J*1/J

arc	  

Concentrate	  neutrino	  cone	  from	  arcs	  
can	  approach	  legal	  limits	  for	  14	  TeV	  
	  
Goal	  is	  to	  reduce	  to	  level	  similar	  to	  LHC	  
	  
3	  TeV,	  200	  m	  deep	  tunnel	  is	  about	  OK	  

Working	  on	  different	  
approaches	  for	  experimental	  
inser>on	  



Neutrino	  Flux	  Mi4ga4on	  

D.	  Schulte	   Muon	  Collider,	  Muon	  Collider	  Agora,	  February	  16,	  2021	   25	  

Mover	  system	  and	  impact	  on	  beam	  will	  be	  addressed	  in	  the	  coming	  years	  before	  end	  if	  
2025	  

C.	  Ahdida,	  P.	  Vojtyla,	  M.	  Widorski,	  H.	  Vincke	  

G.	  Lerner,	  D.	  Calzolari,	  A.	  Lechner,	  C.	  Ahdida	   G.	  Lacerda,	  Y.	  Robert,	  N.	  Guilhaudin	  

Addressed	  by:	  
Site	  choice	  in	  direc4on	  of	  experiments	  	  
•  tools	  in	  prepara4on	  
Mechanical	  mover	  system	  in	  arcs	  
•  allows	  14	  TeV	  in	  200	  m	  deep	  tunnel	  

Team	  of	  RP	  experts,	  civil	  engineers,	  beam	  
physicist	  and	  FLUKA	  experts	  
	  
Goal	  to	  be	  similar	  to	  LHC:	  i.e.	  negligible,	  “fully	  
op4mised”	  (10	  x	  be^er	  than	  MAP	  goal,	  100	  x	  
be^er	  than	  legal	  requirements)	  
•  With	  indirect	  effects	  (air,	  ground	  water,	  …)	  



Machine	  Detector	  Interface	  
Main	  background	  sources	  
•  Muon	  decay	  products	  (40,000	  

muons/m/crossing	  at	  14	  TeV)	  
•  Beam-‐beam	  background	  
•  Note:	  background	  reduces	  while	  

beam	  burns	  off	  

D.	  Schulte	   Muon	  Collider,	  Touschek	  Syposium,	  Frasca4,	  December	  2021	   26	  

Mi4ga4on	  methods	  
•  masks	  
•  detector	  granularity	  
•  detector	  4ming	  
•  solenoid	  field	  
•  event	  reconstruc4on	  strategies	  
•  …	  

•  Driven	  by	  INFN,	  Padua,	  (Donatella	  Lucchesi	  et	  al.),	  contribu4ons	  from	  CERN	  and	  FNAL	  
–  interest	  exists:	  JAI-‐Oxford,	  Sussex,	  CEA,	  LIP	  Lisbon,	  DESY	  

•  First	  studies	  at	  lower	  energies	  (125	  GeV	  and	  1.5	  TeV	  are	  encouraging	  (D.	  Lucchesi	  et	  al.)	  
•  10	  TeV	  studies	  started	  
•  beam-‐beam	  started	  

Opportuni>es	  to	  help	  exist	  

	  



Modular	  approach	  to	  
demonstrator:	  start	  with	  
minimum	  complex	  and	  upgrade	  
as	  demonstra4on	  progresses	  
	  
Iden4fied	  components	  of	  test	  
facility	  with	  approximate	  
dimensions	  

27 

Demonstrator	  Considera4ons	  

Services	  
(Cryogenics,	  cooling	  &	  ven4la4on,	  power,	  transport,	  etc)	  

Target	  
+	  horn	  (1st	  phase)	  /	  
+	  superconduc4ng	  
solenoid	  (2nd	  phase)	  

