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A single talk on Col and FCC?μ

Figure 9: A schematic view of the Fermilab site and the layout of the proposed collider complex for
the Muon Collider site-filler (top) and a zoomed-in version showing the 125 and 600 GeV staging
options (bottom).
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Figure 9. The ITF cost model for the multi-TeV lepton collider proposals. Horizontal scale is approximately
logarithmic for the project total cost in 2021 B$ without contingency and escalation. Black horizontal bars
with smeared ends indicate the cost estimate range for each machine.

Figure 10. The ITF cost model for the energy frontier hadron collider, electron-proton colliders (incremental
cost from hadron collider only) and for the proposed Fermilab site-filler colliders. Horizontal scale is
approximately logarithmic for the project total cost in 2021 B$ without contingency and escalation. Black
horizontal bars with smeared ends are the cost estimate range for each machine. Right-arrow for the 500 TeV
"Collider-in-the-Sea" indicates higher than 80B$ cost. Left-arrow for the electron-proton "SPPC-CEPC"
collider concept indicates smaller than 4B$ cost.
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Table 3. Technical risk registry of accelerator components and systems for future very high energy ??,
muon and advanced 4

+
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3.1.2 Technology validation requirement

This metric was used to indicate the level of e�ort required to validate the technology. For some
technologies, validation can be established by a single component, while others require a full-scale
demonstration. See Table 4

Technology Validation Required Score Color Code
Full-scale - requires comprehensive demonstration 3
Partial with scaling - partial demonstration su�cient 2
Separate - component validation 1

Table 4. Technology validation scoring chart and color codes (used below in summary Table 9).
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be obtained from the risk registry Tables for the proposal components and systems. For reference,
Table 10 summarizes integrated cost and duration of the past and present, and proposed R&D
programs and facilities.

4 Power, Complexity and Environmental Impact of Colliders

4.1 Summary table

Table 11. Table summarizing the categories of power consumption, size, complexity and required radiation
mitigation for the evaluated collider proposals. Color schemes and categories are explained in Sec. 4.2
(power consumption), Sec. 4.3 (size), 4.4 (complexity) and Sec. 4.5 (radiation). For linear colliders, the
size of the machine includes main linac and final focus, but excludes damping rings, except where otherwise
noted.

Proposal Name Power Size Complexity Radiation
Consumption Mitigation

FCC-ee (0.24 TeV) 290 91 km I I
CEPC (0.24 TeV) 340 100 km I I
ILC (0.25 TeV) 140 20.5 km I I

CLIC (0.38 TeV) 110 11.4 km II I
CCC (0.25 TeV) 150 3.7 km I I

CERC (0.24 TeV) 90 91 km II I
ReLiC (0.24 TeV) 315 20 km II I
ERLC (0.24 TeV) 250 30 km II I
XCC (0.125 TeV) 90 1.4 km II I
MC (0.13 TeV) 200 0.3 km I II

ILC (3 TeV) ⇠400 59 km II II
CLIC (3 TeV) ⇠550 50.2 km III II
CCC (3 TeV) ⇠700 26.8 km II II

ReLiC (3 TeV) ⇠780 360 km III I
MC (3 TeV) ⇠230 10-20 km II III

LWFA (3 TeV) ⇠340 1.3 km
(linac)

II I

PWFA (3 TeV) ⇠230 14 km II II
SWFA (3 TeV) ⇠170 18 km II II

MC (14 TeV) ⇠300 27 km III III
LWFA (15 TeV) ⇠1030 6.6 km III I
PWFA (15 TeV) ⇠620 14 km III II
SWFA (15 TeV) ⇠450 90 km III II

FCC-hh (100 TeV) ⇠560 91 km II III
SPPC (125 TeV) ⇠400 100 km II III
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S. Jindariani, BNL P5 Townhall6

The US timeline shown in Snowmass

• This is a highly optimistic Technically Limited timeline
• not limited by resources/funding 
• does not account for R&D risks
• assumes no delays in construction

• The actual project start time is subject to:
• Successful outcome of the proposed extensive R&D program
• Availability of funding + resources, host laboratory, and international agreements

• Development will take a long time – need to start now!

