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How to contribute to this…
As a field

As an individual 

• As a field we need to pursue ambitious projects, driven by science (not politics, not science politics, not 
money, not careers, not the daily external “push & pull” ).

• This requires us to explain our own science to ourselves, to the rest of the scientific community, and to the 
general public.

• Our projects are more expensive than previous ones. We must make an extra effort to motivate our 
projects and discuss openly their relation with the rest of science. 

• Being here! You can be part of this if you put in some engagement, activate as researcher and “citizen”. 

• No better day to start than today, because decisions that impact our field for the next decades are being taken now. 
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Quand tu veux construire un bateau, ne commence 

pas par rassembler du bois, couper des planches et 

distribuer du travail, mais reveille au sein des 

hommes le désir de la mer grande et large.

Antoine de Saint-Exupéry

How to contribute to this…
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Whoever invented the ship, also invented shipwrecks.  [ Lao-Tzu ] 
We have to deal with unknown

Make room for things we love to pursue

Something
Challenging Exciting

SomethingSomething
Deep

Study better something I have studied already? something entirely new?
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Our job is to find the fundamental laws of Nature

• deep understanding of the present laws of physics 

• formulation of deep and far-reaching questions 

• performing experiments that can conclusively 
answer these questions

• too many questions for a single collider 

• too many questions for just colliders
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Our job is to find the fundamental laws of Nature

• deep understanding of the present laws of physics 

• formulation of deep and far-reaching questions 

• performing experiments that can conclusively 
answer these questions

I give this talk as a lover

• too many questions for a single collider 

• too many questions for just colliders
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Driver for Cooperation 

J/ψ H
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Driver for Cooperation 

KEYNOTE TALK, ICFA - MEETING, MAY 1984

Victor F. Weisskopf

I am very sorry that I cannot be here in person but only in bosons
without my fermions. Let me say a few words about the last 30 years, which
have been a veritable triumph for High Energy Physics, a march from success
to success. I choose the 30-year period because it started with the
transgression of the GeV limit.

There are four important activities in our field: machine
construction, instrumentation, experimentation, theoretical understanding.
In the first, we proceeded from the early fixed target machines of a few
GeV to the many hundreds of GeV regions for both fixed targets and
co11iders, and we are about to transgress the TeV limit. In spite of the
greater energy loss, the electron machines are keeping pace with a factor
10 behind. This success represents a jump by a factor of 10, every decade.
We should be proud of our accelerator builders and designers.

The great tradition of Lawrence, MacMillan, Veksler, Budker, Tuschek,
Adams and Livingston is continued by many outstanding pioneers, but they do
not get recognition and status they so amply deserve. They do not figure
as co-authors in the publications of the discoveries which they have made
possible; only a few of them have academic positions; hence, to the
detriment of our field this activity does not attract enough young people.
After all, in this period they provided us with innovative ideas such as
strong focussing, separate magnets, colliding beam devices, stochastic
cooling and superconducting magnets. Certainly the intellectual creativity
is of the same level as the highly advertised theoretical achievements of
that period.

The future is full of great promises. There are projects in various
forms of concreteness reaching into the next factor of ten: the Soviet UNK
projects, the Tevatrons, the SSC, the hadrons in the LEP tunnel, the linear
collider, and perhaps some new unconventional methods of acceleration.

Now to the instrumentation. I only need to mention a few of the
numerous innovations of the last 30 years: large bubble chambers and
Cherenkov counters, electrostatic and RF separators, spark-, wire-,
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Figure 9.4 Fermi' s slide 2, the "Globatron." (Reproduced with permission of 
Special Collections, University of Chicago Libraries.) 
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Fig. I. 1. Block diagram of a betatron cooling system.

N~=N/2WT. (2.1)
The pick-up detects the average position ~ of all particles in the sample. The system gain is

adjusted so that the kicker will just correct this, as illustrated in fig. I. 1. Thus, for each particle, x is
changed into x — .~. It follows that the mean square value x2 over many random samples is changed
into

(x_~)2=~_~2 (2.2)
so that the decrement of x2 per turn is

=1/N (2.3)

Since the average position .~ is equal to the oscillation amplitude times the sine of a random phase,
the decrement of the mean square amplitude is smaller by a factor of 2. For the cooling rate of the
r.m.s. amplitude we must apply another factor of 2, so that this becomes

1 1 W 24
r4N~T2N~ ( . )
If we correct a fraction g~instead of ~, we find in the same way

_2 5

This is, of course, largest forg = 1. The two terms of eq. (2.5) correspond to the coherent effect and
the incoherent effect, as will appear in a more straightforward way from the analysis in the frequency
domain.
Non-perfect mixing and amplifier noise will both affect the second, incoherent term. If these

effects are present, we have

(2.6)
r 2N

The world community of High Energy Physics must get together in one
way or another, and reach a solution of the problem of what should be done
where, with the financial, intellectual and technical resources that we
expect to be available. It must be the responsibility of the community to
find the solution that is best for the progress of our field, best to
maintain the enthusiasm of all participants, and best to attract many young
people in the field. There is time enough to find a reasonable solution in
the coming few years. All these projects are still on the drawing boards
only, and we do not know enough today about the technical and political
possibilities and about ways of cooperation. In all probability a
realization of both projects at the highest energy is excluded within the
next decade.

But it is the duty of the community to come to a mutually acceptable
solution. It is an issue of scientific responsibility versus scientific
greed. But it is also an issue of wise policy towards the governments who
pay the bills. We certainly will loose the support that we have received
in the past if it appears that different parts of the world community are
trying to out-pace each other and are no longer cooperating in the planning
and construction of the future accelerators with mutual help and
assistance. The danger is all the more acute since even under the best
conditions, this support is not assured.

The task is not easy. Most probably the region between 2 and 40 TeV
will be full of unexpected phenomena. Certainly it would be desirable to
have more than UNK and one other hadron facility in that energy region; if
HERA will turn out interesting new results it would also be desirable to go
to higher p-e energies which could be done in the LEP tunnel. But can we
afford all this without ruining the field by expanding too fast and asking
for too much? These are difficult problems whose solutions require
foresight, political acumen and wisdom to a far greater extent than the
dilemmas of the past.

Looking at the situation from my own distant point of view, which is
further away from the daily, monthly, and yearly struggles in which you all
are immersed, I find our field full of strength from past successes and
future promises. The problems and the clashes of interest stem from an
overflow of ideas, projects and possibilities, from an "embarras de
richesses" rather than from internal weakness. We have reasons to be proud
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Where do we stand?

We have got “the” formula
… and it is surprisingly short!
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And there is more than “just” the Higgs boson

• Observationally “unfit”  (misses Gravity, Dark Matter, … )

The Standard Model is:
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• what is the dark matter in the Universe? 

• why QCD does not violate CP?

• how have baryons originated in the early Universe?

• what originates flavor mixing and fermions masses?

• what gives mass to neutrinos?

• why gravity and weak interactions are so different? 

• what fixes the cosmological constant?

Open Questions on the “big picture” on fundamental physics as of 2020s

EFT

EFT

?

EACH of  these issues one day will teach us a lesson

EFT

?

Adjusting one SM parameter might do

Adjusting several SM parameters might do

Separation of scales as an organizing principle might fail

Need new matter (or even bigger modifications to the SM)
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EFT

EFT

S T R O N G  I N T E R A C T I O N S
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W E A K  I N T E R A C T I O N S

N E E D  S O M E  C O S M O L O G Y  
I N P U T S

Open Questions on the “big picture” on fundamental physics as of 2020s



open questions



Open Questions on the “big picture” on 
fundamental physics circa 2020

Nothing we have measured in high energy physics 
makes so much of a distinction between particles 
and anti-particles.

The observable Universe is made of matter, no antimatter

We need to go from this

to this

out-of-equilibrium processes are necessary 

particles
antiparticles



Open Questions on the “big picture” on 
fundamental physics circa 2020

The observable Universe is made of matter, plus about 5 times as 
much dark matter

We need to go from this

to this

interactions rate from                              are just about right! 

normal particles
dark matter

σ = ( gweak

Mweak )
2

antiparticles
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M

A puzzle we have no idea how to solve
M E C H A N I C S  FA I L S ?N E W T O N I A N

v ∝ 1
r

r

Perfect in our “neighborhood”
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Begeman, K. 1989, A&A, 223, 47 
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1.2. Midi: clusters of galaxies 21

Figure 1.3: Bullet cluster. The collision of a pair of clusters of galaxies, with the colored map repre-
senting the X-ray image of the hot baryonic gas. This is displaced from the distribution of the total mass
reconstructed through weak lensing, shown with green contours. The white bar corresponds to the length
of 200 kpc. From Clowe et al. (2006) in [13].

1.2.1 Weak gravitational lensing: the bullet cluster and cosmic shear
Today, one of the most striking evidences for the presence of DM on the length scales of galaxy clusters
comes from the observations of a pair of colliding clusters known as the bullet cluster located 3.7 Gyr
away, with a catalog name 1E0657-558 (or 1E0657-56) and first observed in detail in 2006, as well as
from similar systems [13]. Most of the baryonic mass in the bullet cluster is in the form of hot gas whose
distribution can be traced through its X-ray emissions. The distribution of the total mass, visible and
dark, was independently measured through weak lensing.

The special feature of the bullet cluster system is that the visible matter and Dark Matter are spatially
separated, see fig. 1.3. The interpretation is the following: in the past, each of the two clusters of galaxies
was an ordinary system, with the visible matter and DM mixed together. The two objects collided 150
million years ago. Visible matter interacts significantly with itself, so that the hot gas from the two
clusters experienced a collisional shock wave. DM, on the other hand, experienced negligible collisions
with itself and with normal matter, such that the DM clouds of the two systems simply passed through
each other. This led to the present separation of the visible and dark matter components, apparent in
fig. 1.3.8 After the observation of the bullet cluster, many similar systems have been studied. Harvey et
al. (2015) [13] report the results on 72 of them and conclude that the existence of DM can be established
with a significance of more than 7�.

This kind of observations puts a severe strain on alternative interpretations where DM is replaced by
a modification of gravity. Such modifications cannot get spatially separated from normal matter (unless
they too introduce something that effectively behaves as DM), so that the anomalous lensing signal would

8Detailed studies reconstruct an initial relative velocity of about 3000 km/s before the collision between the
two clusters. This had been claimed to be unusually high: according to the tails of velocity distributions in
⇤CDM cosmology, the probability of observing such an event had been claimed to be too low (⇠ 10�5 assuming a
reasonable amount of matter inhomogeneities) [15]. Hence the bullet cluster, in this specific aspect of the relative
speed, had been used as evidence against Dark Matter. Later studies, however, have disputed the claim and found
probabilities that are in agreement with ⇤CDM cosmology [15].

astro-ph/0608407

The bullet cluster



Roberto Franceschini - July 3rd 2024 - 1st ECFA-INFN Early Career Researchers Meeting - https://agenda.infn.it/event/42205/

A puzzle we have no idea how to solve
A number of observations (including CMB from early Universe) suggest

• It may have only weak interactions (even possible it feels only gravity)  

• There are candidates “particles” with Compton length 1/M ranging from the size of a Galaxy 
down to High Energy Physics scales (GeV-TeV) and even beyond

It is not necessarily material for particle physics and accelerators

It may well be not of the kind we are used to:

a new form of matter must exist
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A puzzle we have no idea how to solve
A number of observations (including CMB from early Universe) suggest

• It may have only weak interactions (even possible it feels only gravity)  

• There are candidates “particles” with Compton length 1/M ranging from the size of a Galaxy 
down to High Energy Physics scales (GeV-TeV) and even beyond

It is not necessarily material for particle physics and accelerators

It may well be not of the kind we are used to:

a new form of matter must exist• We know the scope of the search for Dark Matter is huge

• In principle, it can be very elusive (to all experiments)

• The simplest history of the early Universe suggests the 
“TeV” mass range

• Accelerators are the only way to go see it and study it in 
detail 



Open Questions on the “big picture” on 
fundamental physics circa 2020

EFT

EFT

? • what is the dark matter in the Universe? 

• why QCD does not violate CP?

• how have baryons originated in the early Universe?

• what originates flavor mixing and fermions masses?

• what gives mass to neutrinos?

• why gravity and weak interactions are so different? 

• what fixes the cosmological constant?

EACH of  these issues one day will teach us a lesson



Roberto Franceschini - July 3rd 2024 - 1st ECFA-INFN Early Career Researchers Meeting - https://agenda.infn.it/event/42205/

The march of symmetry
A S  A  F U N D A M E N TA L  C H A R A C T E R  O F  N AT U R ES Y M M E T RY

1897

e

Symmetries and particles

MeV GeV TeV
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Volume 46B, number 1 PHYSICS LETTERS 3 September 1973 

vu + e - ~ v u  + e -  (2) 

which are forbidden to first order in the conventional 
Feynman Gell-Mann theory. The predicted cross-sec- 
tions are of  the order of  10 -41 cm2/electron at 1 
GeV, depending on the Weinberg angle 0 w , which is 
the only free parameter of  the theory. 

