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(A) theorist’s point of view

ℒ(4)
SM = −

1
4

FμνFμν + ψ̄i/Dψ

+(yijψ̄ i
Lϕψ j

R + h . c.)

+ |Dμϕ |2 − V(ϕ)

Strong and electroweak gauge interactions

Flavour structure      Yukawa couplings

EWSB mechanism      Higgs potential
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Where do we stand?

•SU(3)c x SU(2)L x U(1)Y gauge symmetries

•Matter is organised in chiral multiplets of the fund. representation

•The SU(2) x U(1)  symmetry is spontaneously broken to U(1)EM

•Yukawa interactions lead to fermion masses, mixing and CP violation

•Matter+gauge group => Anomaly free

•Neutrino masses can be accommodated in a natural way

ℒ(4)
SM = −
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FμνFμν+ψ̄i/Dψ + (yijψ̄ i
Lϕψ j

R + h . c.) + |Dμϕ |2 − V(ϕ)
3 gauge forces 1 scalar force
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Where do we stand?

Apparently accidental, but key aspects for successful phenomenology:

ℒ(4)
SM = −

1
4

FμνFμν+ψ̄i/Dψ + (yijψ̄ i
Lϕψ j

R + h . c.) + |Dμϕ |2 − V(ϕ)

[Andreassen et al. 1707.08124]

SM

• Lepton and Baryon number conservation

• Custodial symmetry

• Absence of FCN interactions

• Small and hierarchical mixing among quarks 

• Collective suppression of CP violation

• IR values of the parameters do not indicate any problem at high 

scales, including vacuum stability

All these aspects are not only difficult to explain in one go, but are also 
typically not respected by extensions of the SM. 

MF, CPV, Flavour EWBGCustiodial, MV

6

https://arxiv.org/abs/1707.08124
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Where do we stand?

Yet many aspects of the SM are problematic vis-à-vis phenomenology:

ℒ(4)
SM = −

1
4

FμνFμν+ψ̄i/Dψ + (yijψ̄ i
Lϕψ j

R + h . c.) + |Dμϕ |2 − V(ϕ)

• EWBG difficult because of smallness of CPV and no 1st order transition

• Nature of Dark Matter

• Unnaturally small Higgs mass and its origin

• Unnaturally small strong CP violation

• Fermion mass hierarchy and origin of CP violation

Beyond SM theories typically address one of the above problems at 
the time. We don’t have a precise idea of where the scale of NP 
might reside.

1st

2nd

SM
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A quote

[S]He who knows the art of 

the direct and the indirect approaches 

will be victorious.
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A quote
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Sun Tzu, The Art of War
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 is lowΛBSM
BSM direct searches

M

g ppe+e-FT
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 is highΛBSM
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Defining the amount of “tuning”

Consider  the case of New Physics due to the presence of a top partner. 
Different level of sensitivity can be realised:

Rattazzi®
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Higgs couplings
Present

12

The deviations  from the SM in single and multi-Higgs couplings satisfy δgH

with c a coupling-dependent coefficient, and ε the Higgs mass correction. In basically all models, there always 
exists a set of couplings where c ∼ O(1). The only exception is strictly supersoft SUSY, where one can cleverly 
go down to c ∼ 0.1. Not surprisingly full Naturalness basically mandates O(1) deviations in Higgs couplings. 
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EW precision
Present

13

While Higgs couplings probe naturalness, EWPO sense the dynamics off 
EWSB indirectly via loops. Consider the S parameter, 


For CH one obtains ,indicating a sensitivity of order  
corresponds to  in the Higgs couplings. SUSY does not saturate the 
bound. 

3 ⋅ 10−2 ϵ 10−5

10−3
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Flavor
Present and near future
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The Higgs near future
Couplings at HL-LHC

10-20%

[De Blas et al., 2020]

    →          2-4%

[ATLAS, 2024]

15

https://arxiv.org/abs/1905.03764
https://arxiv.org/pdf/2404.05498
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The Higgs near future

Now
[ATLAS, 2024] [De Blas et al., 2020]

Current limits on kλ and k2V

Future

16

Future limits on kλ

Higgs potential

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-006/
https://arxiv.org/abs/1905.03764
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Higgs potential

17

The Higgs near future
[CMS/ATLAS ESPPU 2026] [CMS/ATLAS ESPPU 2026]
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L
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a few 4πv

EW showers Vacuum Stability

ΛUV

E
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EW restoration

19

Considering all channels, and both experiments we could get at 5 sigma level for LL at 3 iab. 