• Fermilab ACE+expansions
could provide the accelerator 
frontend

• More at upcoming “ACE 
Science workshop” 



A single talk on Col and FCC?μ

Figure 9: A schematic view of the Fermilab site and the layout of the proposed collider complex for
the Muon Collider site-filler (top) and a zoomed-in version showing the 125 and 600 GeV staging
options (bottom).
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Figure 9. The ITF cost model for the multi-TeV lepton collider proposals. Horizontal scale is approximately
logarithmic for the project total cost in 2021 B$ without contingency and escalation. Black horizontal bars
with smeared ends indicate the cost estimate range for each machine.

Figure 10. The ITF cost model for the energy frontier hadron collider, electron-proton colliders (incremental
cost from hadron collider only) and for the proposed Fermilab site-filler colliders. Horizontal scale is
approximately logarithmic for the project total cost in 2021 B$ without contingency and escalation. Black
horizontal bars with smeared ends are the cost estimate range for each machine. Right-arrow for the 500 TeV
"Collider-in-the-Sea" indicates higher than 80B$ cost. Left-arrow for the electron-proton "SPPC-CEPC"
collider concept indicates smaller than 4B$ cost.
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3.1.2 Technology validation requirement

This metric was used to indicate the level of e�ort required to validate the technology. For some
technologies, validation can be established by a single component, while others require a full-scale
demonstration. See Table 4

Technology Validation Required Score Color Code
Full-scale - requires comprehensive demonstration 3
Partial with scaling - partial demonstration su�cient 2
Separate - component validation 1

Table 4. Technology validation scoring chart and color codes (used below in summary Table 9).
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be obtained from the risk registry Tables for the proposal components and systems. For reference,
Table 10 summarizes integrated cost and duration of the past and present, and proposed R&D
programs and facilities.

4 Power, Complexity and Environmental Impact of Colliders

4.1 Summary table

Table 11. Table summarizing the categories of power consumption, size, complexity and required radiation
mitigation for the evaluated collider proposals. Color schemes and categories are explained in Sec. 4.2
(power consumption), Sec. 4.3 (size), 4.4 (complexity) and Sec. 4.5 (radiation). For linear colliders, the
size of the machine includes main linac and final focus, but excludes damping rings, except where otherwise
noted.

Proposal Name Power Size Complexity Radiation
Consumption Mitigation

FCC-ee (0.24 TeV) 290 91 km I I
CEPC (0.24 TeV) 340 100 km I I
ILC (0.25 TeV) 140 20.5 km I I

CLIC (0.38 TeV) 110 11.4 km II I
CCC (0.25 TeV) 150 3.7 km I I

CERC (0.24 TeV) 90 91 km II I
ReLiC (0.24 TeV) 315 20 km II I
ERLC (0.24 TeV) 250 30 km II I
XCC (0.125 TeV) 90 1.4 km II I
MC (0.13 TeV) 200 0.3 km I II

ILC (3 TeV) ⇠400 59 km II II
CLIC (3 TeV) ⇠550 50.2 km III II
CCC (3 TeV) ⇠700 26.8 km II II

ReLiC (3 TeV) ⇠780 360 km III I
MC (3 TeV) ⇠230 10-20 km II III

LWFA (3 TeV) ⇠340 1.3 km
(linac)

II I

PWFA (3 TeV) ⇠230 14 km II II
SWFA (3 TeV) ⇠170 18 km II II

MC (14 TeV) ⇠300 27 km III III
LWFA (15 TeV) ⇠1030 6.6 km III I
PWFA (15 TeV) ⇠620 14 km III II
SWFA (15 TeV) ⇠450 90 km III II

FCC-hh (100 TeV) ⇠560 91 km II III
SPPC (125 TeV) ⇠400 100 km II III
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S. Jindariani, BNL P5 Townhall6

The US timeline shown in Snowmass

• This is a highly optimistic Technically Limited timeline
• not limited by resources/funding 
• does not account for R&D risks
• assumes no delays in construction

• The actual project start time is subject to:
• Successful outcome of the proposed extensive R&D program
• Availability of funding + resources, host laboratory, and international agreements

• Development will take a long time – need to start now!