Momentum	  selec4on	  
chicane	  

Collima4on	  and	  
upstream	  
diagnos4cs	  area	  

Cooling	  area	  

Downstream	  
diagnos4cs	  area	  

Have	  indica4ve	  dimensions	  by	  C.	  Rogers	  

75m	  

Will	  also	  explore	  alterna4ve	  
op4ons,	  if	  resources	  permit	  
•  e.g.	  PIC,	  parametric	  

ioniza4on	  cooling	  

Muon	  cooling	  is	  the	  key	  novel	  and	  unique	  component	  of	  muon	  collider	  
⇒ need	  a	  test	  in	  a	  demonstrator	  
Other	  technology	  challenges	  exist	  but	  can	  be	  addressed	  with	  prototypes	  (e.g.	  collider	  
dipoles),	  also	  in	  other	  loca4ons	  

Muon Collider, Touschek Syposium, Frascati, December 2021 



CERN	  Site	  Example	  

Muon	  Collider,	  Touschek	  Syposium,	  Frasca4,	  December	  2021	   28	  

 Possibility around TT10 

11/02/2021 M. Calviani // Consideration on MUC Test Facility Target Systems costs 11 

M
U

C
 Test 

Facility 

100 m 

200 m
 

M. Benedikt, LHC Performance Workshop, Chamonix 2010 

TT10 line to S
P

S
 

BA1 

sLHC Project Note 0013  

CERN-AB-2007-061  
Dimension & location indicative 

Will	  consider	  site	  
proposed	  by	  
partners	  and	  at	  
CERN,	  but	  need	  at	  
least	  one	  
	  
	  
	  
	  
First	  op4on	  
considered:	  
Could	  use	  CERN	  land	  
close	  to	  TT10	  and	  
inject	  beam	  from	  PS	  	  

D.	  Schulte	  

•  1013	  26	  GeV	  protons	  in	  7ns,	  produces	  a	  few	  1012	  muons	  per	  
pulse	  

•  Would	  be	  in	  molasse	  (no	  radia4on	  to	  ground	  water),	  could	  
accommodate	  4	  MW	  

•  Could	  later	  upgrade	  with	  SPL	  and	  accumulator	  ring	  to	  have	  full	  
power	  op4on	  



European	  Accelerator	  R&D	  Roadmap	  
CERN	  Council	  charged	  Laboratory	  Directors	  
Group	  (LDG)	  to	  develop	  Roadmap	  

–  reviewed	  by	  SPC	  
–  agreed	  by	  Council	  December	  2021	  

CERN	  Council	  charged	  LDG	  to	  develop	  
implementa4on	  plan	  by	  March	  2022	  
	  
Roadmap	  iden4fies	  muon	  collider	  challenges	  
and	  two	  R&D	  scenarios	  to	  address	  them	  
•  An	  aspira>onal	  scenario	  
•  A	  minimal	  scenario	  

	  

D.	  Schulte	   Muon	  Collider	  Technologies,	  JUAS,	  March	  1,	  2022	   29	  

CERN Yellow Reports: Monographs, CERN-2021-XXX

Label Begin End Description Aspirational Minimal
[FTEy] [kCHF] [FTEy] [kCHF]

MC.SITE 2021 2025 Site and layout 15.5 300 13.5 300
MC.NF 2022 2026 Neutrino flux miti-

gation system
22.5 250 0 0

MC.MDI 2021 2025 Machine-detector
interface

15 0 15 0

MC.ACC.CR 2022 2025 Collider ring 10 0 10 0
MC.ACC.HE 2022 2025 High-energy com-

plex
11 0 7.5 0

MC.ACC.MC 2021 2025 Muon cooling sys-
tems

47 0 22 0

MC.ACC.P 2022 2026 Proton complex 26 0 3.5 0
MC.ACC.COLL 2022 2025 Collective effects

across complex
18.2 0 18.2 0

MC.ACC.ALT 2022 2025 High-energy alter-
natives

11.7 0 0 0

MC.HFM.HE 2022 2025 High-field magnets 6.5 0 6.5 0
MC.HFM.SOL 2022 2026 High-field

solenoids
76 2700 29 0

MC.FR 2021 2026 Fast-ramping mag-
net system

27.5 1020 22.5 520

MC.RF.HE 2021 2026 High Energy com-
plex RF

10.6 0 7.6 0

MC.RF.MC 2022 2026 Muon cooling RF 13.6 0 7 0
MC.RF.TS 2024 2026 RF test stand + test