VBS, such as W+W+jj, gives access to longitudinally polarised vector bosons. However cross 
sections are very small (about 10% of the total)  and significant only in the tails

The full exploration of EW interactions

[CMS/ATLAS ESPPU 2026]
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[Andreassen et al. 1707.08124]

SM

20

The vacuum stability near future

https://arxiv.org/abs/1707.08124
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The vacuum stability near future

https://arxiv.org/abs/1707.08124
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e+e- LCF : 91,240,365 GeV, 1 TeV…
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Future colliders
Reach in Higgs couplings

22

[De Blas et al., 2020]

Improvements by factors of 5-10  same on the scale⇒

https://arxiv.org/abs/1905.03764
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FCC-ee runs

Markus Klute Institute of Experimental Particle Physics (ETP)

FCC-ee Runs Ordered by Energy

6
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Higgs self-coupling

[Interim FCC feasibility report, 2024][Durieux, 2024]

24

FCC-ee (and FCC-hh)

 can be constrained by two measurements and provide competitive info. kλ
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Flavour at the Z-pole
Physics potential 

25

Clean environment, with precise momentum of the pair-produced b’s, c’s and τ from Z decays (as in 
B-factories), with ∼ 10 times more bb ̄ and c ̄c pairs compared to the final Belle-II statistics.

Boosted b’s and τ’s, leading to significantly higher efficiency (compared to B fac- tories) for modes 
with missing energy (especially multiple-ν modes) and inclusive modes, and smaller error in lepton ID 
efficiencies. 

1. Rare b-hadron decays with ττ ̄ pairs in the final state (about 3 orders of magnitude between SM predictions and data). 

2. Charged-current b-hadrons decays with a τν pair in the final state.

3. Lepton flavour violating τ decays.

4. Lepton-universality tests in τ decays. 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EWPO 
FCC-ee

Markus Klute Institute of Experimental Particle Physics (ETP)

FCC-ee Physics: Precision

8

Experimental (statistical and 
systematic) precision of a 
selection of measurements

Compared with the present 
world-average precision

Improvement in precision 
typically at the level of 2-3 
orders of magnitude

Sensitivity to new physics at 
10-100 TeV scale

• Experimental precision of the typical EWPO attainable at 
FCC-ee runs.


• Improvements in precision typically at level of 2-3 orders 
of magnitude.


• Sensitivity to NP goes up to10-100 TeV scale


•  Z bosons would allow  the electroweak 
precision tests, the KM consistency checks and flavour 
physics in general, including the study of rare decays, 
and the search for feebly-interacting particles.


•   Z bosons are  enough to meet the needs for the 
HZ run.

5 ⋅ 1012

5 ⋅ 109

[Interim FCC feasibility report, 2024]

26
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Global fits
FCC-ee

[Interim FCC feasibility report, 2024]

27
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A Plan B
LEP3

FCC your questions answered, 1906.02693 [hep-ph]

•A similar accelerator technology as that foreseen for FCC-ee 
could be installed in the LEP tunnel after HL-LHC.


•Engineering works would be needed to accomodate for the 
cavities and cryogenics. 


•Estimates for time for installation  indicate at least 5 years.  


•Energy from 91 to 240, no ttbar threshold, with about 1/5 of 
instant luminosity (~R).


• Possible limitations: polarisation (~1/Sqrt[R]), energy 
resolution, energy consumption,…need to be studied. 

28

https://arxiv.org/abs/1906.02693
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LHeC
•A proposed colliding beam facility at HL-LHC 


•Collide an electron beam (50-60 GeV) with protons or 
heavy ions 


•Deep inelastic lepton-nucleon scattering 


•Nuclear parton density functions at  
unprecedented precision 


•Higgs boson production via VBF 


•Top quark properties •... 


