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      This is not a strategy talk, nor a projects comparison. 
      It is my answer to the question in the assigned title: 
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The BIG achievements of Particle Physics
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We discovered a satisfactory notion of causality 
From Special Relativity 
Understood that particles do not have a position: 
Detectors have → Field Observables 𝒪(t, ⃗x)

Microcausality Principle and QFT 
Incorporates and supersedes both QM and SR 
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This monumental achievement of mankind is:

It would definitely deserve a better name
The Standard Model

The BIG achievements of Particle Physics

We worked out one single theory that accounts for (almost) 
all phenomena that ever or will ever occur in the Universe!!
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We worked out one single theory that accounts for (almost) 
all phenomena that ever or will ever occur in the Universe!!

This theory is close to accomplish 
the Particle Physics dream.

But we are not yet there

The BIG achievements of Particle Physics



“Practical QFT” does not explain why only some type of 
interactions are observed.  
The Wilsonian explanation is disproven if the Higgs boson  
is a fundamental particle as in the SM: 
          We must check if it truly is fundamental

The Standard Model is not enough
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Its particle/field content is merely dictated by experiments 
New experiments are needed to tell if there are more particles 
And we believe there are: for instance dark matter 
          Creating heavy particle requires energy: E = m c2

Built by a practical implementation of QFT principles 
Surely not the final one, as it fails with Gravity 
A new theory breakthrough is waiting for us



We need energy
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λ
d = 0 d < λ d > λ

We need large energy in order to probe short distances:

What’s inside?

           the length scale we want to resolve 
the wavelength of the wave we use

d =
λ = 1/E =

Detecting “ ” requires: d λ < d
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If you look precisely enough, this is different from that

We need precision as well

λ
d = 0 d < λ d > λ

If instead you are blind, this will be the same as that
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If you look precisely enough, this is different from that

We need precision as well

λ
d = 0 d < λ d > λ

If instead you are blind, this will be the same as that

We can build a  very precise e+e- “microscope”λ ∼ 1/(100 GeV)
This is the first reason for doing that
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Two answers:

Precision for precision’s sake?
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Two answers:

Precision for precision’s sake?

#1: Why Not?  
#1: The Science that goes in getting precise measurements and precise SM 
#1: predictions is a physics driver.
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Two answers:

Precision for precision’s sake?

#1: Why Not?  
#1: The Science that goes in getting precise measurements and precise SM 
#1: predictions is a physics driver.

Hubble Telescope James Webb Telescope
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Two answers:

Precision for precision’s sake?

#1: Why Not?  
#1: The Science that goes in getting precise measurements 
#1: and precise SM predictions is a physics driver.
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Two answers:

Precision for precision’s sake?

#1: Why Not?  
#1: The Science that goes in getting precise measurements 
#1: and precise SM predictions is a physics driver.

#2: Discovery Opportunities  
#1: Many past breakthroughs from precision. 
#1: Many future opportunities
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Two answers:

Precision for precision’s sake?

#1: Why Not?  
#1: The Science that goes in getting precise measurements and precise SM 
#1: predictions is a physics driver.

#2: Discovery Opportunities  
#1: Many past breakthroughs from precision. 
#1: Many future opportunities

Example: nucleon compositeness  
→ Truly revolutionary, not anticipated   
→ Comparing precise measurements with 
#1:“SM” point-like nucleon predictions 
→ Fully conclusive and direct proof 
       of finite nucleon radius

 e−

F(E/Λ)
nucleon 

 e−
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Two answers:

Precision for precision’s sake?

#2: Discovery Opportunities  
#1: Many past breakthroughs from precision. 
#1: Many future opportunities.

#1: Why Not?  
#1: The Science that goes in getting precise measurements 
#1: and precise SM predictions is a physics driver.
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The Higgs physics case
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The Higgs is revolutionary! 
One more direct experimental confirmation of the Practical QFT 
implementation of QFT principles (and indirectly of the principles). 
The first manifestation of a new class of theories: massive gauge theories  
A special version: perturbatively extends to high, untested, energies 
Could be the first elementary scalar.  
Disproves Wilsonian explanation of QFT emergent as EFT.

The Higgs physics case
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The Higgs is revolutionary! 
One more direct experimental confirmation of the Practical QFT 
implementation of QFT principles (and indirectly of the principles). 
The first manifestation of a new class of theories: massive gauge theories  
A special version: perturbatively extends to high, untested, energies 
Could be the first elementary scalar.  
Disproves Wilsonian explanation of QFT emergent as EFT.

