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Lepton collider’s competitive advantage:

All the energy is stored in the colliding partons

No energy “waste” due to parton distribution functions

High-energy physics probed with much smaller collider energy
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Wino Pair Production

Reference Point:

14 TeV μ-collider >> FCC@100 TeV

Comparison even more favourable for 
EWK-only part. like Higgsino and Wino 
(potential Dark Matter)

Examples: 

     = FCC reach
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Target Energy and Luminosity
arXiv:1901.06150 

Energy: 
For a striking Direct Exploration program, after HL-LHC*, energy should be 
close or above 10 TeV

At few TeV energy one can still exploit high partonic energy for a striking 
Indirect Exploration program, by High-Energy Precision

We can borrow CLIC physics case (see below)

*see arXiv:1910.11775 for HL-LHC and F.C. projections summary

Luminosity: 

Set by asking for 100K SM “hard” SM pair-production events.

Compatible with other projects (e.g. CLIC =   )

If much less, we could only bet on Direct Discoveries !

Could be reduced by running longer than 5yrs and > 1 I.P.

(3 TeV/10 TeV)2 6 ⋅ 1035

L ≳
5 years
time

sμ

10 TeV

2

2 ⋅ 1035cm−2s−1
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The CLIC-like Option
  

Few (~3) TeV is a reasonable “low” energy target 
Radiation under control, acceleration relatively easy

Copy physics case from (high-energy) CLIC:

• High-Energy Precision (e.g., Higgs Compositeness)

• Higgs couplings including 3-linear

• Baryogenesis/Extra Scalars

• WIMP Dark Matter 

• … see arXiv:1812.02093 
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Fig. 8.2: Exclusion reach of different colliders on the two-fermion/two-boson contact inter-
actions from the operator OW and OB. The blue bars give the reach on the effective scale
L/(g2

2
pcW ) and the orange bars on L/(g2

1
pcB), where cW,B are the Wilson coefficients of the

corresponding operators and the gauge couplings come from the use of the equations of motion.
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters.

Figure 8.3 displays the 95% CL exclusion reach on gZ0 and M, at various colliders. For
hadron machines, the reach of direct searches (round curves at small gZ0) is obtained from
recasting the results in Refs. [443, 444], overlaid with the indirect sensitivity (diagonal straight
lines at large gZ0) discussed previously. It is seen that the direct mass reach is inferior to the
indirect one for high gZ0 , in agreement with the generic expectation that strongly-coupled new
physics is better probed indirectly. Moreover, the indirect reach benefits greatly from higher
collider energies. These two observations explain both the competitiveness of lepton colliders
in indirect searches and the good indirect performances of the FCC-hh and HE-LHC colliders.

At some point, Accuracy 

reaches a floor.

We need Energy to go beyond.

Simple Z’ model
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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⇤.

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., [450])
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.

8.3 Supersymmetry
Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness
problem that can be extrapolated up to very high energies, in a consistent and calculable way.

Notice, this is from Higgs Couplings

CLIC@380 important here
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Figure 4: In green, the points compatible with electroweak baryogenesis, for m2 = 500 GeV and sin ✓ =
0.05, in the model discussed in Section 6.1.3. These could all be tested both by the Higgs self coupling
measurement and by direct searches, indicated by the black and the blue dashed lines respectively.

Direct discoveries of new particles
Various BSM theories, such as supersymmetry, have substantial parameter space that yields no new
discoveries at the LHC, but can be discovered through direct production at high-energy CLIC. This
occurs when the new BSM states have highly compressed mass differences, rendering them invisible at
the LHC, or when the only interactions allowed by the new BSM states are through electroweak and/or
Higgs boson interactions, rendering their rates too small to discern from the large LHC backgrounds.
Examples presented in this document range from supersymmetry and extended Higgs sectors potentially
related with electroweak baryogenesis, to Dark Matter, neutrino mass models and feebly interacting
particles.

Extra Higgs boson searches
CLIC is ideally suited to discover and study heavy additional Higgs bosons (either new singlets or new
doublets) that couple to the SM Higgs boson via its |H|

2 portal. Indirect and direct sensitivities on exotic
Higgs bosons are typically substantially better than HL-LHC capabilities. (See Figure 5 and Section 2.1
and 4.2 for more discussion.)