•Center-of-mass energy of 1.3 TeV (x4 HERA) 


•At least one detector to study asymmetric collisions 

•LHeC/FCC-eh would need a new electron 
accelerator 


•Use a combination of 10 GeV racetrack 
Energy Recovery Linacs (ERLs) 


•Keep low beam emittance through recycling 
of particles’ kinetic energy - transfer energy 
from decelerating to accelerating beam via RF 


•Sustainable particle acceleration of 1 GW 
electron beams at 100 MW used power 


•Additionally use ERL as a source of high-
energy photons 

29

Another Plan B
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Alternative scenario
FCC-hh at 70-80 TeV

•Proven magnet technology could allow 
to go straight to pp collisions in the 91 
Km tunnel and have a pp@70 TeV by 
2050.


•Possible option also in case China goes 
for the CEPC. 


•Studies are on-going to assess the 
reach of such a machine. 


•Very expensive

Zimmerman at the ES FCC-hh kick-off meeting 

30
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Alternative scenario
FCC-hh at 70-80 TeV

Mangano at the ES FCC-hh kick-off meeting 

Hγγ, Hμμ, HZγ  couplings

ttH  coupling from ttH/ttZ Higgs self-coupling Collider discovery reach

The loss in rate for key observables of the guaranteed deliverables is around 20-30% with marginal impact on measurements. 
Discovery reach in mass goes down of 15-20%. 

31
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20502025 2075Near future Future
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Schematic
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The non-binary strategy

32
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  The muon shot

122 pheno papers in 
the last 5 years

P5: 

33
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The proposed scheme
Basic elements

34

The proton driver 
produces a short, high-
intensity proton pulse.

The pulse hits the target 
and produces pions. The 
decay channel guides 
the pions and forms a 
beam with the resulting 
muons via a buncher and 
phase rotator system.

Several cooling stages (purple) reduce the 
longitudinal and transverse emittance of the 
beam using a sequence of absorbers and RF 
cavities in a high magnetic field.

A system of a linac and 
two recirculating linacs 
accelerate the beams to 
63 GeV followed by a 
sequence of accelerator 
rings which reach 1.5 or 5 
TeV

F i n a l l y t h e 
b e a m s a r e 
injected at full 
energy into the 
c o l l i d e r r i n g 
(red). Here, they 
will circulate and 
col l ide within 
the detectors 
until they decay.

[2504.21417  The Muon Collider]

Target high-Z
π± μ±

10^7 Cooling 

(+ acceleration)

Acceleration Collision

p

Acceleration

https://arxiv.org/abs/2504.21417
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Muon collider physics
The essentials #0 : Energy availability

EW : β ∼ 1

QCD : β ∼ (αS /α)2 ∼ 100

Simple/Naive/Rough estimate based on 
parton-parton luminosity for a generic  

 scattering.2 → 2

muC@10 TeV ~ pp@70 TeV

35
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Muon collider physics
The essentials #1 : Two colliders in one

σs ∼
1
s

σs ∼
1

M2
logn s

M

A completely new regime opening for a multi-TeV muon collider
Different physics being probed in the two channels  

Energetic final states  
(either heavy or very boosted)

O(10) TeV muon collider energy  allows to have two colliders in one: 

Large production rates,  
SM coupling measurements 

Discovery light and weakly interacting

36
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Muon collider physics
The essentials #1 : Two colliders in one

O(10) TeV muon collider energy  allows to have two colliders in one: 

37

μ− μ−

μ+ μ+

 TeVs = 10

Accurate and precise theory predictions 
available to reach percent level accuracy

[Frixione, FM, Pagani, Zaro, to appear] 

τ

1
σtot

dσ

d τ
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tth production at the LHC (Fully hadronic) 

Contribution to: 2022 Snowmass Summer Study e-Print: 2203.07256 [hep-ph]

38

Muon collider physics
The essentials #1 : Two colliders in one

https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.07256
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tth production at the LHC (Fully hadronic) tth production at the muC 100 TeV 

Contribution to: 2022 Snowmass Summer Study e-Print: 2203.07256 [hep-ph]

38

Muon collider physics
The essentials #1 : Two colliders in one

https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.07256
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tth production at the LHC (Fully hadronic) tth production at the muC 100 TeV HH→4b production at a multi-TeV muC 

Contribution to: 2022 Snowmass Summer Study e-Print: 2203.07256 [hep-ph]

38

Muon collider physics
The essentials #1 : Two colliders in one

https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.07256
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tth production at the LHC (Fully hadronic) 

In  a muon collider gluons and quarks first appear at scales of order 100 GeV in the decays of W,Z,H (from either initial state or final state radiation) or from photon splitting. 