Higgs is not a superconductor 
There is no Higgs “medium”  

Spin-one relativistic particles and their high-energy 
description are as unique of hep as it sounds

The Higgs physics case
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The Higgs is revolutionary! 
One more direct experimental confirmation of the Practical QFT 
implementation of QFT principles (and indirectly of the principles). 
The first manifestation of a new class of theories: massive gauge theories  
A special m.g.t.: perturbatively extends to high, untested, energies 
Could be the first elementary scalar.  
Disproves Wilsonian explanation of QFT emergent as EFT.

The Higgs physics case
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The Higgs is revolutionary! 
One more direct experimental confirmation of the Practical QFT 
implementation of QFT principles (and indirectly of the principles). 
The first manifestation of a new class of theories: massive gauge theories  
A special m.g.t.: perturbatively extends to high, untested, energies 
Could be the first elementary scalar.  
Disproves Wilsonian explanation of QFT emergent as EFT.Testing new SM predictions is a prime target

The Higgs physics case
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The Higgs is revolutionary! 
One more direct experimental confirmation of the Practical QFT 
implementation of QFT principles (and indirectly of the principles). 
The first manifestation of a new class of theories: massive gauge theories  
A special m.g.t.: perturbatively extends to high, untested, energies 
Could be the first elementary scalar.  
Disproves Wilsonian explanation of QFT emergent as EFT.

The Higgs physics case
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The Higgs is revolutionary! 
One more direct experimental confirmation of the Practical QFT 
implementation of QFT principles (and indirectly of the principles). 
The first manifestation of a new class of theories: massive gauge theories  
A special m.g.t.: perturbatively extends to high, untested, energies 
Could be the first elementary scalar.  
Disproves Wilsonian explanation of QFT emergent as EFT.

We must check!!

The Higgs physics case
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BSM coupled to Higgs 
→ Extended H sector is possible in general, expected in CH, needed in SUSY  
→ New Higgses could be DM, could make EWPT be first order 
→ Generic expectation is modified Higgs couplings:

Higgs physics opportunities
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Higgs physics opportunities

BSMH
SM

SM

BSM with order-one tree-level coupling 
δgH

gSM
H

∼
m2

H

m2
BSM

= 0.1% ⋅ ( 3 TeV
mBSM )

2

HL-LHC cannot probe this physics, not even at 1 TeV

BSM coupled to Higgs 
→ Extended H sector is possible in general, expected in CH, needed in SUSY  
→ New Higgses could be DM, could make EWPT be first order 
→ Generic expectation is modified Higgs couplings:
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Higgs Singlet Benchmark 
[from 2020 ESPPU PBB]

126 CHAPTER 8. BEYOND THE STANDARD MODEL
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Fig. 8.11: Direct and indirect sensitivity at 95% CL to a heavy scalar singlet mixing with the SM
Higgs boson (left) and in the no-mixing limit (right). The hatched region shows the parameters
compatible with a strong first-order EW phase transition.

poses, Fig. 8.11 shows an example of the region compatible with a two-step phase transition,
where the singlet supports the Higgs in delivering a strong first-order phase transition [463].
Strongly first-order phase transitions are particularly interesting as they could also lead to size-
able gravitational wave signals at future experiments like LISA, linking discoveries at Earth-
based colliders with space interferometry (see Chapter 7). The case of a light singlet scalar,
with mass lower than 125 GeV, is discussed extensively in the section on feebly interacting
particles 8.6.

310 410
 [GeV]A95% C.L. limit on m

1

10

)β
ta

n(

 coupling:ττhbb / h
HL-LHC
HE-LHC
LHeC
CEPC
FCC-ee

500ILC
FCC-ee/eh/hh

1000ILC
3000CLIC

Direct:
-τ+τ →HL-LHC, A 

FCC-hh

Fig. 8.12: Direct and indirect sensitivity at 95% CL to heavy neutral scalars in minimal SUSY.

Another common extension of the SM Higgs sector is the addition of a second SU(2)
doublet, which naturally appears in supersymmetric extensions of the Higgs sector or in models
with a non-minimal pattern of symmetry breaking. In this case, the scalar sector contains two
CP-even scalars h and H, one CP-odd scalar A and a charged scalar H±. The direct mass reach
of lepton colliders for these scalars is generally close to

p
s/2 independent of tanb , mainly

resonance search @HL-LHC

H couplings @HL-LHC 
Percent level   

H couplings @X-Factory 
Per mille level

Higgs physics opportunities

theory favored 
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Composite Nambu-Goldstone Higgs 
→ A structured framework where H is pNGB of new strong sector 
→ Explains why H is light. Accounts for SM-like H provided  is small: 

                                                     

→ Modified Higgs couplings:

ξ
v2

f 2
= ξ ≪ 1

Higgs physics opportunities

δgH

gSM
H

∼ ξ

Electroweak symmetry breaking scale 

Goldstone symmetry breaking scale



28

Composite Nambu-Goldstone Higgs 
→ A structured framework where H is pNGB of new strong sector 
→ Explains why H is light. Accounts for SM-like H provided  is small: 