Figure 5: Reach on heavy scalar singlets, from Section 4.2.
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Figure 5: Reach on heavy scalar singlets, from Section 4.2.
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The CLIC-like Option
  

Few (~3) TeV is a reasonable “low” energy target 
Radiation under control, acceleration relatively easy

Copy physics case from (high-energy) CLIC:

• High-Energy Precision (e.g., Higgs Compositeness)

• Higgs couplings including 3-linear

• Baryogenesis/Extra Scalars

• WIMP Dark Matter 

• … see arXiv:1812.02093 

Studying new physics and new scales
If new physics is discovered at the LHC and/or CLIC, then the experimental environmenat at CLIC would
provide the opportunity to study new states with great precision. These analyses could answer questions
pertaining to the precise nature of the discovered new states and help point to yet new mass scales for the
future. (See Section 4.4 for more discussion.)

Dark matter searches
The relatively simple kinematic properties of the incoming e+e� beam collisions and the relatively low
rate of outgoing background at CLIC enables unprecedented searches for Dark Matter created in the
laboratory, reaching sensitivities in parameter space interesting for cosmology and well beyond LHC
capabilities. In particular, CLIC has sensitivity to the thermal Higgsino by stub tracks and to Minimal
EW charged matter by its indirect radiative effects. (See Figure 6, Chapter 5 and in particular Sections 5.2
and 5.3 for more discussion.)
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Figure 6: Left: DM in loops, from Section 5.3. Right: Higgsino reach from stub tracks, from Section 5.2.

Lepton and flavour violation
Lepton-number violating and top quark flavour-changing neutral current interactions can be generated
by SMEFT operators whose effects grow in importance with energy. These can be probed at the CLIC
high-energy stages at levels far exceeding what can be achieved at the LHC (See Chapter 3 for more
discussion.)

Neutrino properties
Several mechanisms for the breaking of lepton number can be probed at CLIC both in direct searches and
precision physics. CLIC is capable to probe directly weakly charged states involved in the generation
of neutrino masses e.g. in Type-2 see-saw model and in gauge-extended models. It can also probe new
heavy neutrinos and other states responsible for the breaking of lepton number by precision studies of
leptonic two-body final states as well as WWH final states. (See Chapter 7 for more discussion.)

Hidden sector searches
The clean e+e� collision environment offers a clear chance to investigate rare and subtle signals from
feebly coupled new physics and generic hidden sectors beyond the Standard Model. Displaced signals
from long-lived particles are a very typical signature of these scenarios and CLIC enjoys a unique vantage
point to look at these signals both in Higgs boson decays and in more general production of long-lived
states that may be linked, for instance, to the Naturalness Problem or to the generation of the baryon
asymmetry of the Universe. (See Section 6.2 and Chapter 8 for more discussion.)
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The CLIC-like Option
  

Few (~3) TeV is a reasonable “low” energy target 
Radiation under control, acceleration relatively easy
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Towards the μ@3TeV Physics Potential 
We lack Higgs and top line-shape measurements at 380 GeV CLIC

We loose much for BSM potential? Rely on near-future Higgs-factory?

Select CLIC studies to be adapted to μ case. 

No beamstrahlung clear advantage. Beam decay bck. clear disadvantage

Detector-level H>bb demonstrates feasibility 
See arXiv:2001.04431 and XXX’s talk
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Much More in Marc's and Marcel’s talks
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Above 10 TeV I start talking about “Dream Machine” 
Direct reach comparable with FCC-hh 


But much better for EW-only (see e.g. here)

Indirect reach much much better than FCC-hh:

• High-Energy Precision (e.g., Higgs Compositeness, see here, there)

• Precision 3-linear and 4-linear (see  here , and XX’s talk)

• Huge VBF rate definitely offers more opportunities (see )

Direct vs indirect

Compare the reach of very high energy lepton & hadron colliders
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Indirect reach much much better than FCC-hh:

• High-Energy Precision (e.g., Higgs Compositeness, see here, there)
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Above 10 TeV I start talking about “Dream Machine” 
Direct reach comparable with FCC-hh 


But much better for EW-only (see e.g. here)

Indirect reach much much better than FCC-hh:

• High-Energy Precision (e.g., Higgs Compositeness, see here, there)

• Precision 3-linear and 4-linear (see  here , and XX’s talk)