A search for these processes has been carried out 
in the large heavy liquid bubble chamber Gargamelle, 
useful volume 6.2 m 3, filled with freon CF3Br , ex- 
posed to both the neutrino and antineutrino beams 
at the CERN PS. The large length of  the chamber, 
4.8 metres, compared to the radiation length of  freon, 
11 cm, ensured that electrons were unambiguously 
identified. 

These interactions are characterized by a single 
electron ( e - )  originating in the liquid, unaccompanied 
by nuclear fragments, hadrons or ~, rays correlated to 
the vertex. The kinematics o f  the reactions are such 
that the electron is emitted at small angle, 0e, with 
respect to the neutrino beam; the electron is expected 
to carry typically one third of the energy of  the inci- 
dent neutrino which is peaked between 1 and 2 GeV. 
As the neutrino interactions in the surrounding mag- 
net and shielding produce a low energy background 
of photons and electrons, a lower limit on the elec- 
tron energy was set at 300 MeV. This energy cut en- 
sures that all electrons from reactions (1) and (2) will 
have 0 e < 5 °. 

A total of  375 000 v and 360 000 Y pictures were 
scanned twice and one single electron event satisfying 
the selection criteria was found in the ~ film. This 
event is shown in fig. 1. The curvature o f  the initial 
part of  the track shows the negative charge, and the 
spiralisation and bremsstrahlung prove unambiguously 
that the track is due to an electron. The electron en- 
ergy is 385 + 100 MeV, and the angle to the beam axis 

1 a ° + l . 6  ° is , . - ,  -1.4" The electron vertex is 60 cm from the be- 
ginning of  the visible volume of  the chamber and 16 
cm from the chamber axis. 

The scanning efficiency for single electrons with an 
energy > 300 MeV was determined to be 86% using 
the isolated electronpositron pairs found in the cham- 
ber. 

The main source of  background is from the process 

v e + n ~ e - ( 0 e <  5 ° ) + p (3) 

where the proton is either of  too low an energy to be 

Fig. 1. Possible event of the type ~~ + e ~ v~t + e_ 

observed or is captured in the nucleus and no visible 
evaporation products are formed. This is due to the 
small ( <  1%) v e flux present in the predominantly v u 
or ~u beam. 

This background has been determined empirically 
using the observed events of  the type 

v u + n o u - ( 0  < 5  ° ) + p  (4) 

where the proton is not observed, and the v e flux cal- 
culated from the observed electron-neutrino events. 

This is a good estimate as the two processes are 
kinematically similar at these energies and the v u a n d  

v e spectra have nearly the same shape. In a partial 
sample of  the film we have observed 450 events, occur- 
ring in a fiducial volume of 3 m 3, of  the type: 

# -  + m protons (m i> 0) 

where the visible energy is > 1 GeV, and the momen- 
tum in the beam direction is > 0.6 GeV/c. These cuts 
eliminate the background due to incoming charged 
particles. 

In these events, only 3 have no protons and a / a -  
angle < 5 °. The scanning efficiency for single/a- has 

122 

B = 2 T

Symmetries and particles

MeV GeV TeV
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As the neutrino interactions in the surrounding mag- 
net and shielding produce a low energy background 
of photons and electrons, a lower limit on the elec- 
tron energy was set at 300 MeV. This energy cut en- 
sures that all electrons from reactions (1) and (2) will 
have 0 e < 5 °. 

A total of  375 000 v and 360 000 Y pictures were 
scanned twice and one single electron event satisfying 
the selection criteria was found in the ~ film. This 
event is shown in fig. 1. The curvature o f  the initial 
part of  the track shows the negative charge, and the 
spiralisation and bremsstrahlung prove unambiguously 
that the track is due to an electron. The electron en- 
ergy is 385 + 100 MeV, and the angle to the beam axis 

1 a ° + l . 6  ° is , . - ,  -1.4" The electron vertex is 60 cm from the be- 
ginning of  the visible volume of  the chamber and 16 
cm from the chamber axis. 

The scanning efficiency for single electrons with an 
energy > 300 MeV was determined to be 86% using 
the isolated electronpositron pairs found in the cham- 
ber. 

The main source of  background is from the process 

v e + n ~ e - ( 0 e <  5 ° ) + p (3) 

where the proton is either of  too low an energy to be 

Fig. 1. Possible event of the type ~~ + e ~ v~t + e_ 

observed or is captured in the nucleus and no visible 
evaporation products are formed. This is due to the 
small ( <  1%) v e flux present in the predominantly v u 
or ~u beam. 

This background has been determined empirically 
using the observed events of  the type 

v u + n o u - ( 0  < 5  ° ) + p  (4) 

where the proton is not observed, and the v e flux cal- 
culated from the observed electron-neutrino events. 

This is a good estimate as the two processes are 
kinematically similar at these energies and the v u a n d  

v e spectra have nearly the same shape. In a partial 
sample of  the film we have observed 450 events, occur- 
ring in a fiducial volume of 3 m 3, of  the type: 

# -  + m protons (m i> 0) 

where the visible energy is > 1 GeV, and the momen- 
tum in the beam direction is > 0.6 GeV/c. These cuts 
eliminate the background due to incoming charged 
particles. 

In these events, only 3 have no protons and a / a -  
angle < 5 °. The scanning efficiency for single/a- has 
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The march of symmetry
A S  A  F U N D A M E N TA L  C H A R A C T E R  O F  N AT U R ES Y M M E T RY
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A S  A  F U N D A M E N TA L  C H A R A C T E R  O F  N AT U R ES Y M M E T RY

Where do we stand?

V(φ)|Dφ|²

? ? ? ? ?

strong interactions

electro-weak interactions
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A S  A  F U N D A M E N TA L  C H A R A C T E R  O F  N AT U R ES Y M M E T RY

Where do we stand?

V(φ)|Dφ|²

? ? ? ? ?

strong interactions

electro-weak interactions

• We established the principles behind electroweak and 
strong interaction very well

• We measured the Higgs boson only very “broad brush” 

• The Higgs boson may be a whole new thing compared 
to strong and electroweak interactions 
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• Outlook

A S  A  F U N D A M E N TA L  C H A R A C T E R  O F  N AT U R ES Y M M E T RY ? ? ? ? ?

L= c + m2 H2 + l H4

Cosmological Constant
(galaxy formation)

 Fermi constant
(periodic table)

Higgs boson mass
(meta-)stability of the Universe

arXiv:hep-ph/9707380 Agrawal et al. -  If μ> 5⋅μSM  periodic table disappears! (neutron decay too fast)
Steven Weinberg Phys. Rev. Lett. 59, 2607 - If c >  200   galaxies would ne be able to form (matter-domination phase too short)cmeasured

arXiv:1205.6497 - Degrassi et al. - If mHiggs grew by 1%, Universe would be unstable (in the SM)

Rev. Mod. Phys. 68, 951 - Cahn, Robert N. - The eighteen arbitrary parameters of the standard model in your everyday life
Phys.Rept. 807 (2019) 1-111 - Adams, F.~C. - The Degree of Fine-Tuning in our Universe - and Others 
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: 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 boundaries 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.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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https://arxiv.org/abs/1902.03928
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3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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• Symmetry, the very idea at the basis of “the” formula, is 
challenged by a number of phenomena, which may, at 
best, be described in this language

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
https://arxiv.org/abs/1902.03928
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• what is the dark matter in the Universe? 

• why QCD does not violate CP?

• how have baryons originated in the early Universe?

• what originates flavor mixing and fermions masses?

• what gives mass to neutrinos?

• why gravity and weak interactions are so different? 

• what fixes the cosmological constant?

EFT

EFT

S T R O N G  I N T E R A C T I O N S

?
W E A K  I N T E R A C T I O N S

A c c e l e r a t o r s  a r e  e x c e l l e n t  p r o b e s

Open Questions on the “big picture” on fundamental physics circa 2020

w e a k  i n t e r a c t i o n s
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• what is the dark matter in the Universe? 

• why QCD does not violate CP?

• how have baryons originated in the early Universe?

• what originates flavor mixing and fermions masses?

• what gives mass to neutrinos?

• why gravity and weak interactions are so different? 

• what fixes the cosmological constant?

EFT

EFT

S T R O N G  I N T E R A C T I O N S

?
W E A K  I N T E R A C T I O N S

A C C E L E R AT O R S

A c c e l e r a t o r s  a r e  e x c e l l e n t  p r o b e s

Open Questions on the “big picture” on fundamental physics circa 2020

w e a k  i n t e r a c t i o n s

• Today I left most of the material on these “technical” 
results in the backup, please ask me(!)
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A gauge of the progress made so far

• The depth of the questions that can be asked based on the progress 
made so far witnesses the maturity of the investigation on fundamental 
interactions 
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A gauge of the progress we can make with any 
future collider

• The breadth of the physics program is very important. Had the Higgs 
boson not been observed at the LHC, the experiments were ready to 
catch the experimental signals from alternatives to the Higgs boson of 
the SM. 

• The guaranteed discovery of the Higgs or its substitute at the LHC is a 
very enviable position under which ambitious projects could be 
envisioned and implemented. 

• None of the future colliders currently under study enjoy this enviable 
position … back to regular science exploration
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How long and how much money does it take to 
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the size of the Higgs boson

H
The mystery of 
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Figure 2: (Left) The Coulomb self-energy of the electron. (Middle) The bubble diagram which shows the fluc-

tuation of the vacuum. (Right) Another contribution to the electron self-energy due to the fluctuation of the

vacuum.

Experimentally, we know (now) that the “size” of the electron is small, re
<⇠ 10�17 cm. This

implies that the self-energy �E is at least a few GeV, and hence the “bare” electron mass must
be negative to obtain the observed mass of the electron, with a fine cancellation likeb

0.000511 = (�3.141082 + 3.141593) GeV. (3)

Even setting a conceptual problem with a negative mass electron aside, such a fine cancellation
between the “bare” mass of the electron and the Coulomb self-energy appears troublesome. In
order for such a cancellation to be absent, Landau and Lifshitz4 concluded that the classical
electromagnetism cannot be applied to distance scales shorter than e2/(4⇡"0mec2) = 2.8 ⇥
10�13 cm. This is a long distance in the present-day particle physics’ standard.

The resolution to this problem came from the discovery of the anti-particle of the electron,
the positron, or in other words by doubling the degrees of freedom in the theory. The Coulomb
self-energy discussed above can be depicted by a diagram Fig. 2, left where the electron emits the
Coulomb field (a virtual photon) which is felt (absorbed) later by the electron itself. But now
that we know that the positron exists, and we also know that the world is quantum mechanical,
one should think about the fluctuation of the “vacuum” where a pair of an electron and a
positron appears out of nothing together with a photon, within the time allowed by the energy-
time uncertainty principle �t ⇠ h̄/�E ⇠ h̄/(2mec2) (Fig. 2, middle). This is a new phenomenon
which didn’t exist in the classical electrodynamics, and modifies physics below the distance scale
d ⇠ c�t ⇠ h̄c/(2mec2) = 200⇥ 10�13 cm. Therefore, the classical electrodynamics indeed does
hit its limit of applicability at this distance scale, much earlier than 2.8 ⇥ 10�13 cm as was
exhibited by the problem of the fine cancellation above. Given this vacuum fluctuation process,
one should also consider a process where the electron sitting in the vacuum by chance annihilates
with the positron and the photon in the vacuum fluctuation, and the electron which used to
be a part of the fluctuation remains instead as a real electron (Fig. 2, right). V. Weisskopf5

calculated this contribution to the electron self-energy, and found that it is negative and cancels
the leading piece in the Coulomb self-energy exactly:

�Epair = � 1
4⇡"0

e2

re

. (4)

After the linearly divergent piece 1/re is canceled, the leading contribution in the re ! 0 limit
is given by

�E = �ECoulomb + �Epair =
3↵

4⇡
mec

2 log
h̄

mecre

. (5)

There are two important things to be said about this formula. First, the correction �E is
proportional to the electron mass and hence the total mass is proportional to the “bare” mass
of the electron,

(mec
2)obs = (mec

2)bare

1 +

3↵

4⇡
log

h̄

mecre

�
. (6)

b
Do you recognize ⇡?
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A puzzle (today) we know how to solve
R E L AT I V I T Y  &  Q U A N T U M  M E C H A N I C SA F T E R
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self-energy discussed above can be depicted by a diagram Fig. 2, left where the electron emits the
Coulomb field (a virtual photon) which is felt (absorbed) later by the electron itself. But now
that we know that the positron exists, and we also know that the world is quantum mechanical,
one should think about the fluctuation of the “vacuum” where a pair of an electron and a
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be a part of the fluctuation remains instead as a real electron (Fig. 2, right). V. Weisskopf5

calculated this contribution to the electron self-energy, and found that it is negative and cancels
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A puzzle (today) we know how to solve
R E L AT I V I T Y  &  Q U A N T U M  M E C H A N I C SA F T E R

New symmetry (particle-antiparticle) 
which brought a new particle: the positron
We learned a lesson on physics at the 
same mass scale as where the puzzle 
arises: 
mpositron = melectron ≪ melectron/αem

The electron is a point-like particle, 
surrounded by it “quantum cloud”.
on long time scale on short time scale
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Figure 2: (Left) The Coulomb self-energy of the electron. (Middle) The bubble diagram which shows the fluc-

tuation of the vacuum. (Right) Another contribution to the electron self-energy due to the fluctuation of the

vacuum.