cavities
10 3300 0 0

MC.MOD 2022 2026 Muon cooling test
module

17.7 400 4.9 100

MC.DEM 2022 2026 Cooling demon-
strator design

34.1 1250 3.8 250

MC.TAR 2022 2026 Target system 60 1405 9 25
MC.INT 2022 2026 Coordination and

integration
13 1250 13 1250

Sum 445.9 11875 193 2445

Table 5.5: The resource requirements for the two scenarios. The personnel estimate is given in full-time
equivalent years and the material in kCHF. It should be noted that the personnel contains a significant
number of PhD students. Material budgets do not include budget for travel, personal IT equipment and
similar costs. Colours are included for comparison with the resource profile Fig. 5.7.

175

Scenario	   FTEy	   kCHF	  
Aspira4onal	   445.9	   11,875	  
Minimal	   193	   2,445	  

h^p://arxiv.org/abs/2201.07895	  

Aspira4onal	  scenario	  =	  10	  years	  of	  MAP	  (up	  to	  45	  FTE)	  



Aspira4onal	  Timeline	  
in	  case	  muon	  collider	  is	  next	  project	  a{er	  HL-‐LHC	  

D.	  Schulte	   Muon	  Collider	  Technologies,	  JUAS,	  March	  1,	  2022	   30	  
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Ongoing	  Ac4vi4es	  

D.	  Schulte	   Muon	  Collider	  Collabora4on,	  Study	  Mee4ng,	  February	  2021	   31	  

•  Iden4fica4on	  of	  challenges	  and	  workplan	  
•  many	  contributors	  

	  
•  Radia4on	  protec4on	  (CERN,	  FNAL)	  
•  MDI	  (INFN,	  Padua,	  CERN,	  FNAL)	  
•  Collider	  ring	  (CERN)	  

	  
•  Muon	  cooling	  system	  (RAL,	  CERN)	  

•  Target	  (CERN)	  
•  RF	  team	  is	  very	  ac4ve	  (CEA,	  CERN,	  Rostock)	  
•  Power	  converter	  for	  fast-‐ramping	  magnets	  
•  Demonstrator	  site	  and	  scope	  iden4fica4on	  (all)	  
	  
•  A	  number	  of	  key	  “small”	  contribu4ons	  

•  e.g.	  RF	  calcula4on	  (Rostock),	  solenoid	  stress	  es4mate	  (KIT),	  la�ce	  design	  (JAI	  students),	  RF	  
test	  stand	  es4mates	  (CEA),	  …	  

	  
People	  started	  the	  journey	  



Interest	  (in	  part	  some	  work	  done)	  

D.	  Schulte	   Muon	  Collider	  Collabora4on,	  Study	  Mee4ng,	  February	  2021	   32	  

•  Pulsed	  synchrotrons	  (CEA-‐IRFU)	  
•  (Recircula4ng)	  linacs	  (IJCLab,	  BNL,	  CERN	  so{ware)	  
•  Proton	  complex	  (ESS,	  Uppsala)	  
•  Alterna4ves	  (e.g.	  FFA,	  final	  muon	  cooling)	  (UK)	  

•  Target	  and	  target	  area	  (ESS,	  Uppsala,	  RAL,	  Warwick,	  ENEA)	  

•  High-‐field	  collider	  ring	  magnets	  (KEK-‐CERN,	  Tokyo)	  
•  Fast-‐ramping	  magnet	  systems	  (LNCMI/EMFL/Dresden,	  Darmstadt,	  KIT,	  PSI,	  EPFL,	  CERN)	  
•  High-‐field	  solenoids	  (CEA-‐IRFU,	  KIT,	  looking	  for	  more)	  

•  Superconduc4ng	  high-‐energy	  RF	  (Rostock,	  INFN-‐Milano)	  
•  Normal-‐conduc4ng	  muon	  cooling	  RF	  (CEA-‐IRFU,	  RAL,	  Cockro{	  Ins4tute,	  Lancaster,	  Strathclyde,	  