• Huge VBF rate definitely offers more opportunities (see )

Roberto Franceschini Muon Collider Workshop https://indico.cern.ch/event/845054/contributions/3573348/

Looking ahead
The size of the Higgs boson
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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

80 120 160

30 TeV ũ+ũ-

Cross-Section @ 30 TeV m* 95% CL
HH non trivial c&c analysis 60 TeV (g*/4) O_H
WW pTW>7.5TeV: 180 ab 84 ⊕ 76 TeV ≃113 TeV A_3q
ZH inclusive: 13 ab 120 TeV A_1q
ff angular analysis 120 TeV (4/g*) W,Y

Order of magnitude improvement of the bunds on mass scale of new physics is possible

All-round progress up to m* ~ 103 mHiggs  

!H
a(3)

q

a(1)
q

Courtesy of R.Franceschini
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Above 10 TeV I start talking about “Dream Machine” 
Direct reach comparable with FCC-hh 


But much better for EW-only (see e.g. here)

Indirect reach much much better than FCC-hh:

• High-Energy Precision (e.g., Higgs Compositeness, see here, there)

• Precision 3-linear and 4-linear (see here, and Mario’s talk)

• Huge VBF rate definitely offers more opportunities (see )
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Fig. 1: Left panel: the energy at which the proton collider cross-section equals that of a muon collider. The dashed
line assumes comparable Feynman amplitudes for the muon and the proton production processes. A factor of ten
enhancement of the proton production amplitude squared, possibly due to QCD production, is considered in the
continuous line. Right panel: Higgs and top-quark production cross-sections at high energy lepton colliders.

for
p
sµ ⌧

p
sp, as shown on the left panel of Figure 1.

Naively, one would expect the lower background level could be another advantage of the muon
collider relative to hadronic machines. However it is unclear to what extent this is the case because of
the large beam background from the decay of the muons, discussed in section 4.

Figure 1 suggests that a 14 TeV muon collider with sufficient luminosity might be very effective
as a direct exploration machine, with a physics motivation and potential similar to that of a 100 TeV
proton-proton collider [4]. Although detailed analyses are not yet available, it is expected that a future
energy frontier muon collider could make decisive progress on several beyond-the-SM questions, and
to be conclusive on some of these questions. By exploiting the very large vector-boson fusion (VBF)
cross-section, a muon collider could search extensively for new particles coupled with the Higgs boson,
possibly related to electroweak baryogenesis [5]. It might also discover Higgsinos or other heavy WIMP
dark matter scenarios [6]. In this context, it is important to remark that motivated “minimal” WIMP dark
matter candidates might have a mass of up to 16 TeV. Generic electroweak-charged particle with easily
identifiable decay products up to a mass of several TeV can be searched for. Relevant benchmarks are
the (coloured) top partners related with naturalness, which should be present at this high mass even in
elusive “neutral naturalness” scenarios.

The ability to perform measurements, which probe New Physics indirectly
2, is another important

goal of future collider projects. The high energy of a muon collider could also be beneficial from this
viewpoint, in two ways. First, indirect New Physics effects are enhanced at high energy, so that they
can show up even in relatively inaccurate measurements. This is the mechanism by which the 3 TeV
CLIC might be able to probe the Higgs compositeness scale above 10 TeV (or a weakly-coupled Z

0 up
to 30 TeV) with di-fermion and di-boson measurements at the 1% level [7], while an exquisite precision
of 10�4

/10
�5 would be needed to achieve the same goal with low-energy (e.g., Z-pole) observables. At

a 30 TeV muon collider, with suitably scaled luminosity, the reach would increase by a factor of 10. The
second important aspect is that some of the key processes for Higgs physics, namely those initiated by
the vector boson fusion (see the right panel of Figure 1), have very large cross-sections. For instance with
an integrated luminosity of 10 ab

�1, a 10 TeV muon collider would produce 8 million Higgs bosons,
with 30’000 of them by the pair production mechanism that is sensitive to the trilinear Higgs coupling.
While further study is required, especially in view of the significant level of machine background that
is expected at a muon collider, these numbers might allow a satisfactory program of Higgs couplings
determination.

A detailed assessment of the muon collider luminosity requirements will result from a compre-
hensive investigation of the physics potential, which is not yet available. However a simple and robust

2Precision would also allow the characterization of newly discovered particles.