Experimentally, we know (now) that the “size” of the electron is small, re
<⇠ 10�17 cm. This

implies that the self-energy �E is at least a few GeV, and hence the “bare” electron mass must
be negative to obtain the observed mass of the electron, with a fine cancellation likeb

0.000511 = (�3.141082 + 3.141593) GeV. (3)

Even setting a conceptual problem with a negative mass electron aside, such a fine cancellation
between the “bare” mass of the electron and the Coulomb self-energy appears troublesome. In
order for such a cancellation to be absent, Landau and Lifshitz4 concluded that the classical
electromagnetism cannot be applied to distance scales shorter than e2/(4⇡"0mec2) = 2.8 ⇥
10�13 cm. This is a long distance in the present-day particle physics’ standard.

The resolution to this problem came from the discovery of the anti-particle of the electron,
the positron, or in other words by doubling the degrees of freedom in the theory. The Coulomb
self-energy discussed above can be depicted by a diagram Fig. 2, left where the electron emits the
Coulomb field (a virtual photon) which is felt (absorbed) later by the electron itself. But now
that we know that the positron exists, and we also know that the world is quantum mechanical,
one should think about the fluctuation of the “vacuum” where a pair of an electron and a
positron appears out of nothing together with a photon, within the time allowed by the energy-
time uncertainty principle �t ⇠ h̄/�E ⇠ h̄/(2mec2) (Fig. 2, middle). This is a new phenomenon
which didn’t exist in the classical electrodynamics, and modifies physics below the distance scale
d ⇠ c�t ⇠ h̄c/(2mec2) = 200⇥ 10�13 cm. Therefore, the classical electrodynamics indeed does
hit its limit of applicability at this distance scale, much earlier than 2.8 ⇥ 10�13 cm as was
exhibited by the problem of the fine cancellation above. Given this vacuum fluctuation process,
one should also consider a process where the electron sitting in the vacuum by chance annihilates
with the positron and the photon in the vacuum fluctuation, and the electron which used to
be a part of the fluctuation remains instead as a real electron (Fig. 2, right). V. Weisskopf5

calculated this contribution to the electron self-energy, and found that it is negative and cancels
the leading piece in the Coulomb self-energy exactly:

�Epair = � 1
4⇡"0

e2

re

. (4)

After the linearly divergent piece 1/re is canceled, the leading contribution in the re ! 0 limit
is given by

�E = �ECoulomb + �Epair =
3↵

4⇡
mec

2 log
h̄

mecre

. (5)

There are two important things to be said about this formula. First, the correction �E is
proportional to the electron mass and hence the total mass is proportional to the “bare” mass
of the electron,

(mec
2)obs = (mec

2)bare

1 +

3↵

4⇡
log

h̄

mecre

�
. (6)

b
Do you recognize ⇡?

Z 1

re

E =
1

4⇡✏0

e2

re

A puzzle (today) we know how to solve
R E L AT I V I T Y  &  Q U A N T U M  M E C H A N I C SA F T E R

New symmetry (particle-antiparticle) which 
brought a new particle: the positron

We learned a lesson on physics at the 
same mass scale as where the puzzle 
arises: 
mpositron = melectron ≪ melectron/αem
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self-energy discussed above can be depicted by a diagram Fig. 2, left where the electron emits the
Coulomb field (a virtual photon) which is felt (absorbed) later by the electron itself. But now
that we know that the positron exists, and we also know that the world is quantum mechanical,
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positron appears out of nothing together with a photon, within the time allowed by the energy-
time uncertainty principle �t ⇠ h̄/�E ⇠ h̄/(2mec2) (Fig. 2, middle). This is a new phenomenon
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d ⇠ c�t ⇠ h̄c/(2mec2) = 200⇥ 10�13 cm. Therefore, the classical electrodynamics indeed does
hit its limit of applicability at this distance scale, much earlier than 2.8 ⇥ 10�13 cm as was
exhibited by the problem of the fine cancellation above. Given this vacuum fluctuation process,
one should also consider a process where the electron sitting in the vacuum by chance annihilates
with the positron and the photon in the vacuum fluctuation, and the electron which used to
be a part of the fluctuation remains instead as a real electron (Fig. 2, right). V. Weisskopf5
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A puzzle (today) we know how to solve
R E L AT I V I T Y  &  Q U A N T U M  M E C H A N I C SA F T E R

New symmetry (particle-antiparticle) which 
brought a new particle: the positron

We learned a lesson on physics at the 
same mass scale as where the puzzle 
arises: 
mpositron = melectron ≪ melectron/αem

• Similar arguments would require a contribution of the 
electric filed to the mass of the charged pion

• In that case the solution is not an antiparticle, but a “heavy 
photon”, the  meson, somewhat heavier than the pion

• In the grand picture, both the positron and the  meson 
appear at the same scale where the problem arises.

ρ

ρ



Roberto Franceschini - July 3rd 2024 - 1st ECFA-INFN Early Career Researchers Meeting - https://agenda.infn.it/event/42205/

The size of  the Higgs boson
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The size of  the Higgs boson

• Is the Higgs boson like the electron? waiting for “partner”
states (other Higgs-like states) to be found ?

• Is the Higgs boson like the pion? waiting for us to discover 
its constituents (quarks)?
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The size of  the Higgs boson
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.

It is interesting to note that a large fraction of the region compatible with a first-order
phase transition could be probed by the full CLIC or FCC programmes. For illustration pur-
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 [456].
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.
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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
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The size of  the Higgs boson
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Fig. 6: Left panel: 95% reach on the Composite Higgs scenario from high-energy measurements in di-
boson and di-fermion final states [26]. The green contour display the sensitivity from “Universal” effects
related with the composite nature of the Higgs boson and not of the top quark. The red contour includes
the effects of top compositeness. Right panel: sensitivity to a minimal Z

0 [26]. Discovery contours at 5�

are also reported in both panels.

High energy scattering processes are as unique theoretically as they are experimentally [1, 6, 26].
They give direct access to the interactions among SM particles with 10 TeV energy, which in turn provide
indirect sensitivity to new particles at the 100 TeV scale of mass. In fact, the effects on high-energy cross
sections of new physics at energy ⇤ � Ecm generically scale as (Ecm/⇤)2 relative to the SM. Percent-
level measurements thus give access to ⇤ ⇠ 100 TeV. This is an unprecedented reach for new physics
theories endowed with a reasonable flavor structure. Notice in passing that high-energy measurements
are also useful to investigate flavor non-universal phenomena, as we will see below, and in Section 6.

This mechanism is not novel. Major progress in particle physics always came from raising the
available collision energy, producing either direct or indirect discoveries. For instance, precisely because
of the quadratic energy scaling outlined above, the inner structure of nucleons and a first determination
of their radius could be achieved only when the transferred energy in electron scattering could reach a
significant fraction of the “new physics” scale ⇤ = ⇤QCD = 300 MeV [27].

Figure 6 illustrates the tremendous reach on new physics of a 10 TeV muon collider with 10 ab�1

integrated luminosity. The left panel (green contour) is the sensitivity to a scenario that explains the
microscopic origin of the Higgs particle and of the scale of EW symmetry breaking by the fact that the
Higgs is a composite particle. In the same scenario the top quark is likely to be composite as well, which
in turn explains its large mass and suggest a “partial compositeness” origin of the SM flavour structure.
Top quark compositeness produces additional signatures that extend the muon collider sensitivity up to
the red contour. The sensitivity is reported in the plane formed by the typical coupling g⇤ and of the
typical mass m⇤ of the composite sector that delivers the Higgs. The scale m⇤ physically corresponds to
the inverse of the geometric size of the Higgs particle. The coupling g⇤ is limited from around 1 to 4⇡,
as in the figure. In the worst case scenario of intermediate g⇤, a 10 TeV muon collider can thus probe
the Higgs radius up to the inverse of 50 TeV, or discover that the Higgs is as tiny as (35 TeV)�1. The
sensitivity improves in proportion to the center of mass energy of the muon collider.

The figure also reports, as blue dash-dotted lines denoted as “Others”, the envelop of the 95% CL
sensitivity projections of all the future collider projects that have been considered for the 2020 update
of the European Strategy for Particle Physics, summarized in Ref. [5]. These lines include in particular
the sensitivity of very accurate measurements at the EW scale performed at possible future e

+
e
� Higgs,

Electroweak and Top factories. These measurements are not competitive because new physics at ⇤ ⇠
100 TeV produces unobservable one part per million effects on 100 GeV energy processes. High-energy

11

μ+μ−
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What is the Higgs boson potential like?
O R I G I N  O F  E L E C T R O W E A K  S Y M M E T RY  B R E A K I N G  ( A N D  O F  T H E  M AT T E R  O F  T H E  U N I V E R S E )

global minimum⇒ ground state

local minimum⇒ false ground state
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What is the Higgs boson potential like?
O R I G I N  O F  E L E C T R O W E A K  S Y M M E T RY  B R E A K I N G  ( A N D  O F  T H E  M AT T E R  O F  T H E  U N I V E R S E )



EW phase transition
The mystery of 
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Electroweak phase transition

• Modifications of the Higgs potential  Out of Equilibrium transition from one vacuum to a new energetically favorable one⇒
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Electroweak phase transition

• Modifications of the Higgs potential  Out of Equilibrium transition from one vacuum to a new energetically favorable one⇒

vc
H

V(H)

H

V(H)

H

V(H)

T=Tc+Δ T=Tc

Vtherm~T2
Singlet loop makes 

V(0,v) deeper

high T

• We need to study all possible new states that induce a change 
in the Higgs boson potential.

• For these new state to have sizable effects in the early Universe 
they must be light, around 1 TeV at most. 

• All searches for new Higgs bosons (or general electroweak 
particles) probe such fundamental issue of the origin of matter 
in the early Universe!
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C O L L I D E RW  B O S O N

pp or ℓ+ℓ− → hh

• High-Energy lepton collider has 
large flux of “partonic” W bosons

ξ ≃ ( mW

mnew )
2

∼ 1
E ℒ

Singlet tree and loop makes V(0,v) deeper

vc
H

V(H)

H

V(H)

H

V(H)

T=Tc+Δ T=Tc

Vtherm~T2

Electroweak phase transition

•  collisions as usualgg
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I N T E R P L AYD I R E C T  &  I N D I R E C T

EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
2
⇣
�†�

⌘
+ �

⇣
�†�

⌘2
+

a1

2

⇣
�†�

⌘
S

+
a2

2

⇣
�†�

⌘
S
2 + b1S +

b2

2
S
2 +

b3

3
S
3 +

b4

4
S
4
. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as

a1 =
m

2
1 �m

2
2

v
2 sin ✓ cos ✓

b2 +
a2 v

2

2
= m

2
1 sin

2
✓ +m

2
2 cos

2
✓ (3.2)

� =
m

2
1 cos

2
✓ +m

2
2 sin

2
✓

2 v2

with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)

– 7 –

 2101.10469

independent parameters

1807.04743, 1910.04170, 2101.10469

and then the mass term of the two neutral scalars reads
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Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1

4vs

⇥
v2(a1 + 2a2vs) + 4v2s(b3 + b4vs)

⇤
, (2.5)

where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,
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(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming
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Figure 5. Indirect limits from the measurements of the Higgs couplings. The scatter points are
the FOEWPT data, in which red, green and blue colors represent SNR 2 [50,+1), [10, 50) and
[0, 10), respectively. The colored vertical and horizontal lines are the projections of di↵erent setups
of muon colliders. The projections of CEPC (

p
s = 250 GeV) are also shown in dashed lines for

comparison.

at tree level we obtain V = 3 = 1 for the SM, while

V = c✓, 3 =
2v

M2
h


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1

2
a2vc✓s

2
✓
+
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(3b4vs + b3)

�
, (3.21)

for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

we project the FOEWPT data points into the �3-�V plane in Fig. 5. One finds that

�3 is always positive (and . 0.8). This can be understood by expanding the deviation at

small mixing angle [12]

�3 = ✓2
 
�
3

2
+

2M2
h2

� 2b3vs � 4b4v2s
M2

h

!
+O(✓3), (3.23)

where the M2
h2
/M2

h
term dominates the terms in the bracket, implying an enhanced Higgs

triple coupling. Since we set ✓ 6 0.15 when scanning over the parameter space (see

Appendix A), the �V distribution has a sharp edge at around 0.152/2 ⇡ 0.01.