Daresbury,	  INFN-‐Catania))	  

•  Integra4on	  challenges	  of	  muon	  cooling	  cell	  (INFN,	  …)	  

•  Test	  facility	  (CERN,	  all)	  

•  Ongoing	  ac4vi4es	  s4ll	  need	  more	  resources	  

People	  gefng	  ready	  to	  start	  the	  journey	  

Preparing	  an	  EU	  Design	  Study	  
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Community	  conveners:	  Radio-‐Frequency	  (RF):	  Alexej	  Grudiev	  (CERN),	  Jean-‐Pierre	  Delahaye	  (CERN	  re4ree),	  Derun	  
Li	  (LBNL),	  Akira	  Yamamoto	  (KEK).	  Magnets:	  Lionel	  Que�er	  (CEA),	  Toru	  Ogitsu	  (KEK),	  Soren	  Prestemon	  (LBNL),	  
Sasha	  Zlobin	  (FNAL),	  Emanuela	  Barzi	  (FNAL).	  High-‐Energy	  Complex	  (HEC):	  Antoine	  Chance	  (CEA),	  J.	  Sco^	  Berg	  
(BNL),	  Alex	  Bogacz	  (JLAB),	  Chris4an	  Carli	  (CERN),	  Angeles	  Faus-‐Golfe	  (IJCLab),	  Eliana	  Gianfelice-‐Wendt	  (FNAL),	  
Shinji	  Machida	  (RAL).	  Muon	  Produc#on	  and	  Cooling	  (MPC):	  Chris	  Rogers	  (RAL),	  Marco	  Calviani	  (CERN),	  Chris	  
Densham	  (RAL),	  Diktys	  Stratakis	  (FNAL),	  Akira	  Sato	  (Osaka	  University),	  Katsuya	  Yonehara	  (FNAL).	  Proton	  Complex	  
(PC):	  Simone	  Gilardoni	  (CERN),	  Hannes	  Bartosik	  (CERN),	  Frank	  Gerigk	  (CERN),	  Natalia	  Milas	  (ESS).	  Beam	  Dynamics	  
(BD):	  Elias	  Metral	  (CERN),	  Tor	  Raubenheimer	  (SLAC	  and	  Stanford	  University),	  Rob	  Ryne	  (LBNL).	  Radia#on	  
Protec#on	  (RP):	  Claudia	  Ahdida	  (CERN).	  Parameters,	  Power	  and	  Cost	  (PPC):	  Daniel	  Schulte	  (CERN),	  Mark	  Palmer	  
(BNL),	  Jean-‐Pierre	  Delahaye	  (CERN	  re4ree),	  Philippe	  Lebrun	  (CERN	  re4ree	  and	  ESI),	  Mike	  Seidel	  (PSI),	  Vladimir	  
Shiltsev	  (FNAL),	  Jingyu	  Tang	  (IHEP),	  Akira	  Yamamoto	  (KEK).	  Machine	  Detector	  Interface	  (MDI):	  Donatella	  Lucchesi	  
(University	  of	  Padova),	  Chris4an	  Carli	  (CERN),	  Anton	  Lechner	  (CERN),	  Nicolai	  Mokhov	  (FNAL),	  Nadia	  Pastrone	  
(INFN),	  Sergo	  R	  Jindariani	  (FNAL).	  Synergy:	  Kenneth	  Long	  (Imperial	  College),	  Roger	  Ruber	  (Uppsala	  University),	  
Koichiro	  Shimomura	  (KEK).	  Test	  Facility	  (TF):	  Roberto	  Losito	  (CERN),	  Alan	  Bross	  (FNAL),	  Tord	  Ekelof	  (ESS,Uppsala	  
University).	  