                                                     

→ Modified Higgs couplings:

ξ
v2

f 2
= ξ ≪ 1

Higgs physics opportunities

δgH

gSM
H

∼ ξ

 could be coincidence: Wilson ✅ 
Smaller  is hard to believe: Wilson ❌

ξ ∼ 10−1, 10−2

ξ

Electroweak symmetry breaking scale 

Goldstone symmetry breaking scale
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Higgs physics opportunities118 CHAPTER 8. BEYOND THE STANDARD 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.

rH = 1/m*

g* =
m*

f

H couplings @X-Factory: 
ξ ∼ 10−3
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EW physics opportunities
 Z bosons enable, statistically,  precision on couplings 

→ Unlikely to get to , but current is : we will surely improve 
→ Experimental and Theoretical accuracy will be limiting factor. 
→ Great challenge is great opportunity!

1012 10−6

10−6 10−3

BSMZ
SM

SM

BSM with order-one tree-level coupling 
δgZ

gSM
Z

∼
m2

Z

m2
BSM

= 10−6 ⋅ ( 100 TeV
mBSM )

2

CG - 26 May 2025/ 24

New Physics Reach @ Z-pole

14

There are 48 different types of particles that can have tree-level linear interactions to SM.

Importance of controlling/reducing the TH syst. errors to exploit Z-pole data.  
Role of ZH and tt runs.
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EW physics opportunities

116 CHAPTER 8. BEYOND THE STANDARD MODEL
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FCC-ee ₃₆₀

FCC-ee/hh
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𝓞ᴡ 𝓞ʙ

95% CL scale limits on 2-fermion 2-boson contact interactions

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.

EW @X-Factory:
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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.
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EW @X-Factory:
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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.

EW physics opportunities
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Figure 1: Left: SM RG evolution of the gauge couplings g1 =
p

5/3g0, g2 = g, g3 = gs, of the
top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling �. All couplings are
defined in the MS scheme. The thickness indicates the ±1� uncertainty. Right: RG evolution of
� varying Mt, Mh and ↵s by ±3�.

the Yukawa sector and can be considered the first complete NNLO evaluation of ��(µ).

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4
t
g2
s
+ 30y6

t
terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓
Mt [GeV]� 173.1

0.7

◆
� 0.5

✓
↵s(MZ)� 0.1184

0.0007

◆
± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed

2

0 50 100 150 200
0

50

100

150

200

Higgs mass Mh in GeV

To
p
m
as
sM

t
in
G
eV

Instability

N
on-perturbativity

Stability

Met
a-st

abil
ity

Instability

107

109

1010

1012

115 120 125 130 135
165

170

175

180

Higgs mass Mh in GeV

Po
le
to
p
m
as
sM

t
in
G
eV

1,2,3 s

Instability

Stability

Meta-stability

Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane (upper left) and in the �–yt plane, in terms of parameter renormalized at the Planck
scale (upper right). Bottom: Zoom in the region of the preferred experimental range of Mh and
Mt (the gray areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to ↵s(MZ) = 0.1184 ± 0.0007, and the grading of the colors indicates the size of the theoretical
error. The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

determined at hadron colliders su↵ers from O(⇤QCD) non-perturbative uncertainties [41]. A

possibility to overcome this problem and, at the same time, to improve the experimental

error on Mt, would be a direct determination of the MS top-quark running mass from ex-

periments, for instance from the tt̄ cross-section at a future e+e� collider operating above

the tt̄ threshold. In this respect, such a collider could become crucial for establishing the

structure of the vacuum and the ultimate fate of our universe.

As far as the RG equations are concerned, the error of ±0.2 GeV is a conservative

estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness

of all the couplings at high scales: four-loop terms in the RG equations do not compete with

finite tree-loop corrections close to the electroweak scale, where the strong and the top-quark

Yukawa coupling are large.

The LHC will be able to measure the Higgs mass with an accuracy of about 100–200

MeV, which is far better than the theoretical error with which we are able to determine the

condition of absolute stability.

18

mH = 125.7 GeV

The SM Higgs potential seems to have a second minimum

Instability scale 
∼ 109 GeV

To be sure that this really happens, and to measure the scale, 
we need more precision in αS, mH and mt.  

Precise enough top mass requires top threshold scan
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Top threshold

To be sure that this really happens, and to measure the scale, 
we need more precision in αS, mH and mt.  

Precise enough top mass requires top threshold scan

Figure 2: The 1� relative uncertainty on the scale of instability determined by eq. (3) as function of the
relative precision of the measurements of ↵3, Mt, and Mh. The horizontal shade at 0.2 corresponds to a
determination of the instability scale at 20% precision. The current situation and future improvements
are marked as full and empty dots, respectively.