Multijet final states are of EW origin.  

tth production at the muC 100 TeV HH→4b production at a multi-TeV muC 

Contribution to: 2022 Snowmass Summer Study e-Print: 2203.07256 [hep-ph]

38

Muon collider physics
The essentials #1 : Two colliders in one

https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.07256
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Muon collider physics
The essentials #2 : Energy helps precision

L
(6)
SM = L

(4)
SM +

X

i

ci
⇤2

Oi + . . .

* Sufficiently weakly interacting states may also exist without spoiling the EFT.

.
Λ > E/ δ

E2/Λ2 < δ

Two main strategies for searching new physicsEnergy helps precision

Another crucial aspect is that at a muon collider one can fully exploit the typical 
precision of a lepton collider as NP eff

The importance of this fact can be seen within an EFT

Which induces corrections on observables

Obs = ObsSM ⋅ (1 + ∑
i

E2

Λ2
ciΔi)

For  TeV, one needs  precision for E=100 GeV, 
while =1% is enough at 10 TeV (for ).

Λ = 100 δ = 10−6

δ ciΔi ∼ 1

[2504.21417  The Muon Collider]

https://arxiv.org/abs/2504.21417
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Muon collider physics
The essentials #3 : Energy helps Luminosity

arXiv:2208.06030 Collider Implementation Task Force  

L = PsynradE−3.5
cm

L = PRF

40
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Muon collider physics
The essentials #3 : Energy helps Luminosity

arXiv:2208.06030 Collider Implementation Task Force  

10 ab-1 in 5 years
L = PsynradE−3.5

cm

L = PRF

40
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[Buttazzo, Franceschini, Wulzer 2012.11555] 

The essentials #3 : Energy helps Luminosity
Muon collider physics

41

2

https://arxiv.org/abs/2012.11555


New Frontiers in theoretical physics  - Cortona — May 2025

Muon collider physics
The essentials #4 : The green side

[arXiv:2208.06030 Collider Implementation Task Force]  

42

[2504.21417  The Muon Collider]

https://arxiv.org/abs/2504.21417
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Muon collider physics

t
x

The essentials #5: Compactness

43
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Muon collider physics

1] O(10) TeV Energy small hybrid collider:

FCC-ee

+

FCC-hh

⟺

100 km10 km 100 km

MuC

t
x

The essentials #5: Compactness

43
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Muon collider physics

2] Luminosity growing with energy: 5 years
⟺ +

15 years 25 years

MuC is an STCC = Space-Time-Compact Collider


 Goal of the tens:   

10 TeV ,  10 iab,  10 x smaller and O(10) x faster than the FCC 


⇒

⇒

1] O(10) TeV Energy small hybrid collider:

FCC-ee

+

FCC-hh

⟺

100 km10 km 100 km

MuC

t
x

The essentials #5: Compactness

43
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Muon collider physics

44
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Precision
Higgs coupling sensitivities

[arXiv:2203.07256v1  Muon Collider Physics Summary] 

%

arXiv:2308.02633

45

[2504.21417  The Muon Collider]

https://arxiv.org/abs/2504.21417
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The shape of the H potential: HH production

Reach on the trilinear coupling (and more) extremely competitive. 

46

[2504.21417  The Muon Collider]

Precision

https://arxiv.org/abs/2504.21417
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Energy
s-channel pair production

 A few months of run could be sufficient for a  discovery. 
  Matching Higgs precision: 


47

[2504.21417  The Muon Collider]

https://arxiv.org/abs/2504.21417
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Energy
s-channel pair production

 A few months of run could be sufficient for a  discovery. 