Also shown in Fig. 5 are the projections of the reach for di↵erent setups of muon

colliders. The corresponding probe limits are adopted from Ref. [74], which uses the

VBF single Higgs production to study the h1V V coupling and the vector boson scattering

di-Higgs production to study the triple Higgs coupling. It is clear that the FOEWPT

parameter space can be probed very e�ciently using via such indirect approach. A 3 TeV

muon collider is already able to cover most of the data points, and a 30 TeV muon collider

could test almost the whole parameter space.
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EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
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. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as
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with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2
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(m2
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2
✓ +m
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2
✓) . (3.3)
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1807.04743, 1910.04170, 2101.10469

and then the mass term of the two neutral scalars reads
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Diagonalizing M
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s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
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such that the mass matrix becomes U †
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. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]
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with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming
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cH =
3g2 + g02

16
+

y2t
4

+
�

2
+

a2
24

, cS =
a2
6

+
b4
4
, m1 =

a1 + b3
12

. (2.9)

– 3 –

Figure 5. Indirect limits from the measurements of the Higgs couplings. The scatter points are
the FOEWPT data, in which red, green and blue colors represent SNR 2 [50,+1), [10, 50) and
[0, 10), respectively. The colored vertical and horizontal lines are the projections of di↵erent setups
of muon colliders. The projections of CEPC (

p
s = 250 GeV) are also shown in dashed lines for

comparison.
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for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

we project the FOEWPT data points into the �3-�V plane in Fig. 5. One finds that

�3 is always positive (and . 0.8). This can be understood by expanding the deviation at

small mixing angle [12]

�3 = ✓2
 
�
3

2
+
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+O(✓3), (3.23)

where the M2
h2
/M2

h
term dominates the terms in the bracket, implying an enhanced Higgs

triple coupling. Since we set ✓ 6 0.15 when scanning over the parameter space (see

Appendix A), the �V distribution has a sharp edge at around 0.152/2 ⇡ 0.01.

Also shown in Fig. 5 are the projections of the reach for di↵erent setups of muon

colliders. The corresponding probe limits are adopted from Ref. [74], which uses the

VBF single Higgs production to study the h1V V coupling and the vector boson scattering

di-Higgs production to study the triple Higgs coupling. It is clear that the FOEWPT

parameter space can be probed very e�ciently using via such indirect approach. A 3 TeV

muon collider is already able to cover most of the data points, and a 30 TeV muon collider

could test almost the whole parameter space.
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EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):
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Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as
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with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
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2
✓) . (3.3)

– 7 –

 2101.10469

independent parameters

1807.04743, 1910.04170, 2101.10469
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Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h
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= U
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, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓
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, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]
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where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,
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with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
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Figure 5. Indirect limits from the measurements of the Higgs couplings. The scatter points are
the FOEWPT data, in which red, green and blue colors represent SNR 2 [50,+1), [10, 50) and
[0, 10), respectively. The colored vertical and horizontal lines are the projections of di↵erent setups
of muon colliders. The projections of CEPC (

p
s = 250 GeV) are also shown in dashed lines for

comparison.

at tree level we obtain V = 3 = 1 for the SM, while

V = c✓, 3 =
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, (3.21)

for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

we project the FOEWPT data points into the �3-�V plane in Fig. 5. One finds that

�3 is always positive (and . 0.8). This can be understood by expanding the deviation at

small mixing angle [12]

�3 = ✓2
 
�
3

2
+

2M2
h2

� 2b3vs � 4b4v2s
M2

h

!
+O(✓3), (3.23)

where the M2
h2
/M2

h
term dominates the terms in the bracket, implying an enhanced Higgs

triple coupling. Since we set ✓ 6 0.15 when scanning over the parameter space (see

Appendix A), the �V distribution has a sharp edge at around 0.152/2 ⇡ 0.01.

Also shown in Fig. 5 are the projections of the reach for di↵erent setups of muon

colliders. The corresponding probe limits are adopted from Ref. [74], which uses the

VBF single Higgs production to study the h1V V coupling and the vector boson scattering

di-Higgs production to study the triple Higgs coupling. It is clear that the FOEWPT

parameter space can be probed very e�ciently using via such indirect approach. A 3 TeV

muon collider is already able to cover most of the data points, and a 30 TeV muon collider

could test almost the whole parameter space.
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Figure 3. Left: after the basic acceptance cuts, the invariant mass distributions of the jet pairs and
four-jet system for the signal and main backgrounds at the 10 TeV muon collider. Here we select
Mh2 = 600 GeV as the signal benchmark. Right: the expected probe limits on s2✓ ⇥Br(h2 ! h1h1)
for di↵erent muon collider setups. The scatter points are the FOEWPT data, in which red, green
and blue colors represent SNR 2 [50,+1), [10, 50) and [0, 10), respectively. The limit from ATLAS
at the 13 TeV LHC with L = 36.1 fb�1 [114] and its extrapolation to the HL-LHC [12] are also
shown for comparison.

as illustrated in orange in the left panel of Fig. 3. The cut flows for three chosen signal

benchmarks at a 10 TeV muon collider are shown in Table 1, indicating Cut III is fairly

powerful to improve the signal over background factor.

Given the collision energy
p
s and the integrated luminosity L, the signal and back-

ground event numbers are

S = �S ⇥ ✏S ⇥ L = �SM
h2

⇥ s2
✓
⇥ Br(h2 ! h1h1)⇥ ✏S ⇥ L,

B = �B ⇥ ✏B ⇥ L,
(3.14)

where �S,B are the signal and background production rates, and ✏S,B are the corresponding

cut e�ciencies, respectively. Note that �B is already fixed, and �SM
h2

as well as ✏S,B depends

only on Mh2 . This implies that we can generate events for several Mh2 benchmarks and

derive the collider probe limits for s2
✓
⇥ Br(h2 ! h1h1) by the 2� exclusion criterion

S/
p

B = 2, (3.15)

and make the interpolation to derive the s2
✓
⇥Br(h2 ! h1h1) reach as a function ofMh2 . The

sensitivity of the muon collider to FOEWPT can be obtained by projecting the FOEWPT

parameter space to such 2-dimension plane. This is done in the right panel of Fig. 3, in

which the reach of di↵erent collider setups are plotted as di↵erent colored solid lines, and

the FOEWPT data points lying above a specific line can be probed by the corresponding

muon collider. Note that our projections are derived without b-tagging. We have checked

that by assuming a 90% b-tagging e�ciency the probe limits can be improved by a factor

of 3 ⇠ 5, which has little visual e↵ect in the log coordinate.
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EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):
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Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as
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2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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independent parameters

1807.04743, 1910.04170, 2101.10469

and then the mass term of the two neutral scalars reads

V �
1

2

⇣
h s

⌘
M

2
s

 
h

s

!
; M

2
s =

 
@
2
V

@h2
@
2
V

@h@s

@
2
V

@h@s

@
2
V

@s2

!
. (2.3)

Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1

4vs

⇥
v2(a1 + 2a2vs) + 4v2s(b3 + b4vs)

⇤
, (2.5)

where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,

� =
M2

h1
c2
✓
+M2

h2
s2
✓

2v2
,

a1 =
4vs
v2


v2s

✓
2b4 +

b3
vs

◆
�M2

h1
s2
✓
�M2

h2
c2
✓

�
,

a2 =
1

2vs

hs2✓
v

�
M2

h1
�M2

h2

�
� a1

i
,

(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
�
µ2

� cHT 2
�
|H|

2 + �|H|
4 +

a1
2
|H|

2S +
a2
2
|H|

2S2

+
�
b1 +m1T

2
�
S +

b2 + cST 2

2
S2 +

b3
3
S3 +

b4
4
S4,

(2.8)

where we only keep the gauge invariant T 2-order terms [82, 83], and

cH =
3g2 + g02

16
+

y2t
4

+
�

2
+

a2
24

, cS =
a2
6

+
b4
4
, m1 =

a1 + b3
12

. (2.9)
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Figure 5. Indirect limits from the measurements of the Higgs couplings. The scatter points are
the FOEWPT data, in which red, green and blue colors represent SNR 2 [50,+1), [10, 50) and
[0, 10), respectively. The colored vertical and horizontal lines are the projections of di↵erent setups
of muon colliders. The projections of CEPC (

p
s = 250 GeV) are also shown in dashed lines for

comparison.

at tree level we obtain V = 3 = 1 for the SM, while

V = c✓, 3 =
2v

M2
h


�vc3

✓
+

1

4
c2
✓
s✓ (2a2vs + a1) +

1

2
a2vc✓s

2
✓
+

1

3
s3
✓
(3b4vs + b3)

�
, (3.21)

for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

we project the FOEWPT data points into the �3-�V plane in Fig. 5. One finds that

�3 is always positive (and . 0.8). This can be understood by expanding the deviation at

small mixing angle [12]

�3 = ✓2
 
�
3

2
+

2M2
h2

� 2b3vs � 4b4v2s
M2

h

!
+O(✓3), (3.23)

where the M2
h2
/M2

h
term dominates the terms in the bracket, implying an enhanced Higgs

triple coupling. Since we set ✓ 6 0.15 when scanning over the parameter space (see

Appendix A), the �V distribution has a sharp edge at around 0.152/2 ⇡ 0.01.

Also shown in Fig. 5 are the projections of the reach for di↵erent setups of muon

colliders. The corresponding probe limits are adopted from Ref. [74], which uses the

VBF single Higgs production to study the h1V V coupling and the vector boson scattering

di-Higgs production to study the triple Higgs coupling. It is clear that the FOEWPT

parameter space can be probed very e�ciently using via such indirect approach. A 3 TeV

muon collider is already able to cover most of the data points, and a 30 TeV muon collider

could test almost the whole parameter space.
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0
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8
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2
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4

strong First Order EW phase transition on all points

Gravity Wave SNR

Figure 3. Left: after the basic acceptance cuts, the invariant mass distributions of the jet pairs and
four-jet system for the signal and main backgrounds at the 10 TeV muon collider. Here we select
Mh2 = 600 GeV as the signal benchmark. Right: the expected probe limits on s2✓ ⇥Br(h2 ! h1h1)
for di↵erent muon collider setups. The scatter points are the FOEWPT data, in which red, green
and blue colors represent SNR 2 [50,+1), [10, 50) and [0, 10), respectively. The limit from ATLAS
at the 13 TeV LHC with L = 36.1 fb�1 [114] and its extrapolation to the HL-LHC [12] are also
shown for comparison.

as illustrated in orange in the left panel of Fig. 3. The cut flows for three chosen signal

benchmarks at a 10 TeV muon collider are shown in Table 1, indicating Cut III is fairly

powerful to improve the signal over background factor.

Given the collision energy
p
s and the integrated luminosity L, the signal and back-

ground event numbers are

S = �S ⇥ ✏S ⇥ L = �SM
h2

⇥ s2
✓
⇥ Br(h2 ! h1h1)⇥ ✏S ⇥ L,

B = �B ⇥ ✏B ⇥ L,
(3.14)

where �S,B are the signal and background production rates, and ✏S,B are the corresponding

cut e�ciencies, respectively. Note that �B is already fixed, and �SM
h2

as well as ✏S,B depends

only on Mh2 . This implies that we can generate events for several Mh2 benchmarks and

derive the collider probe limits for s2
✓
⇥ Br(h2 ! h1h1) by the 2� exclusion criterion

S/
p

B = 2, (3.15)

and make the interpolation to derive the s2
✓
⇥Br(h2 ! h1h1) reach as a function ofMh2 . The

sensitivity of the muon collider to FOEWPT can be obtained by projecting the FOEWPT

parameter space to such 2-dimension plane. This is done in the right panel of Fig. 3, in

which the reach of di↵erent collider setups are plotted as di↵erent colored solid lines, and

the FOEWPT data points lying above a specific line can be probed by the corresponding

muon collider. Note that our projections are derived without b-tagging. We have checked

that by assuming a 90% b-tagging e�ciency the probe limits can be improved by a factor

of 3 ⇠ 5, which has little visual e↵ect in the log coordinate.
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parameters space of 1st order phase transition accessible by several measurements available at the  collider3 TeV ℓ+ℓ−

3 TeV ℓ+ℓ−
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I N T E R P L AYD I R E C T  &  I N D I R E C T

EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
2
⇣
�†�

⌘
+ �

⇣
�†�

⌘2
+

a1

2

⇣
�†�

⌘
S

+
a2

2

⇣
�†�

⌘
S
2 + b1S +

b2

2
S
2 +

b3

3
S
3 +

b4

4
S
4
. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as

a1 =
m

2
1 �m

2
2

v
2 sin ✓ cos ✓

b2 +
a2 v

2

2
= m

2
1 sin

2
✓ +m

2
2 cos

2
✓ (3.2)

� =
m

2
1 cos

2
✓ +m

2
2 sin

2
✓

2 v2

with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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independent parameters

and then the mass term of the two neutral scalars reads

V �
1

2

⇣
h s

⌘
M

2
s

 
h

s

!
; M

2
s =

 
@
2
V

@h2
@
2
V

@h@s

@
2
V

@h@s

@
2
V

@s2

!
. (2.3)

Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1

4vs

⇥
v2(a1 + 2a2vs) + 4v2s(b3 + b4vs)