Also enlarging the scope of HL-LHC to ‘alternative’ strategies for the top quark mass
measurements, e.g. reviewed in [22], we find a limited improvement compared with the target
imposed by our question. Even barring experimental uncertainties, the ‘alternative’ methods
are hitting the limitations of the present computations in describing e↵ects commensurate
with ⇤QCD either because of matching of fixed order and parton shower computations in the
‘alternative’ observables [23], or uncertainties in the knowledge of hadronization physics [22],
or possible lack of understanding of the e↵ects of the colored environment [24] in which the
short-distance tt̄ are produced at LHC and so on. All in all, we will need a future collider
beyond the HL-LHC to measure the top quark mass with su�cient precision to ‘measure’ the
instability scale. Great prospects are o↵ered by e

+
e
� colliders, and in principle µ+

µ
� colliders,

that can determine the top quark mass from a center-of-mass energy scan around the threshold
of the `

+
`
� ! tt̄ reaction around 2Mt [25, 26, 13, 27]. This will be discussed in section 3.

Improved ↵3 determination prospects

The present knowledge of ↵3 results in a subdominant uncertainty on the instability scale
compared to Mt. Still it is too large to draw conclusions on the fate of the quartic coupling at
high energy. It can in principle be improved pursuing any of the presently employed techniques
reviewed in [20].

The most precise present determinations of ↵3(MZ) from experiments, with an uncertainty

7
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Search for heavy particles
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Fig. 4 Left panel: exclusion and discovery mass reach on Higgsino and Wino dark matter candidates at muon colliders from
disappearing tracks, and at other facilities. The plot is adapted from Ref. [45]. Right: exclusion contour [22] for a scalar singlet
of mass m� mixed with the Higgs boson with strength sin �. More details in Section 5.1.3.

ment, without large physics backgrounds from QCD, a
10 TeV muon collider (over-)qualifies as a Higgs fac-
tory [22, 54–57]. Unlike e+e� Higgs factories, a muon
collider also produces Higgs pairs copiously, enabling
accurate and direct measurements of the Higgs trilinear
coupling [21,23,54] and possibly also of the quadrilinear
coupling [58].

The opportunities for Higgs physics at a muon col-
lider are summarised extensively in Section 5.1.1. In
Figure 6 we report for illustration the results of a 10-
parameter fit to the Higgs couplings in the -framework
at a 10 TeV MuC, and the sensitivity projections on
the anomalous Higgs trilinear coupling ��. The table
shows that a 10 TeV MuC will improve significantly and
broadly our knowledge of the properties of the Higgs
boson. The combination with the measurements per-
formed at an e+e� Higgs factory, reported on the third
column, does not affect the sensitivity to several cou-
plings appreciably, showing the good precision that a
muon collider alone can attain. However, it also shows
complementarity with an e+e� Higgs factory program.

On the right panel of the figure we see that the per-
formances 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 per-
formed. In particular, CLIC measures �� at the 10%
level [59], and the FCC-hh sensitivity ranges from 3.5
to 8% depending on detector assumptions [60]. A de-
termination 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 as discussed
in Section 5.1.1.

The potential of a muon collider as a vector bo-
son collider has not been explored fully. In particular a
systematic investigation of vector boson scattering pro-

cesses, 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 am-
plitudes 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 measure-
ments of the WW ! HH process has been studied
in [23, 54] (see also [21]) 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 [21,22] (see also [21]) for WW!tt, aimed at probing
Higgs-top interactions.

2.4 High-energy measurements

Direct µ+µ� annihilation, such as HZ and tt produc-
tion, displays a number of expected events of the order
of several thousands, reported in Figure 5. These are
much less than the events where a Higgs or a tt pair
are produced from VBF, but they are sharply differ-
ent 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 back-
ground thus enables few-percent level measurements of
SM cross sections for hard scattering processes of en-
ergy Ecm = 10 TeV at the 10 TeV MuC. An incomplete
list of the many possible measurements is provided in
Ref. [61], including the resummed effects of EW radia-
tion on the cross section predictions. It is worth empha-
sising that also charged final states such as WH or `⌫
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Figure 2.2.2: Left: 95%CL exclusion reach on the mass of several BSM particles at future colliders
[13, 80, 82, 199–201]. Only EW pair production is considered to assess the MuC sensitivity. This
underestimate the reach in models where single-production is possible (see e.g. [47]). For the wino and
the Higgsino, we label as “⌦DM” the mass required to reproduce the observed dark matter abundance.
Right: exclusion contour [1] for a scalar singlet of mass mS mixed with the Higgs boson with strength
sin �.