Muon	  Beam	  Panel:	  Daniel	  Schulte	  (CERN,	  chair),	  Mark	  Palmer	  (BNL,	  co-‐chair),	  Tabea	  Arndt	  (KIT),	  Antoine	  Chance	  
(CEA/IRFU)	  Jean-‐Pierre	  Delahaye	  (re4red),	  Angeles	  Faus-‐Golfe	  (IN2P3/IJClab),	  Simone	  Gilardoni	  (CERN),	  Philippe	  
Lebrun	  (European	  Scien4fic	  Ins4tute),	  Ken	  Long	  (Imperial	  College	  London),	  Elias	  Metral	  (CERN),	  Nadia	  Pastrone	  
(INFN-‐Torino),	  Lionel	  Que�er	  (CEA/IRFU),	  Magnet	  Panel	  link,	  Tor	  Raubenheimer	  (SLAC),	  Chris	  Rogers	  (STFC-‐RAL),	  
Mike	  Seidel	  (EPFL	  and	  PSI),	  Diktys	  Stratakis	  (FNAL),	  Akira	  Yamamoto	  (KEK	  and	  CERN)	  Contributors:	  Alexej	  Grudiev	  
(CERN),	  Roberto	  Losito	  (CERN),	  Donatella	  Lucchesi	  (INFN)	  

And	  the	  par>cipants	  to	  the	  community	  mee>ngs	  and	  the	  study	  
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LEMMA	  scheme	  (INFN)	  
P.	  Raimondi	  et	  al.	  

45	  GeV	  positrons	  to	  produce	  muon	  pairs	  
Accumulate	  muons	  from	  several	  passages	  

Excellent	  idea,	  but	  nature	  is	  cruel	  
Detailed	  es4mates	  of	  fundamental	  limits	  show	  that	  we	  require	  
a	  very	  large	  positron	  bunch	  charge	  to	  reach	  the	  same	  
luminosity	  as	  the	  proton-‐based	  scheme	  
⇒  Need	  same	  game	  changing	  inven>on	  

Note:	  New	  proposal	  by	  C.	  
Curatolo	  and	  L.	  Serafini	  needs	  
to	  be	  looked	  at	  
•  Uses	  Bethe-‐Heitler	  

produc4on	  with	  electrons	  



Conclusion	  
•  Muon	  colliders	  are	  a	  unique	  opportunity	  for	  a	  high-‐energy,	  high-‐luminosity	  

lepton	  collider	  
–  high	  luminosity	  to	  beam	  power	  ra4o	  
–  cost	  efficiency	  to	  be	  assessed	  

•  Two	  different	  op4ons	  considered	  
–  3	  TeV	  collider	  that	  can	  start	  construc4on	  in	  less	  than	  20	  years	  
–  10	  TeV	  collider	  that	  uses	  advanced	  technologies	  

•  Not	  as	  mature	  as	  ILC	  or	  CLIC	  
–  have	  to	  address	  important	  R&D	  items	  
–  but	  no	  showstopper	  iden4fied	  

•  Aim	  to	  develop	  concept	  to	  a	  maturity	  level	  that	  allows	  to	  make	  informed	  
choices	  by	  the	  next	  ESPPU	  and	  other	  strategy	  processes	  
–  Baseline	  design	  
–  R&D	  and	  demonstra4on	  programme	  

•  An	  important	  opportunity	  that	  we	  should	  not	  miss	  
•  h^p://muoncollider.web.cern.ch	  
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Many	  thanks	  to	  the	  Muon	  Beam	  
Panel,	  the	  collabora4on,	  the	  
MAP	  study,	  the	  MICE	  
collabora4on,	  and	  many	  others	  



Reserve	  
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Fundamental	  limita4on	  
Assumes	  no	  emi^ance	  growth	  a{er	  source	  and	  no	  technical	  limita4on	  
Applies	  to	  MAP	  and	  LEMMA	  scheme	  

Note:	  emi^ances	  are	  normalised	  

High	  field	  in	  collider	  ring	  
=	  small	  ring	  
=	  many	  collisions	  

Dense	  beam	  
High	  energy	  

High	  beam	  power	  Large	  energy	  acceptance	  
=	  short	  bunch	  
=	  small	  betafunc4on	  



Muon	  Collider	  Luminosity	  Scaling	  

D.	  Schulte	   38	  Muon	  Collider,	  Touschek	  Syposium,	  Frasca4,	  December	  2021	  

Fundamental	  limita4on,	  assumes	  no	  emi^ance	  growth	  a{er	  source	  and	  no	  technical	  limita4on	  
•  Applies	  to	  MAP	  and	  LEMMA	  scheme	  