• Fermilab ACE+expansions
could provide the accelerator 
frontend

• More at upcoming “ACE 
Science workshop” 

Naively as projects they don’t have a lot in common 

Different particles, size, locations, staging, power, 
carbon footprint, cost, component readiness, 

timelines, staging, etc. 
(most of this is for the SLAC town hall) 

So what’s the unifying theme that also makes it 
easy to put them in one talk?



Energy!
These were the two options investigated in 
the most detail during Snowmass for the 
“Energy Frontier” of the… Energy Frontier



Energy!
These were the two options investigated in 
the most detail during Snowmass for the 
“Energy Frontier” of the… Energy Frontier

If you have an  with identical beam properties to a Col the 
physics reach will be similar (although there are subtle 

differences you can ask me about)

e+e− μ



So, as a theorist…

However, what I hope to convince you is there is both 
an urgency and a physics case for 10 TeV already!



This is why the EF report emphasized work in parallel on 
Higgs Factories and Multi-TeV machines not sequentially!

8

Any inferred sequencing of HF and 
multi-TeV stems from the fact that 
unfortunately we’re not ready to 
build a 10 TeV scale machine yet 

 HF represent a good opportunity 
now, not a fundamental ordering



So what does the 10 TeV scale case rest on?

New 
experimental 

data
Theoretical 

understanding 
of data

Theoretical 
advances

The physics landscape evolves!



Generic Lessons from LHC?

1 TeV

~1% tests on Higgs
Implies roughly the ~ TeV scale for NP 
which could cause such a deviation

There could still be new physics  
at  LHC/HL-LHC… but we need to 

invest NOW in R&D

Data suggests 
generically there is a gap from 

EW scale to scale of New Physics  

We need to be able to probe  
1 TeV≫

10 TeV is interesting as a step 
into unknown but also for 

physics targets

The physics landscape has significantly changed since 2013 P5 -  
13 TeV LHC hadn’t even started!

10



Just to assuage any HL-LHC fears

Preparing for the future isn’t crazy just look 2 P5’s ago
11



If the lesson of the LHC is Higgs + nothing…
Isn’t a Higgs factory sufficient?

Since then (1990s), the paths of different colliders have diverged: 
hadron colliders continued the quest for record high energies in 
particle reactions and the LHC was built at CERN, while in parallel 
highly productive e+e− colliders called particle factories focused on 
precise exploration of rare phenomena at much lower energies. 

(V. Shiltsev, F. Zimmermann 2021 Reviews of Modern Physics)

Planck Scale

Are record energies a luxury for after a deviation?
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Are record energies a luxury for after a deviation?NO

NO



Why aren’t Higgs Factories enough* just for  
the SM Higgs?

Number of Higgs and Number of Multiple Higgs 
produced at things currently called a Higgs Factory

14

(* don’t misinterpret, Higgs factories are great they just don’t do everything for SM Higgs and they are long overdue)



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

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

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

span 8 to 20 ORDERS OF MAGNITUDE 
or more!

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



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

16



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

Why does this matter?

17



Testing the Higgs potential experimentally

+ more  
derivatives  

=  
self-interactions

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

Experimentally we look for multi-Higgs production

18

h

V(h) ∂V(h)
∂h

h=v

= 0

∂2V(h)
∂h2

h=v

= m2
h



Current status of LHC Higgs Potential 
Measurements?

19

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

Snowmass EF Higgs Topical Report
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Current status of LHC Higgs Potential 
Measurements?

20

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

Current LHC HL-LHC



Current status of LHC Higgs Potential 
Measurements?

We clearly need to do better and we must have 
higher energies beyond the LHC to do so!

21



Even if we only care about the SM Higgs we’d 
actively need to pursue R&D for higher Energy 

to have any hope of “completing” the SM 

22

How much Precision/Energy is 
needed? 