3

not quite a plain extrapolation from CLIC… !

ℓ+ℓ-� tt (H)  vs  WW� tt (H)

VBF�tt  
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WW ➜ ttH  takes over 
µµ ➜tt at 30 TeV !!! 
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Fig. 1: Left panel: the energy at which the proton collider cross-section equals that of a muon collider. The dashed
line assumes comparable Feynman amplitudes for the muon and the proton production processes. A factor of ten
enhancement of the proton production amplitude squared, possibly due to QCD production, is considered in the
continuous line. Right panel: Higgs and top-quark production cross-sections at high energy lepton colliders.
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Naively, one would expect the lower background level could be another advantage of the muon
collider relative to hadronic machines. However it is unclear to what extent this is the case because of
the large beam background from the decay of the muons, discussed in section 4.

Figure 1 suggests that a 14 TeV muon collider with sufficient luminosity might be very effective
as a direct exploration machine, with a physics motivation and potential similar to that of a 100 TeV
proton-proton collider [4]. Although detailed analyses are not yet available, it is expected that a future
energy frontier muon collider could make decisive progress on several beyond-the-SM questions, and
to be conclusive on some of these questions. By exploiting the very large vector-boson fusion (VBF)
cross-section, a muon collider could search extensively for new particles coupled with the Higgs boson,
possibly related to electroweak baryogenesis [5]. It might also discover Higgsinos or other heavy WIMP
dark matter scenarios [6]. In this context, it is important to remark that motivated “minimal” WIMP dark
matter candidates might have a mass of up to 16 TeV. Generic electroweak-charged particle with easily
identifiable decay products up to a mass of several TeV can be searched for. Relevant benchmarks are
the (coloured) top partners related with naturalness, which should be present at this high mass even in
elusive “neutral naturalness” scenarios.

The ability to perform measurements, which probe New Physics indirectly
2, is another important

goal of future collider projects. The high energy of a muon collider could also be beneficial from this
viewpoint, in two ways. First, indirect New Physics effects are enhanced at high energy, so that they
can show up even in relatively inaccurate measurements. This is the mechanism by which the 3 TeV
CLIC might be able to probe the Higgs compositeness scale above 10 TeV (or a weakly-coupled Z

0 up
to 30 TeV) with di-fermion and di-boson measurements at the 1% level [7], while an exquisite precision
of 10�4

/10
�5 would be needed to achieve the same goal with low-energy (e.g., Z-pole) observables. At

a 30 TeV muon collider, with suitably scaled luminosity, the reach would increase by a factor of 10. The
second important aspect is that some of the key processes for Higgs physics, namely those initiated by
the vector boson fusion (see the right panel of Figure 1), have very large cross-sections. For instance with
an integrated luminosity of 10 ab

�1, a 10 TeV muon collider would produce 8 million Higgs bosons,
with 30’000 of them by the pair production mechanism that is sensitive to the trilinear Higgs coupling.
While further study is required, especially in view of the significant level of machine background that
is expected at a muon collider, these numbers might allow a satisfactory program of Higgs couplings
determination.

A detailed assessment of the muon collider luminosity requirements will result from a compre-
hensive investigation of the physics potential, which is not yet available. However a simple and robust

2Precision would also allow the characterization of newly discovered particles.
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tests WWH too !

tests ZZH coupling

not quite a plain extrapolation from CLIC… !
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Above 10 TeV I start talking about “Dream Machine” 
Direct reach comparable with FCC-hh 


But much better for EW-only (see e.g. here)

Indirect reach much much better than FCC-hh:

• High-Energy Precision (e.g., Higgs Compositeness, see here, there)

• Precision 3-linear and 4-linear (see here, and Mario’s talk)

• Huge VBF rate definitely offers other opportunities (see here)

The Very High Energy Muon Collider is a Dream
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Direct reach comparable with FCC-hh 


But much better for EW-only (see e.g. here)

Indirect reach much much better than FCC-hh:

• High-Energy Precision (e.g., Higgs Compositeness, see here, there)

• Precision 3-linear and 4-linear (see here, and Mario’s talk)

• Huge VBF rate definitely offers other opportunities (see here)

The Very High Energy Muon Collider is a Dream

And, often, Dreams DO become Reality!
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The Dream Machine
  

Thank You !
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