Same	  for	  MAP	  and	  LEMMA	  
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Fundamental	  limita4on,	  assumes	  no	  emi^ance	  growth	  a{er	  source	  and	  no	  technical	  limita4on	  
•  Applies	  to	  MAP	  and	  LEMMA	  scheme	  

Bremsstrahlung	  O(105)	  4mes	  
more	  likely	  than	  pair	  produc4on	  
O(150mb),	  Eϒ≥0.01	  Ep	  
O(60mb),	  Eϒ≥0.1	  Ep	  

O(1%)	  of	  proton	  scheme	  
=	  100	  MW	  of	  positrons	  lost	  

Same	  for	  MAP	  and	  LEMMA	  
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Fundamental	  limita4on,	  assumes	  no	  emi^ance	  growth	  a{er	  source	  and	  no	  technical	  limita4on	  
•  Applies	  to	  MAP	  and	  LEMMA	  scheme	  

Bremsstrahlung	  O(105)	  4mes	  
more	  likely	  than	  pair	  produc4on	  
O(150mb),	  Eϒ≥0.01	  Ep	  
O(60mb),	  Eϒ≥0.1	  Ep	  

O(1%)	  of	  proton	  scheme	  
=	  100	  MW	  of	  positrons	  lost	  

Same	  for	  MAP	  and	  LEMMA	  

Each	  passage	  in	  target	  increases	  emi^ance	  (mul4ple	  sca^ering)	  
⇒ Need	  to	  produce	  enough	  muons	  per	  passage	  for	  high	  N/ε	  
	  
Example	  to	  reach	  luminosity	  is	  
•  3	  mm	  BE	  target,	  0.86	  mm	  betafunc4on	  (op4mum)	  
•  3	  x	  1015	  positrons	  per	  bunch	  (22	  MJ)	  

•  60	  kJ	  lost	  in	  target,	  temperature	  jump	  of	  MK	  
•  at	  least	  100	  bunches	  per	  pulse	  (2	  GJ)	  

•  (only	  1%	  is	  lost)	  
	  
Note:	  Addi4onal	  beam	  combina4on	  schemes	  can	  reduce	  
positron	  bunch	  charge	  but	  increase	  energy	  in	  pulse	  
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Fundamental	  limita4on,	  assumes	  no	  emi^ance	  growth	  a{er	  source	  and	  no	  technical	  limita4on	  
•  Applies	  to	  MAP	  and	  LEMMA	  scheme	  

Bremsstrahlung	  O(105)	  4mes	  
more	  likely	  than	  pair	  produc4on	  
O(150mb),	  Eϒ≥0.01	  Ep	  
O(60mb),	  Eϒ≥0.1	  Ep	  

O(1%)	  of	  proton	  scheme	  
=	  100	  MW	  of	  positrons	  lost	  

Same	  for	  MAP	  and	  LEMMA	  

Each	  passage	  in	  target	  increases	  emi^ance	  (mul4ple	  sca^ering)	  
⇒ Need	  to	  produce	  enough	  muons	  per	  passage	  for	  high	  N/ε	  
	  
Example	  to	  reach	  luminosity	  is	  
•  3	  mm	  BE	  target,	  0.86	  mm	  betafunc4on	  (op4mum)	  
•  3	  x	  1015	  positrons	  per	  bunch	  (22	  MJ)	  

•  60	  kJ	  lost	  in	  target,	  temperature	  jump	  of	  MK	  
•  at	  least	  100	  bunches	  per	  pulse	  (2	  GJ)	  

•  (only	  1%	  is	  lost)	  
	  
Note:	  Addi4onal	  beam	  combina4on	  schemes	  can	  reduce	  
positron	  bunch	  charge	  but	  increase	  energy	  in	  pulse	  