Are there other arguments for a scale 
other than going beyond LHC/HF? 

Energy Precision



Even if we only care about the SM Higgs we’d 
actively need to pursue R&D for higher Energy 

to have any hope of “completing” the SM 

23

How much Precision/Energy is 
needed? 

Are there other arguments for a scale 
other than going beyond LHC/HF? 

Energy Precision

Must ask sharper 
questions about 
physics (BSM) 



Potential Foundational Physics Cases  
for High Energy Colliders

UNKNOWN

24



Potential Foundational Physics Cases  
for High Energy Colliders

UNKNOWNHiggs Dark Matter +…

The unknown doesn’t set a scale…
25



Potential Foundational Physics Cases  
for High Energy Colliders

UNKNOWNHiggs Dark Matter +…

and it’s harder to get a  
guaranteed return on the unknown!26



Potential Foundational Physics Cases  
for High Energy Colliders

UNKNOWNHiggs Dark Matter +…

Testing WIMP DM is a pillar but whether it exists 
is far less certain so let’s start with the Higgs27



The centrality of the Higgs is underrated, not commonly 
understood, and not appreciated how weird the Higgs actually is!

Thermal 
History of 
Universe

Higgs 
Physics

Origin of 
EWSB? Higgs Portal 

to Hidden Sectors?

Stability of Universe

CPV and 
Baryogenesis

Origin of masses?

Origin of Flavor?

Is it unique?

Fundamental 
or Composite?

Naturalness

Thermal History of 
Universe

Origin of EWSB?

28

Snowmass EF Higgs Topical Report
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We want to understand the origin of EWSB  
(AKA everything around us) 

29



We want to understand the origin of EWSB 

Wait what?

30

h
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We want to understand the origin of EWSB 

Wait what?

31

h

V(h)



We want to understand the origin of EWSB 

A more elegant way pointed out to me by N. Craig is a quote from Frank Close -  

“The more ambitious goal...is to identify and understand the nature of 
electroweak symmetry breaking, the asymmetry that is key to the material 

universe. The Higgs boson is but its herald. ”
32

h

V(h)



We want to understand the origin of EWSB 
Superconducting Analogy

Landau-Ginzburg 
Model 
1950

Type I superconductor

33

Type II superconductor

Powerful 
phenomenological model 

Its effectiveness belies a 
deeper origin of 

underlying symmetry 
breaking

BCS theory (1957) Superexchange?

ϕ

V(ϕ)

The why? 



We want to understand the origin of EWSB 
Origin of EWSB? NaturalnessFundamental 

or Composite?

34

These questions are 
tightly intertwined

i i Am
i Die
I i

Finian
I In

t I

i

t

Search for resonances, constituents at high energy

Dynamical explanation for EWSB

Is the Higgs “pion like”?

It is not QCD like so effective operators are powerful

h

V(h)

If the Higgs is fundamental there still could be a deeper origin

SUSY 
Radiative EWSB

Neutral 
Naturalness

Cosmic 
Selection +…

Higgs mass correlation  

Corresponding direct 
searches

Higgs portal  
effects



Naturalness/Radiative EWSB

P. Draper, PM, M.Reece, D. Shih

1112.3068

One under appreciated consequence of a robust 
solution of this problem is that it should also 

“predict” the Higgs mass

Supersymmetry isn’t dead, the 
Higgs told us the LHC would 

have a hard time immediately!

The 10 TeV scale is particularly 
interesting for SUSY and I don’t scoff at 

consistent extensions of spacetime 
symmetry

35



Higgs Portal
If the Higgs is a fundamental scalar particle…

Gauge theories want to sequester 
themselves like this

The Higgs provides the lowest dimension Lorentz and Gauge 
Invariant Operator… It should be a leading contribution

Needs: Probe the Higgs couplings, new 
states coupled to Higgs36

ℒ ⊃ H†H𝒪DS

h

mmmm
h EL
Z

ut

Ii I

i
SM Dark Sector



Origin and Fate of the Universe?