Energy
The high available energy enables a search for new heavy particles, with a reach in mass that strongly
extends that of the LHC. This mass reach owes largely to the fact that the muons are elementary and
their collision energy is entirely available to produce new particles. The protons instead are composite
and their effective energy reach is limited to a fraction of the collider energy by the steep fall-off of the
parton distribution functions. This is the reason why a muon collider with 10 TeV energy can access
heavier particles than the 14 TeV LHC, as illustrated on the left panel of Figure 2.2.2.

The figure shows the projected exclusion reach on the mass of a number of hypothetical particles (la-
belled with a standard BSM notation1) at the muon collider with 10 TeV energy in the centre of mass, at
the HL-LHC, and at the 100 TeV proton-proton future collider FCC-hh [13, 82, 199–201]. At a muon
collider, these particles are produced in pairs by electroweak (EW) interactions and the corresponding
EW production cross sections are determined by the EW and spin quantum numbers of the states. The
cross-sections range from 0.1 to 10 fb at the 10 TeV MuC, for masses almost up to the kinematic thresh-
old of 5 TeV. With the target integrated luminosity of 10 ab�1, enough events (more than 1000) will be
available for discovery up to the threshold provided the particle decays promptly to an easily-detectable
final state. Therefore, all particles considered in the figure with the exception of the wino and the Hig-
gsino (see later) can be discovered up to 5 TeV mass by only exploiting the model-independent process
of EW pair-production. An extended mass-reach is possible if BSM interactions mediate the production
of the new state. For instance, the 10 TeV muon collider reach on top partners is around 9.5 TeV from
single production [47].

The mass reach of the 10 TeV MuC is above the HL-LHC exclusion limit for all of the BSM candidates
considered in Figure 2.2.2. The 10 TeV muon collider has an even higher reach than a 100 TeV proton-
proton collider FCC-hh in QCD-neutral particles such as charginos e�±

1 and tau sleptons e⌧ . It surpasses
the thermal target (see later) for the Higgsino and the Wino dark matter candidates.
1For instance, T is a fermionic top partner, t̃ is the stop and W̃

0 and Higgsino H̃
0 are the wino and the Higgsino, respectively.

The notation is the same as in Ref. [201].
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Chapter 20

Dark matter and dark sectors

Dark matter (DM) stands as the most concrete experimental evidence for physics beyond the Standard
Model, and its identity remains one of the greatest mysteries in modern science. Among the myriad of
potential explanations, WIMPs (Weakly Interacting Massive Particles) are leading candidates to account
for the enigmatic mass that permeates and influences the universe. Muon colliders operating at multi-
TeV energies present promising opportunities to investigate TeV-scale WIMP dark matter candidates.
Furthermore, dark matter may belong to a more complex dark sector characterized by rich dynamics and
weak couplings to the Standard Model. These couplings, often referred to as portals, offer intriguing
avenues for exploration. Muon colliders not only hold potential for uncovering WIMPs but also provide
a promising arena to investigate these portals and search for particles within the dark sector, thereby
enriching our understanding of the fundamental components of the universe.

0.5 1 2 3 4 5
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Figure 20.0.1: 2� exclusion of fermion DM masses from different search channels. Horizontal bars
for individual search channels and muon collider energies by the different colors. The vertical bars
indicate the thermal mass targets. The reach in the mono-photon channel is taken from Ref. [80], and
the results of mono-W is taken from Ref. [13]. The reaches for the disappearing track are extrapolated
from Ref. [82], and the sensitivity using soft tracks are studied for 3 TeV muon collider in Ref. [93].

20.1 Minimal Dark Matter
Thermally produced WIMP is a promising candidates. Despite advances of decades of searches, some
of the simplest and most compelling WIMP candidates is still far beyond the current reach. This in-
cludes the famous Higgsino (Dirac doublet) and wino (Majorana triplet) in SUSY [555]. This can be
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ωH production

The e+e→ → ωH process provides an alternative way to probe the effective HZω vertex [42]. The cross-section
is maximal at

↑
s = 240GeV. As for the ZH production process, the Higgs kinematics can be fully reconstructed

using the recoil technique, solely from the reconstructed final-state monochromatic photon kinematics. The main
background is f f̄ + ω production. The signal is extracted from fitting the mrec distribution. The relative expected
precision on εωH is 230%. An exclusive selection requesting in addition the presence of two b-jets using the jet
flavour tagger from Ref. [25, 26] improves the expected precision to 150%.