⇤
, (2.5)

where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,

� =
M2

h1
c2
✓
+M2

h2
s2
✓

2v2
,

a1 =
4vs
v2


v2s

✓
2b4 +

b3
vs

◆
�M2

h1
s2
✓
�M2

h2
c2
✓

�
,

a2 =
1

2vs

hs2✓
v

�
M2

h1
�M2

h2

�
� a1

i
,

(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
�
µ2

� cHT 2
�
|H|

2 + �|H|
4 +

a1
2
|H|

2S +
a2
2
|H|

2S2

+
�
b1 +m1T

2
�
S +

b2 + cST 2

2
S2 +

b3
3
S3 +

b4
4
S4,

(2.8)

where we only keep the gauge invariant T 2-order terms [82, 83], and

cH =
3g2 + g02

16
+

y2t
4

+
�

2
+

a2
24

, cS =
a2
6

+
b4
4
, m1 =

a1 + b3
12

. (2.9)
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EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
2
⇣
�†�

⌘
+ �

⇣
�†�

⌘2
+

a1

2

⇣
�†�

⌘
S

+
a2

2

⇣
�†�

⌘
S
2 + b1S +

b2

2
S
2 +

b3

3
S
3 +

b4

4
S
4
. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as

a1 =
m

2
1 �m

2
2

v
2 sin ✓ cos ✓

b2 +
a2 v

2

2
= m

2
1 sin

2
✓ +m

2
2 cos

2
✓ (3.2)

� =
m

2
1 cos

2
✓ +m

2
2 sin

2
✓

2 v2

with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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independent parameters

and then the mass term of the two neutral scalars reads
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Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1

4vs

⇥
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where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,
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(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
�
µ2

� cHT 2
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|H|

2 + �|H|
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where we only keep the gauge invariant T 2-order terms [82, 83], and

cH =
3g2 + g02
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EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
2
⇣
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⌘
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+

a1

2

⇣
�†�

⌘
S

+
a2

2

⇣
�†�

⌘
S
2 + b1S +

b2

2
S
2 +

b3

3
S
3 +

b4

4
S
4
. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as

a1 =
m

2
1 �m

2
2

v
2 sin ✓ cos ✓

b2 +
a2 v

2

2
= m

2
1 sin

2
✓ +m

2
2 cos

2
✓ (3.2)

� =
m

2
1 cos

2
✓ +m

2
2 sin

2
✓

2 v2

with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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independent parameters

and then the mass term of the two neutral scalars reads

V �
1

2

⇣
h s

⌘
M

2
s

 
h

s

!
; M

2
s =

 
@
2
V

@h2
@
2
V

@h@s

@
2
V

@h@s

@
2
V

@s2

!
. (2.3)

Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1

4vs

⇥
v2(a1 + 2a2vs) + 4v2s(b3 + b4vs)

⇤
, (2.5)

where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,

� =
M2

h1
c2
✓
+M2

h2
s2
✓

2v2
,

a1 =
4vs
v2


v2s

✓
2b4 +

b3
vs

◆
�M2

h1
s2
✓
�M2

h2
c2
✓

�
,

a2 =
1

2vs

hs2✓
v

�
M2

h1
�M2

h2

�
� a1

i
,

(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
�
µ2

� cHT 2
�
|H|

2 + �|H|
4 +

a1
2
|H|

2S +
a2
2
|H|

2S2

+
�
b1 +m1T

2
�
S +

b2 + cST 2

2
S2 +

b3
3
S3 +

b4
4
S4,

(2.8)

where we only keep the gauge invariant T 2-order terms [82, 83], and

cH =
3g2 + g02

16
+

y2t
4

+
�

2
+

a2
24

, cS =
a2
6

+
b4
4
, m1 =

a1 + b3
12

. (2.9)
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Combined constraints from precision Higgs 
measurements at FCC-ee and FCC-hh
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parameters space of 1st order phase transition accessible by several measurements available at the  collider100 TeV pp

100 TeV pp



the Dark Matter of the Universe
1.2. Midi: clusters of galaxies 21

Figure 1.3: Bullet cluster. The collision of a pair of clusters of galaxies, with the colored map repre-
senting the X-ray image of the hot baryonic gas. This is displaced from the distribution of the total mass
reconstructed through weak lensing, shown with green contours. The white bar corresponds to the length
of 200 kpc. From Clowe et al. (2006) in [13].

1.2.1 Weak gravitational lensing: the bullet cluster and cosmic shear
Today, one of the most striking evidences for the presence of DM on the length scales of galaxy clusters
comes from the observations of a pair of colliding clusters known as the bullet cluster located 3.7 Gyr
away, with a catalog name 1E0657-558 (or 1E0657-56) and first observed in detail in 2006, as well as
from similar systems [13]. Most of the baryonic mass in the bullet cluster is in the form of hot gas whose
distribution can be traced through its X-ray emissions. The distribution of the total mass, visible and
dark, was independently measured through weak lensing.

The special feature of the bullet cluster system is that the visible matter and Dark Matter are spatially
separated, see fig. 1.3. The interpretation is the following: in the past, each of the two clusters of galaxies
was an ordinary system, with the visible matter and DM mixed together. The two objects collided 150
million years ago. Visible matter interacts significantly with itself, so that the hot gas from the two
clusters experienced a collisional shock wave. DM, on the other hand, experienced negligible collisions
with itself and with normal matter, such that the DM clouds of the two systems simply passed through
each other. This led to the present separation of the visible and dark matter components, apparent in
fig. 1.3.8 After the observation of the bullet cluster, many similar systems have been studied. Harvey et
al. (2015) [13] report the results on 72 of them and conclude that the existence of DM can be established
with a significance of more than 7�.

This kind of observations puts a severe strain on alternative interpretations where DM is replaced by
a modification of gravity. Such modifications cannot get spatially separated from normal matter (unless
they too introduce something that effectively behaves as DM), so that the anomalous lensing signal would

8Detailed studies reconstruct an initial relative velocity of about 3000 km/s before the collision between the
two clusters. This had been claimed to be unusually high: according to the tails of velocity distributions in
⇤CDM cosmology, the probability of observing such an event had been claimed to be too low (⇠ 10�5 assuming a
reasonable amount of matter inhomogeneities) [15]. Hence the bullet cluster, in this specific aspect of the relative
speed, had been used as evidence against Dark Matter. Later studies, however, have disputed the claim and found
probabilities that are in agreement with ⇤CDM cosmology [15].

The mystery of 
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Electroweak Dark Matter: LSP (+NLSP)
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• High energy colliders are excellent and 
very robust probes of WIMPs!

• The chessboard of DM is very large! 
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An “interpolator” model

I F  D A R K  M AT T E R  F E E L S  S M  W E A K  I N T E R A C T I O N S  W E  C A N  U S E  T H E  G E N E R A L  - P L E T  W I M P  T O  M E A S U R E  H O W  W E L L  W E  A R E  A B L E  T O  T E S T  T H I S  
H Y P O T H E S I S  A N D  P O S S I B LY  D I S C O V E R  O R  E X C L U D E  O N E  O R  S E V E R A L  O R  T H E  W H O L E  C AT E G O RY  O F  D M  C A N D I D AT E S .

n

Ωnr ∼ 1
σann

∼ M2

Cn ⋅ g2

2

ity of accessible BS channels grows significantly. These
two e↵ects result in an increase of the annihilation cross-
section compared to the estimates of Ref. [15].

The freeze-out mass predictions are summarized in Ta-
ble I and Fig. 1 for the real n-plets considered here. With
masses ranging from several TeV to tens or hundreds of
TeV, most of the EW WIMP candidates are still out
of reach of present experiments, but could be tested in
the future, thanks to the forthcoming progress in col-
lider physics and DM detection experiments. With the
mass predictions at hand, we thus commence a system-
atic survey of the WIMP phenomenology: i) at very high
energy lepton colliders with 10 to 30 TeV center of mass
energy [16, 17]; ii) at direct detection experiments with
100 tons/year of exposure like DARWIN [18, 19]; iii) at
high-energy �-ray telescopes like CTA [20–23]. We first
examine the reach of a hypothetical future muon collider,
studying in detail for which values of center-of-mass en-
ergy and integrated luminosity the EW 3-plets and 5-
plets can be fully probed through direct production. We
instead find direct production of the EW multiplets with
n > 5 to be beyond the reach of any realistic future ma-
chine (this is in contrast with the results of the recent
study [24] due to the increase of the thermal mass of the
7-plet with the inclusion of BSF e↵ects). These larger
n-plets are possibly within the reach of large exposure
direct detection experiments, and will probably be tested
more easily with future high energy �-ray telescopes. A
careful study of the expected signals in indirect detection
is left for a future work [25].

This paper is organized as follows. In Sec. II we sum-
marize the EW WIMP paradigm, in Sec. III we illustrate
the main features of our freeze-out computation, and in
Sec. IV we discuss the unitarity bound assessing the the-
ory uncertainties. These three sections provide a full ex-
planation on the results of Table I and Fig. 1. In Sec. V
we discuss the implications of our study for a future muon
collider, while in Sec. VI we briefly re-examine the reach
of direct and indirect detection experiments in light of
our findings. In Appendix A we give further details on
the nature of next-to-leading order corrections and we de-
tail the BS dynamics for the 7-plet. Appendix B contains
further information on the collider studies.

II. WHICH WIMP?

We summarize here the logic of our WIMP classifica-
tion very much inspired by previous papers on the sub-
ject [4–7, 27]. Requiring the neutral DM component to
be embedded in a representation of the EW group im-
poses that Q = T3 + Y , where T3 = diag

�
n+1
2 � i

�
with

i = 1, . . . , n, and Y is the hypercharge. At this level,
we can distinguish two classes of WIMPs: i) real EW
representations with Y = 0 and odd n; ii) complex EW
representations with arbitrary n and Y = ±

�
n+1
2 � i

�
for

i = 1, . . . , n. Here we focus on the first class of WIMPs,
which is particularly interesting because the DM does not
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FIG. 1. Summary of the thermal masses for Majorana fermion
(red) and real scalar WIMPs (blue) including both Sommer-
feld enhancement (SE) and bound state formation (BSF). The
solid lines are the thermal masses with SE. The dashed lines
are the thermal masses for the hard annhilation cross-section.
The gray shaded region is excluded by s-wave perturbative
unitarity including BSF.

couple to the Z-boson at tree level, avoiding strong con-
straints from direct detection experiments. Other possi-
bilities will be discussed elsewhere.
At the renormalizable level, the extensions of the SM

that we consider are

Ls =
1

2
(Dµ�)

2
�

1

2
M

2
�
�
2
�

�H

2
�
2
|H|

2
�

��

4
�
4
, (1)

Lf =
1

2
� (i�̄µ

Dµ �M�)� , (2)

for scalars and fermions, respectively, where Dµ = @µ �

ig2W
a

µ
T

a

�
is the covariant derivative, and T

a

�
are gen-

erators in the n-th representation of SU(2). The La-
grangian for the real scalar in Eq. (1) also admits quartic
self-coupling and Higgs-portal interactions at the renor-
malizable level, but they do not substantially alter the
WIMP freeze-out predictions.1

The neutral component and the component with
charge Q of the EW multiplet are splitted by radia-
tive contributions from gauge boson loops. In the limit
mW ⌧ MDM these contributions are non-zero and in-
dependent on M�. This fact can be understood by com-
puting the Coulomb energy of a charged state at distance
r & 1/mW or the IR mismatch (regulated by mW ) be-
tween the self-energies of the charged and neutral states.
The latter can be easily computed at 1-loop [28–30],

MQ�M0 '
Q

2
↵emmW

2(1 + cos ✓W )
= Q

2
⇥ (167± 4) MeV , (3)

1 No other quartic coupling is allowed since �T
a
�� identically van-

ishes. Indeed, (Ta
� )ij is antisymmetric in i, j, being the adjoint

combination of two real representations, while �i�j is symmetric.

2107.09688 Bottaro,  Buttazzo, Costa, RF, Panci, Redigolo, Vittorio
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H O W  T O  T H O R O U G H LY  T E S T  I T ?

•Produce WIMPs in the lab

•Detect a WIMPs from natural source (big-bang)

•Observe WIMPs interactions (annihilation) 

•Future Colliders sensitive to O(100) TeV 

•Upcoming T Xe detectors

•Upcoming Cosmic Rays observatories

n

After decades of WIMPs we might 
start to see the end of the way (!)