37

Higher T Stability of  
Vacuum?



Next era in SM history is the “Electroweak 
Phase Transition”

Higher T

38

T=0

h

V(h)

T⪢TEW
h

V(h)

What is the phase diagram of the 
Electroweak Symmetry?



Next era in SM history is the “Electroweak 
Phase Transition”

Higher T

39

T=0

h

V(h)

T⪢TEW
h

V(h)

What is the phase diagram of the 
Electroweak Symmetry?



However, we don’t know that there was symmetry 
restoration at temperatures  EW scale!≫

Unrestored Electroweak Symmetry 

PM, H. Ramani 
1807.07578

40

T⪢TEW

h

V(h)

T⪢TEW
h

V(h)

T=0

h

V(h)

Higher T?



Higher T?

Even if it is restored we don’t know the order of 
the phase transition experimentally

41

T∼TEW

h

V(h)

T=0

h

V(h)

T⪢TEW
h

V(h)

T∼TEW
h

V(h)

Proxy for understanding the early Universe are Higgs self interactions:  
Probe the Higgs self interactions to at least  λ3 ∼ 𝒪(1) %



What is the fate of the Universe?

42



The fate of the Universe?

Needs: Probe the Higgs self interactions, measure top quark properties better

e.g. J. Elias-Miro 
et al. 

1112.3022
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μ
dλ
dμ

∝ λ4 − y4
t

V(h) ∼ − h2 + λh4

Quantum Corrections to the Higgs



WIMP where W is our weak interactions!

The simplest WIMP possibilities remain and 
colliders are the most robust way to test44

SU(2) doublet- “Higgsino”

SU(2) triplet- “Wino”



The WIMP is dead, long live the WIMP

A collider that can 
pair produce EW 

states with mass of 
~ 3 TeV is needed

Unfortunately the 
LHC won’t come 

close to testing this
For simplest WIMP DM we need a more collider with more energy

45

SU(2) doublet

SU(2) triplet



Generic case for multi-TeV colliders 
at the 10+ TeV scale is clear

To quantify further we need to look at 
specific collider options and how they differ 

(and many aren’t as familiar with a Col)μ



What’s the most basic difference between Col and FCC-hh?μ

The proton is 
composite

̂p = xp, 0 ≤ x ≤ 1 ⟹ ̂s = x1x2s
Full COM energy not available - Described 

by Parton Distribution Functions

Fundamental particle

Non-dynamical constituents

Dynamical valence quarks

47

The  is 
fundamental
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H/T Halzen & Martin



What’s the most basic difference between Col and FCC-hh?μ

The proton is 
composite

̂p = xp, 0 ≤ x ≤ 1 ⟹ ̂s = x1x2s

This isn’t the full story but to first approximation 
fundamental vs composite explains a good amount

Muon

48

The  is 
fundamental

μ

w Yu

w
i
be

w Yu

w
i
be

0.0 0.2 0.4 0.6 0.8 1.0

x

x
f i(
x)

0.0 0.2 0.4 0.6 0.8 1.0

x

x
f i(
x)

Proton 



gg
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Can ask what collider energy yield same 
total  when using “Parton Luminosity”σ

This argument is not saying 
that the physics is equivalent! 

It does give a sense for why 
the energies of the colliders 

can be so different while 
going after similar physics

49

What’s the most basic difference between Col and FCC-hh?μ

10 TeV Col  FCC-hhμ ≠

e.g. this case  process w/ 2 → 2 β ≡ ̂σp/ ̂σμ

 TeV Col   pp collidersμ μ = sp

This doesn’t mean:

Corollary:



Muon colliders are  also gauge boson colliders!

Winner at moderate energies!

Can think of this as VV to H fusion, with VV initial states (PDF like for hadron colliders)
50
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Muon colliders are  also gauge boson colliders!