1.2 Higgs measurements at FCC-hh

Ultimately, the FCC-hh will produce 20 billion Higgs bosons and 30 million Higgs pairs, providing incomparable
measurements of the Higgs self-coupling, top-quark Yukawa coupling, and rare or invisible modes. A full investi-
gation of the potential of FCC-hh Higgs physics is out of scope here and was presented in Ref. [14]. The current
document focuses on new Higgs measurements studies where FCC-hh can provide complementary information to the
FCC-ee. The flagship measurement of FCC-hh is the Higgs self-coupling through HH production. A new analysis
describing the reach of FCC-hh using the HH → bbωω final state is described. Rare Higgs production decays can
be accessed with exquisite precision at FCC-hh by capitalising on the copious single H production rates at large pT
and by making use of ratios of observables that allow for the cancellation of correlated (theoretical and experimental)
uncertainties. For example, the ratio of ttH/ttZ studied in Ref. [14] in the H(Z) → bb̄ final states, in conjunction with
the absolute ttZ coupling measurement at FCC-ee, can provide an absolute top Yukawa measurement with percent-
level precision at FCC-hh. Additional measurements of ratios of rare Higgs boson decays rates, are described below.
The current results for the baseline scenario at

↑
s = 84TeV are described in Table 3.

Table 3: Projected precision on Higgs measurements as obtained from FCC-hh simulations. Experimental systematics include
background normalisation uncertainties. Efficiencies and luminosity systematics are included, while theoretical systematics are
not included. An (→) indicates that the values are rescaled from the FCC-hh CDR [14, 19] from 100 TeV to 84 TeV assuming the
same integrated luminosity.

observable param stat. stat. + syst.

µ = ε(H) ↓ B(H → ωω) ϑµ 0.1% 1.4% (→)

µ = ε(H) ↓ B(H → µµ) ϑµ 0.4% 1.2%
µ = ε(H) ↓ B(H → ϖϖϖϖ) ϑµ 0.2% 1.8% (→)

µ = ε(H) ↓ B(H → ωϖϖ) ϑµ 1.1% 1.7% (→)

µ = ε(ttH)B(H → ωω) ϑµ 0.4% 2.2%

R = B(H → µµ)/B(H → µµµµ) ϑR/R 0.5% 1.3%
R = B(H → ωω)/B(H → eeµµ) ϑR/R 0.5% 0.8% (→)

R = B(H → ωω)/B(H → µµ) ϑR/R 0.5% 1.3% (→)

R = B(H → µµω)/B(H → µµµµ) ϑR/R 1.6% 2.0% (→)

R = ε(ttH)B(H → bb̄)/ε(ttZ)B(Z → bb̄) ϑR/R 1.2% 2.0% (→)

R = ε(VBF↔H))B(H → eµϱϱ)/ε(VBS↔WW))B(WW → eµϱϱ) ϑR/R 1.9% 2.0%

B(H → invisible) B@95%CL 1.2↓ 10↑4 2.6↓ 10↑4 (→)

ε(HH) ϑςω 3.5% 5.2%

Single Higgs production

The Higgs rare decays into ωω, Zω, µµ, 4ϖ have been re-analysed. The approach relies on measuring ratios of branch-
ing fractions to B(H → ZZ), with final states featuring correlated systematic uncertainties between the numerator
and the denominator, e.g., B(H → µµ)/B(H → µµµµ). This new analysis improves upon the previous one [14]
by extracting the precision of the ratio of signal strengths in a likelihood fit over the reconstructed 2-dimensional
distribution of (pT(H),mH). A differential measurement of dε(H)/dpT is also provided. Details can be found in
Ref. [43].

A novel approach to measure the HWW coupling by measuring the ratio of Vector Boson Fusion Higgs and WW
production (or Vector Boson Scattering ) R = VBF(H → WW)/VBS(WW) has been proposed and documented
in Ref. [44]. The ratio is extracted from a template fit on the Higgs transverse mass, and yields a relative statistical
precision of 1.9%. A list of proposed measurements and first projections for measuring the HWW, Hbb and Hφφ

coupling in Higgs associated production is documented in Ref. [45].
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Complete the Higgs measurement program

Triple H at  
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83

Fig. 87 Direct (left panel) and indirect (right panel) reach on the SM plus real scalar singlet scenario at the muon collider. Dots
indicate points with successful first-order EWPT, while red, green and blue dots represent signal-to-noise ratio for gravitational
eave detection in the ranges [50,+→), [10, 50) and [0, 10), respectively. Results adapted from [28].

sible for the matter-antimatter asymmetry in the Uni-
verse. Following [28] (see also [27]), we illustrate below
the muon collider potential to probe this scenario.