‘

‘

 Matching Higgs precision: 


47

[2504.21417  The Muon Collider]

https://arxiv.org/abs/2504.21417
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Precision from energy
BSM interpretation: Z’

48

[2504.21417  The Muon Collider]

Muon collider reach on a new neutral current interaction mediated 
by a heavy Z′ gauge boson coupled to the SM Hypercharge. The 
10 TeV MuC mass reach for discovery is around 100 TeV for a 
coupling of the order of the SM EW gauge couplings. The mass 
reach for exclusion extends far higher, up to 500 TeV for the 
maximal value of the gZ′ coupling, gZ′ ≃ 1.5, allowed by 
perturbativity.  

f

fγ, Z, Z′￼

https://arxiv.org/abs/2504.21417
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Precision from energy
BSM interpretation: Higgs compositeness

[2504.21417  The Muon Collider]

https://arxiv.org/abs/2504.21417
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Q2

Remember the 1961 Nobel Prize:  
internal structure of the proton 

d�elastic

dq2
=

✓
d�

dq2

◆

point

· F 2
elastic(q

2) �(1� x) dx

Higher-dimensional operator in the 
Lagrangian where the proton is 
elementary

Precision from energy
BSM interpretation: Higgs compositeness

[2504.21417  The Muon Collider]

https://arxiv.org/abs/2504.21417
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Precision from energy
BSM interpretation: Higgs compositeness

[2504.21417  The Muon Collider]

https://arxiv.org/abs/2504.21417
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Precision from energy
BSM interpretation: Higgs compositeness

[2504.21417  The Muon Collider]

HL=1/m*

https://arxiv.org/abs/2504.21417
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Precision from energy
BSM interpretation: Higgs compositeness

Q2

Φ
Φ

What is the equivalent for the Higgs?

[2504.21417  The Muon Collider]

HL=1/m*

https://arxiv.org/abs/2504.21417
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Q
2

Φ

Φ : ZL, W+
L

Φ Φ : h, W−
L

f̄

f

50

Precision from energy
BSM interpretation: Higgs compositeness

Q2

Φ
Φ

What is the equivalent for the Higgs?

[2504.21417  The Muon Collider]

HL=1/m*

https://arxiv.org/abs/2504.21417
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Φ

Φ : ZL, W+
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Φ Φ : h, W−
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f̄

f

50

Precision from energy
BSM interpretation: Higgs compositeness

Q2

Φ
Φ

What is the equivalent for the Higgs?

[2504.21417  The Muon Collider]

HL=1/m*

https://arxiv.org/abs/2504.21417
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Precision from energy
BSM interpretation: Higgs compositeness

Q2

Φ
Φ

What is the equivalent for the Higgs?

[2504.21417  The Muon Collider]

HL=1/m*

https://arxiv.org/abs/2504.21417
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Precision from energy
BSM interpretation: Higgs compositeness

Q2

Φ
Φ

What is the equivalent for the Higgs?

[2504.21417  The Muon Collider]

HL=1/m*

https://arxiv.org/abs/2504.21417
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Precision from energy
BSM interpretation: Higgs compositeness

Q2

Φ
Φ

What is the equivalent for the Higgs?

[2504.21417  The Muon Collider]

HL=1/m*

95% reach on the Composite Higgs scenario from high-energy measurements in di- boson and di-fermion final states. The green 
contour display the sensitivity from “Universal” effects related with the composite nature of the Higgs boson and not of the top quark.

https://arxiv.org/abs/2504.21417
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[2504.10295 Stratakis]

The key accelerator challenges
Dream  reality ?⇔

Rapid Cyclic Syncrotron : 
hybrid NC and SC magnets 
max 2T. 

HFM 11T and 
16T. Large bore 
for shielding 

https://arxiv.org/abs/2504.10295
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Demonstrator at CERN
Dream  reality ?⇔

Three different sites have been considered for the implementation at CERN of a muon ionisation 
cooling demonstrator. They would all receive beam extracted from the PS as the optimal energy 
for muon production is in the range 5 − 20 GeV. A plan has been devised spanning 10 years.
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Summary

53

• In the near future, i.e. for the next 25 years the LHC will 
be THE machine to explore Higgs physics and the TeV 
scale through a compelling program of challenging 
measurements. 