Unfortunately,	  seems	  too	  hard	  from	  
fundamental	  physics	  
Need	  a	  new	  game-‐changing	  inven>on	  
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Fundamental	  limita4on	  
Assumes	  no	  emi^ance	  growth	  a{er	  source	  and	  no	  technical	  limita4on	  
Applies	  to	  MAP	  and	  LEMMA	  scheme	  

LEMMA	  scheme	  needs	  O(0.7	  mJ)	  
positrons	  lost	  per	  produced	  muon	  pair	  
⇒ 100	  MW	  loss	  yield	  1.4	  x	  1011	  s-‐1	  

muon	  pairs	  
•  (proton	  case:	  1	  x	  1013	  s-‐1)	  

⇒ Need	  70	  4mes	  denser	  beam	  for	  
same	  luminosity	  

⇒ Lose	  1.4	  1016	  positrons	  per	  second	  

Assume	  3	  mm	  thick	  Be	  target,	  0.86	  mm	  beta	  
⇒ 0.6	  nm	  emi^ance	  growth	  per	  muon	  beam	  

passage	  through	  target	  (op4mum	  case)	  
⇒ Need	  bunches	  with	  3	  x	  1015	  positrons	  (=22	  MJ)	  

to	  obtain	  required	  	  
⇒ Positron	  beam	  energy	  2	  GJ/burst,	  5	  burst	  per	  

second	  
⇒ Energy	  deposi4on	  in	  target	  60	  kJ	  per	  pulse	  

(minimum	  ionisa4on)	  4.5	  MK	  temperature	  rise	  
per	  bunch	  (linear	  approxima4on)	  	  

⇒ Extremely	  challenging,	  not	  sure	  even	  a	  fluid	  
target	  can	  do	  this	  
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stacking	  in	  longitudinal	  plane	  does	  not	  increase	  
luminosity	  
bunch	  length	  and	  beta-‐func4on	  increase	  with	  the	  charge	  
	  
Stacking	  in	  transverse	  plane	  can	  help	  because	  	  
	  
	  
	  
stacking	  m2	  bunches	  leads	  to	  
	  
	  
	  
	  
	  
and	  the	  luminosity	  
scales	  as	  

x	  

x’	  
New	  injected	  bunch	  

Shi{	  common	  orbit	  for	  next	  turn	  
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Fundamental	  limita4on	  
Assumes	  no	  emi^ance	  growth	  a{er	  source	  and	  no	  technical	  limita4on	  
Applies	  to	  MAP	  and	  LEMMA	  scheme	  

Note:	  emi^ances	  are	  normalised	  

High	  field	  in	  collider	  ring	  
=	  small	  ring	  
=	  many	  collisions	  

Dense	  beam	  
High	  energy	  

High	  beam	  power	  Large	  energy	  acceptance	  
=	  short	  bunch	  
=	  small	  betafunc4on	  
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F.	  Zimmermann	  2018	  J.	  Phys.:	  Conf.	  Ser.1067	  022017	  claims	  

The	  paper	  assumes	  that	  muons	  can	  be	  stacked	  but	  ignores	  the	  associated	  emi^ance	  growth	  
This	  is	  wrong,	  with	  these	  assump4on	  LEMMA	  would	  be	  viable	  

at	  14	  TeV:	  
9	  GW	  beam	  power	  	  

even	  30	  4mes	  more	  
beam	  par4cles	  

the	  LEMMA	  scheme	  

New	  proposal	  by	  C.	  
Curatolo	  and	  L.	  
Serafini	  needs	  to	  be	  
looked	  at	  
Uses	  Bethe-‐Heitler	  
produc4on	  with	  
electrons	  



Physics	  at	  Muon	  Collider	  
Muon	  Collider	  can	  be	  the	  game	  changer	  

D.	  Bu^azzo	  
P.	  Maede	  	  

The	  Muon	  Smasher’s	  Guide	  

R.	  Sundrum	  	   P.	  Maede	  	  
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Challenges	  and	  Status	  
MuCool:	  >50	  MV/
m	  in	  5	  T	  field	  
	  