In the left panel of Figure 87, the coloured solid
curves show the muon collider 95% C.L. direct exclu-
sion reach in the plane formed by the singlet mass
and the product sin2 ω → BR(S ↑ hh).9 The points
marked on the figure are obtained from a scan over
the microscopic parameters of the specific model con-
sidered in Ref. [28], and they correspond to configura-
tions where the EWPT is of the first order and strong
enough for electroweak baryogenesis. The 3 TeV MuC
covers several of the relevant points, while the 10 TeV
MuC enables an almost complete coverage. The points
marked in red or in green (unlike those in blue) could
perhaps also produce observable gravitation waves at
LISA. Strong first order EWPT requires a modification
of the Higgs potential. Therefore sizeable departures of
the trilinear Higgs coupling with respect to the SM are
expected in this scenario. This is shown on the right
panel of Figure 87, in the plane formed by a universal
modifier εϑ that a!ects all the single-Higgs couplings,
and the trilinear coupling modifier εϑω. We see that the
muon collider, already at the 3 TeV stage, has consider-
able chances to be sensitive to the predicted single- or
triple-Higgs coupling modifications. It is in fact likely
to observe correlated modifications in both couplings.

9The latter quantity, and not only sin
2

ω, is what controls the
events yield in the di-Higgs final state. The branching ratio is
set to 1/4 in Figure 86, which is a good approximation when
the singlet is heavy but not so in the mass range of Figure 87.

Two Higgs Doublet Model
Models with two Higgs doublets (2HDM) are another
important target for muon colliders. 10 While much
work is still to be done for the detailed assessment of the
muon collider potential, a rather complete characteri-
sation of the relevant phenomenology was provided in
Ref. [50], whose findings are briefly summarised below.
Like in the case of the singlet model, very significant
progress on the 2HDM parameters space is possible al-
ready at the first 3 TeV stage of the muon collider. In
what follows we stick to this energy for definiteness.
At the higher energies muon colliders, which are also
considered in [50], the performances improve.

The scalar sector of the 2HDM consists of 5 physical
particles: the SM-like Higgs h with mh = 125 GeV and
the non-SM ones H, A, H±. The tree-level couplings of
the Higgs bosons are determined by the mixing angle
between the neutral CP-even Higgs bosons, ϖ, and by
a second parameter tan ϱ = v2/v1, with v1,2 being the
vacuum expectation value for two Higgs doublets. The
dominant couplings of the Higgses with the SM gauge
bosons typically involve two non-SM Higgses, for ex-
ample, ZHA or W±H→H. The Yukawa couplings of
the non-SM like Higgses with the SM fermions depends
on how the two Higgs doublets are coupled to the lep-
tons and quarks via Yukawa couplings. Four di!erent
patterns of Yukawa couplings are typically considered
in the literature, giving rise to four di!erent types of

10Other extensions of the Higgs sector, in particular those
featuring a doubly-charged scalar, were studied in [53,54]
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Figure 2.2.3: Left: 1� sensitivities (in %) from a 10-parameter fit in the -framework at a 10 TeV
MuC with 10 ab�1, compared with HL-LHC. The effect of measurements from a 240 GeV e+e� Higgs
factory is also reported. See Section 16 for details. Right: Sensitivity to the Higgs trilinear coupling
modifier �� of different future colliders. The sensitivity of the 3 TeV muon collider (MuC-3) and
10 TeV muon collider (MuC-10) is compared with that of the HL-LHC, CLIC, and FCC-hh. Plots
adapted from Ref. [1].

Along these lines, the “Energy” arrow in Figure 2.2.1 represents the possibility of searching for new
heavy particles of very generic nature, or specific well-motivated candidates. Past works have inves-
tigated the MuC sensitivity to a number of BSM scenarios ranging from WIMP dark matter, extended
Higgs sectors, heavy neutral leptons, composite resonances, solutions to the g�2 anomaly and more [8–
72, 80–93, 160, 202]. A few specific results are outlined below. It should be emphasised that the results
described below—as well as in the majority of the muon collider studies in the literature—are based on
detailed phenomenological analyses that consider the relevant backgrounds as well as a parametric mod-
elling of the detector effects. The assumed detector performances are those of the IMCC muon collider
DELPHES card [203, 204], which match the performances of the CLIC detector and lie in between the
“Baseline” and “Aspirational” performances described in Section 3.1.

Reference [8] (see also Refs. [7, 9, 10]) studied one extra EW-singlet Higgs scalar which is potentially
responsible for the generation of a strong first-order EW phase transition in the Early Universe, and
is present in other BSM scenarios as well. Such a “scalar singlet” is a standard benchmark for future
colliders, also in light of its peculiar coupling to the SM, which occurs only through a Higgs-portal
interaction. The 10 TeV MuC mass-reach on this BSM scenario is superior to that of the FCC-hh in the
most motivated region of the model’s parameter space. In fact, the sensitivity is superior in the whole
parameter space upon including the indirect MuC reach from Higgs coupling measurements. This is
shown on the right panel of Figure 2.2.2 in the plane formed by the mass of the particle and its coupling
to the SM, expressed in terms of the degree of mixing with the Higgs boson. The MuC advantage
over FCC-hh stems from the larger MuC cross-section for the production of Higgs portal-coupled new
physics in vector boson fusion. Similar findings have been reported in other Higgs portal-coupled BSM
scenarios, making the muon collider an ideal option to cover this class of models at the multi-TeV scale.