Goodman and Witten 1985
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<latexit sha1_base64="CvUOtkLfCHIYzHz51541rz37QWA=">AAACGXicbVDJSgNBEO2JW4xb1IMHL41BEJQwY0S9CEEvHiNkgySEnk4ladKz2F0jhmG+xKNX/Qhv4tWT3+BP2FkOJvqg4PFeFVX13FAKjbb9ZaUWFpeWV9KrmbX1jc2t7PZOVQeR4lDhgQxU3WUapPChggIl1EMFzHMl1NzBzcivPYDSIvDLOAyh5bGeL7qCMzRSO7vX1PcKY51cFezjJsIjxrQM1aSdzdl5ewz6lzhTkiNTlNrZ72Yn4JEHPnLJtG44doitmCkUXEKSaUYaQsYHrAcNQ33mgW7F4wcSemiUDu0GypSPdKz+noiZp/XQc02nx7Cv572R+J/XiLB72YqFH0YIPp8s6kaSYkBHadCOUMBRDg1hXAlzK+V9phhHk9nMFtf1TrR5rA+dJGPSceaz+Euqp3nnPF+4O8sVr6c5pck+OSBHxCEXpEhuSYlUCCcJeSYv5NV6st6sd+tj0pqypjO7ZAbW5w/AD6CL</latexit>p
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<latexit sha1_base64="Fgt9WfkDirl5fhK/qNE5sTVuPlw=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBA8SNhVUY9BLx6jmAckS5idnU2GzMwuM7NCWHLz6FU/wpt49Uf8Bn/CSbIHk1jQUFR1090VJJxp47rfztLyyuraemGjuLm1vbNb2ttv6DhVhNZJzGPVCrCmnElaN8xw2koUxSLgtBkMbsd+84kqzWL5aIYJ9QXuSRYxgo2VHjpZt1R2K+4EaJF4OSlDjlq39NMJY5IKKg3hWOu25ybGz7AyjHA6KnZSTRNMBrhH25ZKLKj2s8mlI3RslRBFsbIlDZqofycyLLQeisB2Cmz6et4bi/957dRE137GZJIaKsl0UZRyZGI0fhuFTFFi+NASTBSztyLSxwoTY8OZ2RIE4lTbx/o0HBVtOt58FoukcVbxLivn9xfl6k2eUwEO4QhOwIMrqMId1KAOBCJ4gVd4c56dd+fD+Zy2Ljn5zAHMwPn6BUIrl7s=</latexit>

{
direct detection:

indirect detection:

DARWIN can get them all!

heavy multiplets could be probed  at CTA 

but more precise predictions are needed 

CTAXenonFuture Collider
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Electroweak Dark Matter: LSP (+NLSP)
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Electroweak Dark Matter: LSP (+NLSP)

“WIMP” Dark Matter

(2, 1
2 )

Dirac

(3, ϵ)C. Scalar

(3, ϵ)Dirac

(3,0)Majorana

(5, ϵ)C. Scalar
(5, ϵ)Dirac

(5,0)Majorana

(7,0)C. Scalar(7, ϵ)Dirac

Mass

50 TeV

1 TeV

Collider physics

PBHs

thermalnon-thermal non-thermal

misalignment 

G
ra

vi
ty

Ti
ny

Sm
al

l
L

ar
ge

freeze-out

MeV TeVGeV10−22 10−10 keV1
10−22

only scalars

new forces
WIMP

Mass 
(eV)

Collider physics

Astro-particle physics and Cosmology

Gravitational-wave physics

Coupling with the SM

warm

Collider physicsDirect detection

freeze-in

SIDM ,mDM ,…

 100 TeV 30 pp ab−1

 10+ TeV 10+ ℓ+ℓ− ab−1

 10 TeV 10 ℓ+ℓ− ab−1

(7,0)Majorana

full list in 2107.09688



Roberto Franceschini - July 3rd 2024 - 1st ECFA-INFN Early Career Researchers Meeting - https://agenda.infn.it/event/42205/

Electroweak Dark Matter: LSP (+NLSP)

“WIMP” Dark Matter

(2, 1
2 )

Dirac

(3, ϵ)C. Scalar

(3, ϵ)Dirac

(3,0)Majorana

(5, ϵ)C. Scalar
(5, ϵ)Dirac

(5,0)Majorana

(7,0)C. Scalar(7, ϵ)Dirac

Mass

50 TeV

1 TeV

Collider physics

PBHs

thermalnon-thermal non-thermal

misalignment 

G
ra

vi
ty

Ti
ny

Sm
al

l
L

ar
ge

freeze-out

MeV TeVGeV10−22 10−10 keV1
10−22

only scalars

new forces
WIMP

Mass 
(eV)

Collider physics

Astro-particle physics and Cosmology

Gravitational-wave physics

Coupling with the SM

warm

Collider physicsDirect detection

freeze-in

SIDM ,mDM ,…

 100 TeV 30 pp ab−1

 10+ TeV 10+ ℓ+ℓ− ab−1

 10 TeV 10 ℓ+ℓ− ab−1

(7,0)Majorana

full list in 2107.09688

• For the first time ever there is a concrete path to fully test the 
idea of Dark Matter as a thermal relic up to maximal allowed 
thermals mass O(100) TeV
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Collider plans
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Higgs factory
TA R G E T S

 colliders make a large number of Higgs bosons  pp σ(gg → h) = 54.72 pb at LHC14

• LHC will make some 200M Higgs bosons in the High Luminosity 
phase, but  

• we observed clearly only final states with  

• there are backgrounds and degenerations 

BR ≃ 10−3

Table 7. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained for the Global SMEFT fit benchmarks denoted as
SMEFTFU and SMEFTND in the text. The numbers for all future colliders are shown in combination with the HL-LHC results
(3rd column).

HL-LHC +
Benchmark HL-LHC LHeC HE-LHC ILC250 ILC500 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee FCC-ee/eh/hh

geff
HZZ [%] SMEFTFU 3.2 1.8 2.5 0.41 0.21 0.65 0.27 0.2 0.45 0.46 0.26 0.13

SMEFTND 3.6 2.1 2.9 0.47 0.22 0.66 0.27 0.2 0.52 0.47 0.26 0.13
geff

HWW [%] SMEFTFU 2.9 1.6 2.1 0.42 0.22 0.64 0.24 0.18 0.43 0.45 0.27 0.13
SMEFTND 3.2 1.8 2.5 0.48 0.23 0.65 0.24 0.18 0.51 0.46 0.27 0.13

geff
Hgg [%] SMEFTFU 3.4 2. 2.4 1.2 1.1 1.4 1.2 1.1 1.2 1.2 1.1 0.33

SMEFTND 3.7 2.2 2.8 1.3 1.1 1.4 1.2 1.1 1.2 1.2 1.2 0.34
geff

HZg [%] SMEFTFU 11. 10. 4.3 9.6 6.6 9.7 4.7 3.7 6.2 9.9 9.3 0.66
SMEFTND 11. 10. 4.5 10. 6.7 9.8 4.7 3.7 6.3 9.9 9.4 0.7

geff
Hgg[%] SMEFTFU 2.2 1.5 1.2 1.1 0.79 1.3 0.96 0.74 0.76 0.94 0.81 0.42

SMEFTND 2.2 1.6 1.3 1.1 0.79 1.3 0.97 0.75 0.79 0.95 0.82 0.49
geff

Htt [%] SMEFTFU 2.9 2.3 1.8 1.5 1.1 2.3 1.3 1.1 1.5 1.2 1.1 0.65
SMEFTND 2.9 2.7 1.7 2.6 2.4 2.7 2. 2. 2.6 2.6 2.6 1.6

geff
Hcc[%] SMEFTFU Same as geff

Htt Same as geff
Htt

SMEFTND � 4. � 1.8 1.2 4. 1.9 1.4 1.9 1.4 1.3 0.95
geff

Hbb[%] SMEFTFU 4.7 1.6 3. 0.79 0.51 1. 0.46 0.38 0.62 0.69 0.55 0.4
SMEFTND 5.1 1.9 3.4 0.83 0.52 1. 0.47 0.38 0.67 0.7 0.56 0.44

geff
Htt [%] SMEFTFU 3.2 2. 2.3 0.81 0.59 1.2 0.91 0.72 0.65 0.69 0.57 0.3

SMEFTND 3.5 2.2 2.6 0.85 0.6 1.3 0.93 0.73 0.7 0.7 0.57 0.45
geff

Hµµ [%] SMEFTFU Same as geff
Htt Same as geff

Htt
SMEFTND 5.5 4.6 3.1 4.1 3.9 4.3 4. 3.4 3.8 3.9 3.8 0.42

dg1Z [⇥102] SMEFTFU 0.64 0.47 0.43 0.086 0.046 0.044 0.013 0.012 0.089 0.085 0.036 0.017
SMEFTND 0.67 0.52 0.49 0.1 0.051 0.045 0.014 0.012 0.092 0.086 0.037 0.019

dkg [⇥102] SMEFTFU 3. 2.2 2.4 0.12 0.063 0.094 0.04 0.029 0.089 0.086 0.049 0.047
SMEFTND 3.2 2.4 2.7 0.14 0.068 0.098 0.041 0.03 0.089 0.086 0.049 0.047

lZ [⇥102] SMEFTFU 3.2 3. 3. 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045
SMEFTND 3.2 3. 3.1 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045

aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the
Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at
the Z-pole will not happen. In those cases, the results presented here must therefore be interpreted with caution [40].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from
the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive
constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these
studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters (which can be mapped into c2W,2B) from fermion pair production at
the HL-LHC, HE-LHC [10], FCC-hh [43], ILC at 500 GeV [41, 43]12 and CLIC [41].

• The study in Ref. [44] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [10] and
FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).

• The pTV distribution in pp !WZ from Ref. [46] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study the potential of the different machines in this regard. (See, e.g., [47, 48].)

12We use an extrapolation of the CLIC results at 380 GeV in [41] to the energy and luminosity of ILC at 500 GeV.
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matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
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studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters (which can be mapped into c2W,2B) from fermion pair production at
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FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).
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These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
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Higgs factory
TA R G E T S

 colliders make a large number of Higgs bosons  pp σ(gg → h) = 54.72 pb at LHC14

• LHC will make some 200M Higgs bosons in the High Luminosity 
phase, but  

• we observed clearly only final states with  

• there are backgrounds and degenerations 

BR ≃ 10−3

Table 7. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained for the Global SMEFT fit benchmarks denoted as
SMEFTFU and SMEFTND in the text. The numbers for all future colliders are shown in combination with the HL-LHC results
(3rd column).

HL-LHC +
Benchmark HL-LHC LHeC HE-LHC ILC250 ILC500 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee FCC-ee/eh/hh

geff
HZZ [%] SMEFTFU 3.2 1.8 2.5 0.41 0.21 0.65 0.27 0.2 0.45 0.46 0.26 0.13
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geff

HWW [%] SMEFTFU 2.9 1.6 2.1 0.42 0.22 0.64 0.24 0.18 0.43 0.45 0.27 0.13
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SMEFTND 2.2 1.6 1.3 1.1 0.79 1.3 0.97 0.75 0.79 0.95 0.82 0.49
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aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the
Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at
the Z-pole will not happen. In those cases, the results presented here must therefore be interpreted with caution [40].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from
the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive
constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these
studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters (which can be mapped into c2W,2B) from fermion pair production at
the HL-LHC, HE-LHC [10], FCC-hh [43], ILC at 500 GeV [41, 43]12 and CLIC [41].

• The study in Ref. [44] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [10] and
FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).

• The pTV distribution in pp !WZ from Ref. [46] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study the potential of the different machines in this regard. (See, e.g., [47, 48].)

12We use an extrapolation of the CLIC results at 380 GeV in [41] to the energy and luminosity of ILC at 500 GeV.
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Table 7. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained for the Global SMEFT fit benchmarks denoted as
SMEFTFU and SMEFTND in the text. The numbers for all future colliders are shown in combination with the HL-LHC results
(3rd column).

HL-LHC +
Benchmark HL-LHC LHeC HE-LHC ILC250 ILC500 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee FCC-ee/eh/hh

geff
HZZ [%] SMEFTFU 3.2 1.8 2.5 0.41 0.21 0.65 0.27 0.2 0.45 0.46 0.26 0.13

SMEFTND 3.6 2.1 2.9 0.47 0.22 0.66 0.27 0.2 0.52 0.47 0.26 0.13
geff

HWW [%] SMEFTFU 2.9 1.6 2.1 0.42 0.22 0.64 0.24 0.18 0.43 0.45 0.27 0.13
SMEFTND 3.2 1.8 2.5 0.48 0.23 0.65 0.24 0.18 0.51 0.46 0.27 0.13

geff
Hgg [%] SMEFTFU 3.4 2. 2.4 1.2 1.1 1.4 1.2 1.1 1.2 1.2 1.1 0.33

SMEFTND 3.7 2.2 2.8 1.3 1.1 1.4 1.2 1.1 1.2 1.2 1.2 0.34
geff

HZg [%] SMEFTFU 11. 10. 4.3 9.6 6.6 9.7 4.7 3.7 6.2 9.9 9.3 0.66
SMEFTND 11. 10. 4.5 10. 6.7 9.8 4.7 3.7 6.3 9.9 9.4 0.7

geff
Hgg[%] SMEFTFU 2.2 1.5 1.2 1.1 0.79 1.3 0.96 0.74 0.76 0.94 0.81 0.42

SMEFTND 2.2 1.6 1.3 1.1 0.79 1.3 0.97 0.75 0.79 0.95 0.82 0.49
geff

Htt [%] SMEFTFU 2.9 2.3 1.8 1.5 1.1 2.3 1.3 1.1 1.5 1.2 1.1 0.65
SMEFTND 2.9 2.7 1.7 2.6 2.4 2.7 2. 2. 2.6 2.6 2.6 1.6

geff
Hcc[%] SMEFTFU Same as geff

Htt Same as geff
Htt

SMEFTND � 4. � 1.8 1.2 4. 1.9 1.4 1.9 1.4 1.3 0.95
geff

Hbb[%] SMEFTFU 4.7 1.6 3. 0.79 0.51 1. 0.46 0.38 0.62 0.69 0.55 0.4
SMEFTND 5.1 1.9 3.4 0.83 0.52 1. 0.47 0.38 0.67 0.7 0.56 0.44