Two	  solu4ons	  
•  Copper	  

cavi4es	  filled	  
with	  hydrogen	  

•  Be	  end	  caps	  

NHFML	  
32	  T	  solenoid	  
with	  HTS	  
	  
Planned	  efforts	  
to	  push	  even	  
further	  
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MICE	  (UK)	  Muon	  cooling	  principle	  

FNAL	  
12	  T/s	  HTS	  
0.6	  T	  max	  
	  
now	  290	  T/s	  

Test	  of	  fast-‐ramping	  
normal-‐conduc>ng	  
magnet	  design	  



Selected	  Recent	  Progress	  

D.	  Schulte	   48	  Muon	  Collider,	  Touschek	  Syposium,	  Frasca4,	  December	  2021	  

D.	  Aguglia	  
F.	  Boa�ni	  
G.	  Brauchli	  

RF	  challenge	  (also	  for	  FFA):	  
High	  efficiency	  for	  power	  consump4on	  
High-‐charge	  (10	  x	  HL-‐LHC),	  short,	  single-‐bunch	  beam	  
Maintain	  small	  longitudinal	  emi^ance	  
Studies	  on	  cavity	  wakefields	  and	  longitudinal	  dynamics	  
started	  
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Ramping	  magnet	  challenge	  
At	  14	  TeV,	  energy	  in	  field	  is	  O(200	  MJ)	  
ramped	  5	  x	  2	  4mes	  per	  second	  
Need	  to	  recover	  energy	  pulse	  to	  pulse	  
Started	  to	  develop	  powering	  scheme	  
with	  energy	  recovery	  

University	  of	  Rostock	  
S.	  Zadeh	  
U.	  van	  Rienen	  	  

Collec>ve	  effects	  might	  be	  a	  bo^leneck	  
Revisi4ng	  for	  higher	  energies	  
Need	  to	  develop	  tools	  for	  collec4ve	  effects	  in	  
ma^er	  

M.	  Magliora4	  
E.	  Metral,	  
T.	  Raubenheimer	  
D.S.	  
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Collider	  Ring	  Lafce	  Design:	  
Based	  on	  MAP	  design,	  la�ce	  design	  for	  high	  energy	  is	  star4ng	  
Started	  produc4on	  of	  radia>on	  maps	  and	  iden4fied	  hot	  spots	  around	  IP	  and	  in	  arcs	  
Need	  to	  include	  radia4on	  considera4ons	  in	  la�ce	  design	  

C.	  Carli	  

beam	  direc4on	  at	  IP	   ho^est	  spot	  

Loss	  challenge	  in	  collider	  ring:	  
Loss	  per	  unit	  length	  is	  constant	  
fewer,	  but	  higher	  energy	  par4cles	  
Simula4ons	  of	  shielding	  started	  

Coils	  

Shielding	  

A.	  Lechner	  
D.	  Calzolari	  



High-‐energy	  Accelera4on	  
Rapid	  cycling	  synchrotrons	  (RCS)	  
•  Combine	  sta4c	  and	  ramping	  magnets	  

•  Fast-‐ramping	  magnets	  to	  follow	  beam	  energy	  
•  normal	  conduc4ng	  or	  novel	  HTS	  
•  O(kT/s)	  required	  

•  Efficient	  magnets	  and	  power	  converters	  with	  
energy	  recovery	  
•  Highest	  efficiency	  
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FFA	  
•  Fixed	  (high-‐field)	  magnets	  but	  large	  energy	  

acceptance	  
•  Challenging	  lafce	  design	  for	  large	  bandwidth	  

and	  limited	  cost	  
•  Complex	  high-‐field	  magnets	  
•  Challenging	  beam	  dynamics	  

!

EMMA	  proof	  of	  FFA	  principle	  
	  
Nature	  Physics	  8,	  243–247	  
(2012)	  

RF	  system	  
•  Important	  single-‐bunch	  beam	  loading	  
•  2	  x	  10	  12	  par4cles	  in	  O(mm)-‐long	  bunch	  at	  5	  TeV	  

Test	  of	  fast-‐ramping	  normal-‐
conduc>ng	  magnet	  design	  

FNAL	  290	  T/s	  HTS	  magnet	  