Several papers [80–93] studied the observability of a variety of WIMP DM candidates at the muon
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adapted from Ref. [1].
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responsible for the generation of a strong first-order EW phase transition in the Early Universe, and
is present in other BSM scenarios as well. Such a “scalar singlet” is a standard benchmark for future
colliders, also in light of its peculiar coupling to the SM, which occurs only through a Higgs-portal
interaction. The 10 TeV MuC mass-reach on this BSM scenario is superior to that of the FCC-hh in the
most motivated region of the model’s parameter space. In fact, the sensitivity is superior in the whole
parameter space upon including the indirect MuC reach from Higgs coupling measurements. This is
shown on the right panel of Figure 2.2.2 in the plane formed by the mass of the particle and its coupling
to the SM, expressed in terms of the degree of mixing with the Higgs boson. The MuC advantage
over FCC-hh stems from the larger MuC cross-section for the production of Higgs portal-coupled new
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Figure 2.2.4: Left: Future colliders 95% CL exclusion sensitivity to a minimal Z 0 [210]. In the case of
muon colliders, the 5� discovery reach is also shown by dashed lines. Right: The sensitivity to Higgs
compositeness.

specific model. The sensitivity of CLIC, FCC-ee, and FCC-hh (from Ref. [201]) is also reported in the
figure for comparison. The design and construction of a muon collider appears as the only option to
probe this scenario at the 100 TeV scale.

The right panel of Figure 2.2.4 quantifies the sensitivity of the 10 TeV MuC to Higgs compositeness.
The scenario under consideration is that of a pseudo-Nambu-Goldstone Boson (pNGB) composite Higgs
(see [211] for a review), which is the only known possibility to explain—at the price of a moderate fine-
tuning on a single parameter—the agreement between current measurements of the Higgs couplings and
SM predictions. The experimental manifestations of a composite pNGB Higgs can be robustly modelled
in terms two parameters m⇤ and g⇤ [212], which correspond respectively to the Higgs compositeness
scale—i.e., to the inverse of the Higgs particle radius—and to the coupling of the new strong sector that
delivers the Higgs as a bound state. This theoretical setup was extensively employed for the comparison
of future collider projects in preparation for the 2020 European Strategy Update [201, 206].

The muon collider sensitivity to Higgs compositeness emerges from 3 different classes of measurements,
whose combined sensitivity is shown in Figure 2.2.4 in the (m⇤, g⇤) plane. Higgs coupling modifications
are mostly relevant when g⇤ is large and they dominate the m⇤ reach for g⇤ above around 9. Searches
for new effects in the 10 TeV di-fermion production cross section due to the modification of the EW
gauge interactions induced by the new strong sector are relevant only when g⇤ is small, explaining the
enhanced sensitivity when g⇤ ' 1. Measurements in di-boson and boson-plus Higgs final states—again
performed at 10 TeV exploiting “Precision from Energy”—are instead equally relevant for any value
of g⇤, because they probe new interactions of the Higgs doublet with the vector bosons that are directly
related to the finite radius of the Higgs. The magnitude of these new interactions thus depends only on the
compositeness scale m⇤ and not on the coupling g⇤. Such direct manifestations of Higgs compositeness
dominate the muon collider sensitivity and they allow the discovery of Higgs compositeness up to around
35 TeV (or exclusion up to around 50 TeV even for the most unfavourable value of g⇤). The comparison
with other future collider projects (from [201, 206]) displays the competitive advantage of the muon
collider for the study of Higgs compositeness.

Beyond explicit models, the power of the “Precision from Energy” arrow can be also illustrated by
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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.

Higher-energy observables are more sensitive   to heavy physics: 
 at EW.    i                  

    = 
 at 10 TeV

10−6

Δσ(E)
σSM(E)

∝
E2

Λ2
BSM 10−2

ΛBSM = 100 TeV



Conclusions

X-Factory opens new era of precision in EW+H sector 
• There are also particle discovery opportunities. From, e.g.,  Z decays 
• For precision, details matter! The degree of success depends on these details. 
• Precision is a physics driver as well as a tool.  

Work now on Experiment, Theory and Detector challenges/opportunity

1012

Beyond X-Factories, we need energy 
• Linear colliders can go to higher energy 
• A big tunnel can host 100 TeV pp 
• Muon collider feasibility would be game-changer 
• We cannot decide it, but we can draw a path towards 10 TeV pCM 
• We must invest on very high energy collider technologies
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