Can think of this as VV to H fusion, with VV initial states (PDF like for hadron colliders)
51
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3

FIG. 2. Distributions for (a) EW PDFs fi(x) and, (b) par-
ton luminosities dLij/d⌧ versus

p
⌧ for

p
s = 30 TeV with a

factorization scale Q =
p
ŝ/2 (solid) and

p
ŝ (dashed).

partonic sub-process cross section �̂

�(`+`� ! F +X) =
R 1
⌧0
d⌧

P
ij

dLij

d⌧ �̂(ij ! F ), (6)

dLij

d⌧ = 1
1+�ij

R 1
⌧

d⇠
⇠

h
fi(⇠, Q2)fj

⇣
⌧
⇠ , Q

2
⌘
+ (i $ j)

i
,

where ⌧ = ŝ/s with
p
s (

p
ŝ) the collider (parton)

c.m. energy. The production threshold is ⌧0 = m
2
F /s.

In presenting our results for production of SM parti-
cles at a high-energy lepton collider, for definitiveness,
we consider a future µ

+
µ
� collider with multi-TeV en-

ergies. It is informative to first examine the parton lu-
minosities as shown in Fig. 2(b) for

p
s = 30 TeV versus

p
⌧ , with a variety of partonic initial states. The up-

per horizontal axis labels the accessible
p
ŝ. Although

we properly evolve the EW PDFs according to the un-
broken SM gauge groups, we convert the states back for
the sake of common intuition, shown in the figure for
µ
+
µ
�
, ⌫µ⌫̄µ, ��/ZZ/�Z, WTWT and WLWL. We see

that the fermionic luminosities peak near the machine
c.m. energy ⌧ ⇡ 1, while the gauge boson luminosities,
generically called vector boson fusion (VBF) dominate at
lower partonic energy

p
ŝ. As noted earlier, the neutral

gauge boson luminosities are the largest, followed by WT

and WL.
We emphasize the “inclusiveness” of the production

processes. For example, for an exclusive final state of

tt̄ production, one needs to sum over all the observa-
tionally indistinguishable partonic contributions in the
initial state µ

+
µ
�
, ��, �Z,ZZ,W

+
W

�
! tt̄. Contribu-

tions from the quark and gluon initial states are sub-
leading as seen in the parton luminosities in Fig. 2(b),
and we do not include them in the cross section calcula-
tions throughout this letter. Since the collinear remnants
are not observationally resolved, one cannot separate the
µ
+
µ
�
/⌫µ⌫̄µ annihilations from the VBF. For this reason,

we call such processes, i.e., µ+
µ
�
! tt̄ “semi-inclusive”.

This is analogous to the tt̄ production at hadron colliders
from the partonic sub-processes qq̄, gg ! tt̄.
In Fig. 3(a), we show the semi-inclusive production

cross sections at a µ
+
µ
� collider versus the collider

c.m. energy
p
s from 1 TeV to 30 TeV. We choose the fac-

torization scale Q =
p
ŝ/2 in calculating the EW PDFs.1

The solid curves are the total cross sections for the semi-
inclusive processes for

µ
+
µ
�
! W

+
W

�
, H, ZH, tt̄, HH and tt̄H, (7)

combining the contributions from both fermionic initial
states and the VBF. We indicate the VBF contributions
by the dashed curves,2 and the fermionic contributions
by the dotted curves, respectively, below the solid curves.
It is important to note that, although there is no logarith-
mic evolution for the WL PDF, the partonic sub-process
cross sections are much enhanced for WLWL, ZLZL !

tt̄, tt̄H and H,ZH,HH, due to the Goldstone-boson in-
teractions. The VBF processes take over the annihilation
channels at higher energies

p
s ⇡ 2.3, 3.5, 6.5 TeV for

W
+
W

�
, tt̄ and tt̄H, respectively. To appreciate the in-

dividual contributions from the underlying partonic sub-
processes, we decompose them for the process µ+