geff
Htt [%] SMEFTFU 3.2 2. 2.3 0.81 0.59 1.2 0.91 0.72 0.65 0.69 0.57 0.3

SMEFTND 3.5 2.2 2.6 0.85 0.6 1.3 0.93 0.73 0.7 0.7 0.57 0.45
geff

Hµµ [%] SMEFTFU Same as geff
Htt Same as geff

Htt
SMEFTND 5.5 4.6 3.1 4.1 3.9 4.3 4. 3.4 3.8 3.9 3.8 0.42

dg1Z [⇥102] SMEFTFU 0.64 0.47 0.43 0.086 0.046 0.044 0.013 0.012 0.089 0.085 0.036 0.017
SMEFTND 0.67 0.52 0.49 0.1 0.051 0.045 0.014 0.012 0.092 0.086 0.037 0.019

dkg [⇥102] SMEFTFU 3. 2.2 2.4 0.12 0.063 0.094 0.04 0.029 0.089 0.086 0.049 0.047
SMEFTND 3.2 2.4 2.7 0.14 0.068 0.098 0.041 0.03 0.089 0.086 0.049 0.047

lZ [⇥102] SMEFTFU 3.2 3. 3. 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045
SMEFTND 3.2 3. 3.1 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045

aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the
Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at
the Z-pole will not happen. In those cases, the results presented here must therefore be interpreted with caution [40].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from
the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive
constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these
studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters (which can be mapped into c2W,2B) from fermion pair production at
the HL-LHC, HE-LHC [10], FCC-hh [43], ILC at 500 GeV [41, 43]12 and CLIC [41].

• The study in Ref. [44] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [10] and
FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).

• The pTV distribution in pp !WZ from Ref. [46] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study the potential of the different machines in this regard. (See, e.g., [47, 48].)

12We use an extrapolation of the CLIC results at 380 GeV in [41] to the energy and luminosity of ILC at 500 GeV.
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TA R G E T S

 colliders make a large number of Higgs bosons  pp σ(gg → h) = 54.72 pb at LHC14

• LHC will make some 200M Higgs bosons in the High Luminosity 
phase, but  

• we observed clearly only final states with  

• there are backgrounds and degenerations 

BR ≃ 10−3

Table 7. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained for the Global SMEFT fit benchmarks denoted as
SMEFTFU and SMEFTND in the text. The numbers for all future colliders are shown in combination with the HL-LHC results
(3rd column).

HL-LHC +
Benchmark HL-LHC LHeC HE-LHC ILC250 ILC500 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee FCC-ee/eh/hh

geff
HZZ [%] SMEFTFU 3.2 1.8 2.5 0.41 0.21 0.65 0.27 0.2 0.45 0.46 0.26 0.13

SMEFTND 3.6 2.1 2.9 0.47 0.22 0.66 0.27 0.2 0.52 0.47 0.26 0.13
geff

HWW [%] SMEFTFU 2.9 1.6 2.1 0.42 0.22 0.64 0.24 0.18 0.43 0.45 0.27 0.13
SMEFTND 3.2 1.8 2.5 0.48 0.23 0.65 0.24 0.18 0.51 0.46 0.27 0.13

geff
Hgg [%] SMEFTFU 3.4 2. 2.4 1.2 1.1 1.4 1.2 1.1 1.2 1.2 1.1 0.33

SMEFTND 3.7 2.2 2.8 1.3 1.1 1.4 1.2 1.1 1.2 1.2 1.2 0.34
geff

HZg [%] SMEFTFU 11. 10. 4.3 9.6 6.6 9.7 4.7 3.7 6.2 9.9 9.3 0.66
SMEFTND 11. 10. 4.5 10. 6.7 9.8 4.7 3.7 6.3 9.9 9.4 0.7

geff
Hgg[%] SMEFTFU 2.2 1.5 1.2 1.1 0.79 1.3 0.96 0.74 0.76 0.94 0.81 0.42

SMEFTND 2.2 1.6 1.3 1.1 0.79 1.3 0.97 0.75 0.79 0.95 0.82 0.49
geff

Htt [%] SMEFTFU 2.9 2.3 1.8 1.5 1.1 2.3 1.3 1.1 1.5 1.2 1.1 0.65
SMEFTND 2.9 2.7 1.7 2.6 2.4 2.7 2. 2. 2.6 2.6 2.6 1.6

geff
Hcc[%] SMEFTFU Same as geff

Htt Same as geff
Htt

SMEFTND � 4. � 1.8 1.2 4. 1.9 1.4 1.9 1.4 1.3 0.95
geff

Hbb[%] SMEFTFU 4.7 1.6 3. 0.79 0.51 1. 0.46 0.38 0.62 0.69 0.55 0.4
SMEFTND 5.1 1.9 3.4 0.83 0.52 1. 0.47 0.38 0.67 0.7 0.56 0.44

geff
Htt [%] SMEFTFU 3.2 2. 2.3 0.81 0.59 1.2 0.91 0.72 0.65 0.69 0.57 0.3

SMEFTND 3.5 2.2 2.6 0.85 0.6 1.3 0.93 0.73 0.7 0.7 0.57 0.45
geff

Hµµ [%] SMEFTFU Same as geff
Htt Same as geff

Htt
SMEFTND 5.5 4.6 3.1 4.1 3.9 4.3 4. 3.4 3.8 3.9 3.8 0.42

dg1Z [⇥102] SMEFTFU 0.64 0.47 0.43 0.086 0.046 0.044 0.013 0.012 0.089 0.085 0.036 0.017
SMEFTND 0.67 0.52 0.49 0.1 0.051 0.045 0.014 0.012 0.092 0.086 0.037 0.019

dkg [⇥102] SMEFTFU 3. 2.2 2.4 0.12 0.063 0.094 0.04 0.029 0.089 0.086 0.049 0.047
SMEFTND 3.2 2.4 2.7 0.14 0.068 0.098 0.041 0.03 0.089 0.086 0.049 0.047

lZ [⇥102] SMEFTFU 3.2 3. 3. 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045
SMEFTND 3.2 3. 3.1 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045

aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the
Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at
the Z-pole will not happen. In those cases, the results presented here must therefore be interpreted with caution [40].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from
the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive
constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these
studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters (which can be mapped into c2W,2B) from fermion pair production at
the HL-LHC, HE-LHC [10], FCC-hh [43], ILC at 500 GeV [41, 43]12 and CLIC [41].

• The study in Ref. [44] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [10] and
FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).

• The pTV distribution in pp !WZ from Ref. [46] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study the potential of the different machines in this regard. (See, e.g., [47, 48].)

12We use an extrapolation of the CLIC results at 380 GeV in [41] to the energy and luminosity of ILC at 500 GeV.
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geff
Hgg[%] SMEFTFU 2.2 1.5 1.2 1.1 0.79 1.3 0.96 0.74 0.76 0.94 0.81 0.42

SMEFTND 2.2 1.6 1.3 1.1 0.79 1.3 0.97 0.75 0.79 0.95 0.82 0.49
geff

Htt [%] SMEFTFU 2.9 2.3 1.8 1.5 1.1 2.3 1.3 1.1 1.5 1.2 1.1 0.65
SMEFTND 2.9 2.7 1.7 2.6 2.4 2.7 2. 2. 2.6 2.6 2.6 1.6

geff
Hcc[%] SMEFTFU Same as geff

Htt Same as geff
Htt

SMEFTND � 4. � 1.8 1.2 4. 1.9 1.4 1.9 1.4 1.3 0.95
geff

Hbb[%] SMEFTFU 4.7 1.6 3. 0.79 0.51 1. 0.46 0.38 0.62 0.69 0.55 0.4
SMEFTND 5.1 1.9 3.4 0.83 0.52 1. 0.47 0.38 0.67 0.7 0.56 0.44

geff
Htt [%] SMEFTFU 3.2 2. 2.3 0.81 0.59 1.2 0.91 0.72 0.65 0.69 0.57 0.3

SMEFTND 3.5 2.2 2.6 0.85 0.6 1.3 0.93 0.73 0.7 0.7 0.57 0.45
geff

Hµµ [%] SMEFTFU Same as geff
Htt Same as geff

Htt
SMEFTND 5.5 4.6 3.1 4.1 3.9 4.3 4. 3.4 3.8 3.9 3.8 0.42
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aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the
Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at
the Z-pole will not happen. In those cases, the results presented here must therefore be interpreted with caution [40].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from
the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive
constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these
studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters (which can be mapped into c2W,2B) from fermion pair production at
the HL-LHC, HE-LHC [10], FCC-hh [43], ILC at 500 GeV [41, 43]12 and CLIC [41].

• The study in Ref. [44] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [10] and
FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).

• The pTV distribution in pp !WZ from Ref. [46] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study the potential of the different machines in this regard. (See, e.g., [47, 48].)

12We use an extrapolation of the CLIC results at 380 GeV in [41] to the energy and luminosity of ILC at 500 GeV.
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Abstract

In order to stimulate new engagement and trigger some concrete studies in areas where
further work would be beneficial towards fully understanding the physics potential of an
e+e� Higgs / Top / Electroweak factory, we propose to define a set of focus topics. The
general reasoning and the proposed topics are described in this document.
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Higgs factory
TA R G E T S

 colliders make a large number of Higgs bosons  pp σ(gg → h) = 54.72 pb at LHC14

• LHC will make some 200M Higgs bosons in the High Luminosity 
phase, but  

• we observed clearly only final states with  

• there are backgrounds and degenerations 

BR ≃ 10−3

Table 7. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained for the Global SMEFT fit benchmarks denoted as
SMEFTFU and SMEFTND in the text. The numbers for all future colliders are shown in combination with the HL-LHC results
(3rd column).

HL-LHC +
Benchmark HL-LHC LHeC HE-LHC ILC250 ILC500 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee FCC-ee/eh/hh

geff
HZZ [%] SMEFTFU 3.2 1.8 2.5 0.41 0.21 0.65 0.27 0.2 0.45 0.46 0.26 0.13

SMEFTND 3.6 2.1 2.9 0.47 0.22 0.66 0.27 0.2 0.52 0.47 0.26 0.13
geff

HWW [%] SMEFTFU 2.9 1.6 2.1 0.42 0.22 0.64 0.24 0.18 0.43 0.45 0.27 0.13
SMEFTND 3.2 1.8 2.5 0.48 0.23 0.65 0.24 0.18 0.51 0.46 0.27 0.13

geff
Hgg [%] SMEFTFU 3.4 2. 2.4 1.2 1.1 1.4 1.2 1.1 1.2 1.2 1.1 0.33

SMEFTND 3.7 2.2 2.8 1.3 1.1 1.4 1.2 1.1 1.2 1.2 1.2 0.34
geff

HZg [%] SMEFTFU 11. 10. 4.3 9.6 6.6 9.7 4.7 3.7 6.2 9.9 9.3 0.66
SMEFTND 11. 10. 4.5 10. 6.7 9.8 4.7 3.7 6.3 9.9 9.4 0.7

geff
Hgg[%] SMEFTFU 2.2 1.5 1.2 1.1 0.79 1.3 0.96 0.74 0.76 0.94 0.81 0.42

SMEFTND 2.2 1.6 1.3 1.1 0.79 1.3 0.97 0.75 0.79 0.95 0.82 0.49
geff

Htt [%] SMEFTFU 2.9 2.3 1.8 1.5 1.1 2.3 1.3 1.1 1.5 1.2 1.1 0.65
SMEFTND 2.9 2.7 1.7 2.6 2.4 2.7 2. 2. 2.6 2.6 2.6 1.6

geff
Hcc[%] SMEFTFU Same as geff

Htt Same as geff
Htt

SMEFTND � 4. � 1.8 1.2 4. 1.9 1.4 1.9 1.4 1.3 0.95
geff

Hbb[%] SMEFTFU 4.7 1.6 3. 0.79 0.51 1. 0.46 0.38 0.62 0.69 0.55 0.4
SMEFTND 5.1 1.9 3.4 0.83 0.52 1. 0.47 0.38 0.67 0.7 0.56 0.44

geff
Htt [%] SMEFTFU 3.2 2. 2.3 0.81 0.59 1.2 0.91 0.72 0.65 0.69 0.57 0.3

SMEFTND 3.5 2.2 2.6 0.85 0.6 1.3 0.93 0.73 0.7 0.7 0.57 0.45
geff

Hµµ [%] SMEFTFU Same as geff
Htt Same as geff

Htt
SMEFTND 5.5 4.6 3.1 4.1 3.9 4.3 4. 3.4 3.8 3.9 3.8 0.42

dg1Z [⇥102] SMEFTFU 0.64 0.47 0.43 0.086 0.046 0.044 0.013 0.012 0.089 0.085 0.036 0.017
SMEFTND 0.67 0.52 0.49 0.1 0.051 0.045 0.014 0.012 0.092 0.086 0.037 0.019

dkg [⇥102] SMEFTFU 3. 2.2 2.4 0.12 0.063 0.094 0.04 0.029 0.089 0.086 0.049 0.047
SMEFTND 3.2 2.4 2.7 0.14 0.068 0.098 0.041 0.03 0.089 0.086 0.049 0.047

lZ [⇥102] SMEFTFU 3.2 3. 3. 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045
SMEFTND 3.2 3. 3.1 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045

aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the
Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at
the Z-pole will not happen. In those cases, the results presented here must therefore be interpreted with caution [40].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from
the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive
constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these
studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters (which can be mapped into c2W,2B) from fermion pair production at
the HL-LHC, HE-LHC [10], FCC-hh [43], ILC at 500 GeV [41, 43]12 and CLIC [41].