•For the future, i.e. after 2050, we are evaluating the 
options. The most mature and feasible project for CERN 
is an e+e- “weak-scale factory” in a new 91 Km circular 
tunnel and then the pp option in the 70’s. 

•A futuristic collider based on accelerating muons could 
open a new era in HEP experiments, with an exciting 
physics case. The technology needs to and should be 
demonstrated. An R&D plan is ready. 
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Higgs factory with  107 Higgs bosons produced, 5 104 Higgs pairs bosons 
produced.

SMEFT analysis

Annihilation can probe  couplings at very high energy with a 
large statistics. 


However, VBF can access a much larger set of dim=6 operators with 
very interesting energy-growth behaviors (yet with lower statistics). 


tt̄γ, tt̄Z

vs

[Costantini et al. 2005.10289]

54

Precision from energy

https://arxiv.org/abs/2005.10289
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SMEFT analysis

55

[2504.21417  The Muon Collider]

Precision from energy

Fit to the CP-even flavour-blind Warsaw basis operators that grow with the energy and interfere with the SM in di-fermion and di-
boson production at the MuC. The MuC projections (blue bars) from the measurements of these observables are compared with 
current knowledge (gray bars). 


https://arxiv.org/abs/2504.21417
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SMEFT: qqll operators

56

[2504.21417  The Muon Collider]

Precision from energy

Sensitivity reach in the effective scale Λ [TeV] of effective operators containing a quark or lepton flavour-violating current, coupled to 
either a muon current (left panel) or a flavour-blind gauge current (right panel). The gray bands show the present constraints from 
meson and tau decays, while the gray lines are the expected future sensitivity at the end of LHCb upgrade II, Belle II, and NA62 runs. 


https://arxiv.org/abs/2504.21417
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– The muon production and cooling technology and its demonstration in a test facility. At this moment it is expected that this 
development can be mature enough for a decision in 15 years provided sufficient funding is made available.


– The magnet technologies, in particular HTS superconductor technology. At this moment, it is expected that the different HTS 
solenoids for the muon production and cooling are available within 15 years; the same is expected for the fast-ramping 
magnets. For the collider ring, one can expect 11 T Nb3Sn magnets with an aperture of 16 cm to be mature. Higher performant 
HTS or hybrid collider ring magnets may take longer.


– The detector and its technologies that impact the efficiency of background suppression and the quality of the measurements. 
At this moment, it is expected this technology to be mature in 15 years.

Path
Dream  reality ?⇔
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Neutrino physics

58

[2504.21417  The Muon Collider]

The energy spectrum of neutrino interactions produced by the 3 TeV and 10 TeV MuC in one year for past and planned 
neutrino experiments. The solid and dashed lines assume, respectively, a small 10 kg and a realistic 1 ton target mass. 


https://arxiv.org/abs/2504.21417
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[2504.10295 Stratakis]

The key accelerator challenges
Dream  reality ?⇔

The conventional approach involves a 1-km-long cooling section that reduces both transverse 
and longitudinal emittances of the beam (6D cooling), followed by a 200 m segment for 
transverse cooling only (4D cooling). 


Recent advancements in superconducting solenoids allow for fields up to 32 T, with the potential 
for over 40 T in the future at different high magnetic field user facilities. 


Future efforts should focus on integrating these technological advancements into the design. 
Additionally, conducting more extensive optimization studies could yield significant 
improvements.

https://arxiv.org/abs/2504.21417
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Detector design: BIB

µ-  -> e- vµve   causing bremsstrahlung, incoherent electron   production, muon pair production in EM showers which then end up 
either in the detector or producing particles due to decays or  additional interaction


60

Dream  reality ?⇔

Extensive full simulations have provided convincing evidence that these effects can be curbed. 
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Dream  reality ?⇔
Two possible designs E ℒ



New Frontiers in theoretical physics  - Cortona — May 2025
62

CERN FNAL

At CERN the SPS and LHC tunnels could be reused. 

Two possible sites
Dream  reality ?⇔