µ
�
! tt̄

versus the c.m. energy, as shown in Fig. 3(b) for µ
+
µ
�,

��/�Z/ZZ, WTWL, WLWL as well as WTWT . As ex-
pected, the QED contribution remains to be the leading
channel. Not well appreciated, the WTWL/WLWL con-
tributions become as significant.
We now examine the kinematic distributions for

the final state tt̄ system, for the individual contribu-
tions µ

+
µ
�
, �/Z,WTWL,WLWL and WTWT . Shown in

Fig. 4(a) are the normalized invariant mass distributions
mtt̄. We see that, for the µ

+
µ
� annihilation, the distri-

bution is sharply peaked at the collider c.m. energy, with
a tail due to the radiative return. For the VBF, they are
peaked after the 2mt threshold. We show in Fig. 4(b)
the normalized rapidity distributions of the system ytt̄.
Again, events from the µ

+
µ
� annihilation are sharply

1To validate the EW PDF approximation, we have imposed an
angular cuto↵ for the W/Z initiated processes in the c.m. frame
cos ✓ < 1 � m

2
/ŝ, where m is the relevant particle mass involved

in the process. We have included a tighter cut cos ✓ < 0.99 andp
ŝ > 500 GeV for the W

+
W

�
, ZH final states.

2Many of the VBF processes have been calculated recently in
Ref. [27] at the tree-level. We have good agreements with theirs
where ever they overlap.

PDFs from BSM searches to astrophysics

Particle Data Group 2016

Parton Distributions are an essential 
requirement for LHC phenomenology

Important for precision SM measurements  
(like MW), characterisation of Higgs sector, 
Monte Carlo event generators, and also for 
many BSM searches

Recent years have seen a revolution in 
global PDF analyses: PDFs with LHC data, 
PDFs with QED corrections, PDFs with all-
order resummations, PDFs tailored for 
neutrino telescopes, model-independent 
intrinsic charm fits, ….

Protons Muons
valence peaks at x~.2 

sea of quarks and gluons below
muons and neutrinos peak at x~1 

EW + more sea

Both FCC-hh and Col have a robust low-x (SM) 
program - not just absolute reach

μ

52

T.Han, Y.Ma, K. Xie
2007.14300



Last but not least, backgrounds!

Muons as fundamental 
particles start from 

reduced backgrounds 
compared to protons 

53

Collider specific backgrounds

FCC-hh Colμ

Pileup BIB
~1000 events/ 

crossing
Large flux from 

 -decays μ

These will be discussed more 
in the next talks and help drive 

R&D

“Hard” physics backgrounds



So what do these colliders give you 
in terms of the physics discussed?



Higgs Precision Physics

55

1 ESG Table- with forward tagging, Kappa-0
fit, with 2.1% on t from 2212.11067 updated
April 10 2023

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

fit LHC S2 S2
0

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

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

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

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

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

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

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

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

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

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

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

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

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

fit LHC S2 S2
0

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

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

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

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

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

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

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

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

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

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

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

1
High energy also implies one can also test origin of 
deviations simultaneously - new formalism needed

High energy improves  
Higgs precision

Rapid progress, Col numbers 
didn’t exist at the time of last 

European Strategy Update

μ

Precision implies a scale

∼
v2

M2
NP

European strategy update
de Blas et al
1905.03764

1 % ⟹ MNP ∼ 1 TeV

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

Z. Liu et al WIP



High energy lets us finally improve on Higgs Potential 
HL-LHC HL-LHC HL-LHC

+10 TeV +10 TeV
+ ee

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


⇤
t 3.3 3.1 3.1

⇤ No input used for µ collider
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FCC-hh

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

+
e
�

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

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

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

5 High-energy measurements
Direct µ

+
µ

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

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

+
µ

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

10

HL-LHC HL-LHC HL-LHC
+10 TeV +10 TeV

+ ee

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


⇤
t 3.3 3.1 3.1

⇤ No input used for µ collider
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FCC-hh

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

+
e
�

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

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

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

5 High-energy measurements
Direct µ

+
µ

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

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

+
µ

� initial state is compensated by the emission of soft and collinear W bosons, that occurs
with high probability because of the large energy.
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Note that we can get to threshold for EW phase 
transition at EW scale with FCC-hh and Colμ



Higgs portal/EW phase transition

Simple Singlet extension of SM

Focus on model lines

Can map to 
Neutral Naturalness 
Reach/Dark Sectors
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Composite Higgs

Muon colliders are 
particular suited to 

testing possible 
Higgs Compositeness
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Naturalness and Supersymmetry Example
The Higgs at 125 GeV already 
suggested the SUSY scale was 

high, e.g. Stops ~ 10 TeV

FCC-hh is superior to 10 TeV 
muon collider for Stop Searches, 

given colored particle nature

In realistic models - EWinos/
Sleptons tend to be TeV scale 

which is within reach of a 10 TeV 
muon collider

FCC-hh

HL-LHC

μ
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V
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discovery reach
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Testing the simplest WIMPs

60

1.6 The physics beyond the Standard Model 65

beyond the minimal scenario. The loop-induced mass splitting among the components of the EW multiplet
also results in a disappearing track signature which can enhance the reach but is more sensitive to the mass
splitting and detector backgrounds.

The basic lesson from Fig. 1-37 is that high energy colliders, such as a hadron collider with ECM ' 100 TeV
or a Muon Collider with ECM ' 10 TeV, can definitively test these scenarios. High energy e+e� colliders,
with energies up to 3 TeV, can cover lower-mass regions.
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Figure 1-37. A summary of the reach of future colliders for simple WIMPs from four search strategies,
as indicated in the legend. For comparison, the reaches of the direct and indirection detectors are also
included (orange bars at top). For lepton colliders where a detailed study is not available, the kinematic
limit m� = 0.5 ⇥ ECM is used to indicate potential reach; Muon-collider studies suggest this is likely to be
an overestimate. Hadron-collider projections are from [440, 502], while lepton-collider projections are from
projections in [441, 496, 497].

Higgs mediation. DM could also couple to the SM via portals, which is a direct coupling via gauge-
invariant operators. The Higgs boson provides a prime example: as a spin-0 particle, this ‘Higgs portal’
allows a renormalizable coupling with the DM that can have a sizable e↵ects on SM Higgs properties.
Searches at colliders are powerful probes of the Higgs portal. For example, DM production would enhance
tiny rate of invisible decays of the Higgs predicted by the SM, provided the DM mass is less than half the
Higgs mass. Precision measurements of the Higgs couplings, another main objectives of a future collider,
would also contribute to probe the Higgs portal scenario. Future prospects for the Higgs portal were studied
in the European Strategy physics Briefing Book [412] and are discussed in the BSM Topical Group report [18].

Models involving a larger extension of the scalar sector can also be probed with Higgs measurements and
BSM Higgs searches. Example of such extensions are the Inert Doublet Model, where an extra scalar doublet
provides a DM candidate, and a 2HDM where an additional pseudoscalar has direct couplings to DM. The
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Conclusions
• There is an urgency for High Energy colliders already 

• Being prepared to reach beyond the picture painted by the LHC so far


• Probing the Higgs potential and the origin and fate of the universe, understanding the origin of 
all of us through EWSB


• Dark Matter - the simplest motivated possibilities still persist and are testable


• More possibilities in the Snowmass reports (an enormous amount of work went into them)


• These colliders of course have further synergies/staging I haven’t touched here 

• The 10 TeV scale let’s us attack fundamentally new questions and answers, the only 
drawback is we can’t get there yet 

• We must invest in our future to bring this to a reality ASAP


• We must invest in robust R&D toward multiple approaches in order to ensure we get there
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FIG. 14: Left, Higgs boson production rates for e
+
e
� interactions as a function of collision energy [57]. Right: production

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

sections.

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

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

B. Future mass and width measurements

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

+
e
�

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

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

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

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

�1.7 MeV [63]. The HL-LHC projects a

combined ATLAS-CMS width measurement of �h = 4.1+0.7
�0.8 MeV, corresponding to roughly a 17% accuracy using
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These questions are not all independent, but I hope to give you some 
sense of what they are and how to test them to motivate future colliders 
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