• The study in Ref. [44] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [10] and
FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).

• The pTV distribution in pp !WZ from Ref. [46] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study the potential of the different machines in this regard. (See, e.g., [47, 48].)

12We use an extrapolation of the CLIC results at 380 GeV in [41] to the energy and luminosity of ILC at 500 GeV.
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≃ few ⋅ 10−2
the overall result of HL-LHC is
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Higgs factory
TA R G E T S

 colliders make a large number of Higgs bosons  pp σ(gg → h) = 54.72 pb at LHC14

• LHC will make some 200M Higgs bosons in the High Luminosity 
phase, but  

• we observed clearly only final states with  

• there are backgrounds and degenerations 

BR ≃ 10−3

Table 7. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained for the Global SMEFT fit benchmarks denoted as
SMEFTFU and SMEFTND in the text. The numbers for all future colliders are shown in combination with the HL-LHC results
(3rd column).

HL-LHC +
Benchmark HL-LHC LHeC HE-LHC ILC250 ILC500 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee FCC-ee/eh/hh

geff
HZZ [%] SMEFTFU 3.2 1.8 2.5 0.41 0.21 0.65 0.27 0.2 0.45 0.46 0.26 0.13

SMEFTND 3.6 2.1 2.9 0.47 0.22 0.66 0.27 0.2 0.52 0.47 0.26 0.13
geff

HWW [%] SMEFTFU 2.9 1.6 2.1 0.42 0.22 0.64 0.24 0.18 0.43 0.45 0.27 0.13
SMEFTND 3.2 1.8 2.5 0.48 0.23 0.65 0.24 0.18 0.51 0.46 0.27 0.13

geff
Hgg [%] SMEFTFU 3.4 2. 2.4 1.2 1.1 1.4 1.2 1.1 1.2 1.2 1.1 0.33

SMEFTND 3.7 2.2 2.8 1.3 1.1 1.4 1.2 1.1 1.2 1.2 1.2 0.34
geff

HZg [%] SMEFTFU 11. 10. 4.3 9.6 6.6 9.7 4.7 3.7 6.2 9.9 9.3 0.66
SMEFTND 11. 10. 4.5 10. 6.7 9.8 4.7 3.7 6.3 9.9 9.4 0.7

geff
Hgg[%] SMEFTFU 2.2 1.5 1.2 1.1 0.79 1.3 0.96 0.74 0.76 0.94 0.81 0.42

SMEFTND 2.2 1.6 1.3 1.1 0.79 1.3 0.97 0.75 0.79 0.95 0.82 0.49
geff

Htt [%] SMEFTFU 2.9 2.3 1.8 1.5 1.1 2.3 1.3 1.1 1.5 1.2 1.1 0.65
SMEFTND 2.9 2.7 1.7 2.6 2.4 2.7 2. 2. 2.6 2.6 2.6 1.6

geff
Hcc[%] SMEFTFU Same as geff

Htt Same as geff
Htt

SMEFTND � 4. � 1.8 1.2 4. 1.9 1.4 1.9 1.4 1.3 0.95
geff

Hbb[%] SMEFTFU 4.7 1.6 3. 0.79 0.51 1. 0.46 0.38 0.62 0.69 0.55 0.4
SMEFTND 5.1 1.9 3.4 0.83 0.52 1. 0.47 0.38 0.67 0.7 0.56 0.44

geff
Htt [%] SMEFTFU 3.2 2. 2.3 0.81 0.59 1.2 0.91 0.72 0.65 0.69 0.57 0.3

SMEFTND 3.5 2.2 2.6 0.85 0.6 1.3 0.93 0.73 0.7 0.7 0.57 0.45
geff

Hµµ [%] SMEFTFU Same as geff
Htt Same as geff

Htt
SMEFTND 5.5 4.6 3.1 4.1 3.9 4.3 4. 3.4 3.8 3.9 3.8 0.42

dg1Z [⇥102] SMEFTFU 0.64 0.47 0.43 0.086 0.046 0.044 0.013 0.012 0.089 0.085 0.036 0.017
SMEFTND 0.67 0.52 0.49 0.1 0.051 0.045 0.014 0.012 0.092 0.086 0.037 0.019

dkg [⇥102] SMEFTFU 3. 2.2 2.4 0.12 0.063 0.094 0.04 0.029 0.089 0.086 0.049 0.047
SMEFTND 3.2 2.4 2.7 0.14 0.068 0.098 0.041 0.03 0.089 0.086 0.049 0.047

lZ [⇥102] SMEFTFU 3.2 3. 3. 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045
SMEFTND 3.2 3. 3.1 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045

aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the
Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at
the Z-pole will not happen. In those cases, the results presented here must therefore be interpreted with caution [40].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from
the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive
constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these
studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters (which can be mapped into c2W,2B) from fermion pair production at
the HL-LHC, HE-LHC [10], FCC-hh [43], ILC at 500 GeV [41, 43]12 and CLIC [41].

• The study in Ref. [44] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [10] and
FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).

• The pTV distribution in pp !WZ from Ref. [46] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study the potential of the different machines in this regard. (See, e.g., [47, 48].)

12We use an extrapolation of the CLIC results at 380 GeV in [41] to the energy and luminosity of ILC at 500 GeV.
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In order to stimulate new engagement and trigger some concrete studies in areas where
further work would be beneficial towards fully understanding the physics potential of an
e+e� Higgs / Top / Electroweak factory, we propose to define a set of focus topics. The
general reasoning and the proposed topics are described in this document.
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Abstract

In order to stimulate new engagement and trigger some concrete studies in areas where
further work would be beneficial towards fully understanding the physics potential of an
e+e� Higgs / Top / Electroweak factory, we propose to define a set of focus topics. The
general reasoning and the proposed topics are described in this document.
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Higgs factory  (mainstream option)
TA R G E T S

 colliders make a large number of Higgs bosons  e+e− σ(e+e− → Zh) ≃ 200 fb at 240 GeV

• the Higgs factory will make some 1M Higgs bosons 

• we can observed clearly all final states  

• there are no backgrounds and no degenerations

δg
g

≃ few ⋅ 10−3the overall result of Higgs Factory is

Mnew ≃ 10 TeV
this is the size of deviation for
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Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.

fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10]).

In Table 9 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 10 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
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TA R G E T S

Higgs factory
pp colliders make a large number of Higgs bosons  σ(gg → h) = 54.72 pb at LHC14

• LHC will make some 200M Higgs bosons in the High Luminosity 
phase, but  

• we observed clearly only final states with  

• there are backgrounds and degenerations 

BR ≃ 10−3

Table 7. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained for the Global SMEFT fit benchmarks denoted as
SMEFTFU and SMEFTND in the text. The numbers for all future colliders are shown in combination with the HL-LHC results
(3rd column).

HL-LHC +
Benchmark HL-LHC LHeC HE-LHC ILC250 ILC500 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee FCC-ee/eh/hh

geff
HZZ [%] SMEFTFU 3.2 1.8 2.5 0.41 0.21 0.65 0.27 0.2 0.45 0.46 0.26 0.13

SMEFTND 3.6 2.1 2.9 0.47 0.22 0.66 0.27 0.2 0.52 0.47 0.26 0.13
geff

HWW [%] SMEFTFU 2.9 1.6 2.1 0.42 0.22 0.64 0.24 0.18 0.43 0.45 0.27 0.13
SMEFTND 3.2 1.8 2.5 0.48 0.23 0.65 0.24 0.18 0.51 0.46 0.27 0.13

geff
Hgg [%] SMEFTFU 3.4 2. 2.4 1.2 1.1 1.4 1.2 1.1 1.2 1.2 1.1 0.33

SMEFTND 3.7 2.2 2.8 1.3 1.1 1.4 1.2 1.1 1.2 1.2 1.2 0.34
geff

HZg [%] SMEFTFU 11. 10. 4.3 9.6 6.6 9.7 4.7 3.7 6.2 9.9 9.3 0.66
SMEFTND 11. 10. 4.5 10. 6.7 9.8 4.7 3.7 6.3 9.9 9.4 0.7

geff
Hgg[%] SMEFTFU 2.2 1.5 1.2 1.1 0.79 1.3 0.96 0.74 0.76 0.94 0.81 0.42

SMEFTND 2.2 1.6 1.3 1.1 0.79 1.3 0.97 0.75 0.79 0.95 0.82 0.49
geff

Htt [%] SMEFTFU 2.9 2.3 1.8 1.5 1.1 2.3 1.3 1.1 1.5 1.2 1.1 0.65
SMEFTND 2.9 2.7 1.7 2.6 2.4 2.7 2. 2. 2.6 2.6 2.6 1.6

geff
Hcc[%] SMEFTFU Same as geff

Htt Same as geff
Htt

SMEFTND � 4. � 1.8 1.2 4. 1.9 1.4 1.9 1.4 1.3 0.95
geff

Hbb[%] SMEFTFU 4.7 1.6 3. 0.79 0.51 1. 0.46 0.38 0.62 0.69 0.55 0.4
SMEFTND 5.1 1.9 3.4 0.83 0.52 1. 0.47 0.38 0.67 0.7 0.56 0.44

geff
Htt [%] SMEFTFU 3.2 2. 2.3 0.81 0.59 1.2 0.91 0.72 0.65 0.69 0.57 0.3

SMEFTND 3.5 2.2 2.6 0.85 0.6 1.3 0.93 0.73 0.7 0.7 0.57 0.45
geff

Hµµ [%] SMEFTFU Same as geff
Htt Same as geff

Htt
SMEFTND 5.5 4.6 3.1 4.1 3.9 4.3 4. 3.4 3.8 3.9 3.8 0.42

dg1Z [⇥102] SMEFTFU 0.64 0.47 0.43 0.086 0.046 0.044 0.013 0.012 0.089 0.085 0.036 0.017
SMEFTND 0.67 0.52 0.49 0.1 0.051 0.045 0.014 0.012 0.092 0.086 0.037 0.019

dkg [⇥102] SMEFTFU 3. 2.2 2.4 0.12 0.063 0.094 0.04 0.029 0.089 0.086 0.049 0.047
SMEFTND 3.2 2.4 2.7 0.14 0.068 0.098 0.041 0.03 0.089 0.086 0.049 0.047

lZ [⇥102] SMEFTFU 3.2 3. 3. 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045
SMEFTND 3.2 3. 3.1 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045

aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the
Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at
the Z-pole will not happen. In those cases, the results presented here must therefore be interpreted with caution [40].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from
the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive
constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these
studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters (which can be mapped into c2W,2B) from fermion pair production at
the HL-LHC, HE-LHC [10], FCC-hh [43], ILC at 500 GeV [41, 43]12 and CLIC [41].

• The study in Ref. [44] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [10] and
FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).

• The pTV distribution in pp !WZ from Ref. [46] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study the potential of the different machines in this regard. (See, e.g., [47, 48].)

12We use an extrapolation of the CLIC results at 380 GeV in [41] to the energy and luminosity of ILC at 500 GeV.
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Figure 3. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained within the SMEFT framework in the benchmark
SMEFTND.

The results of this fit are shown in Figure 6 after the full run of each future collider project, and in Table 8. Apart from
the 68% probability bounds for each operator from the global fit, we also present the results assuming only one operator is
generated by the UV dynamics. The difference between both results is indicative of the correlations between the different
operators in the fit. These can, in some cases, be rather large. A full study of such correlations goes beyond the scope of this
report, but it is worth mentioning that some of the largest correlations typically occur between Og , OfW , OfB, OW , OB where
all contribute to the Higgs interactions with neutral vector bosons. Large correlations also connect Og and Oyu . These are
typically constrained along the H ! gg direction with better precision than the one obtained for Oyu from the corresponding
ttH process at the different colliders.

For those operators whose effects are mainly constrained by Higgs observables, e.g. Of and Oy f , the evolution of the
results in the table follows essentially the same pattern as in the discussion of the Higgs coupling results of the SMEFT fit.
Likewise, similar considerations must be taken into account when comparing the results across colliders, in particular regarding
the dependence of the HE-LHC results on the assumptions of the reduction of the theory/systematic uncertainties, which
control most of the improvement with respect to HL-LHC. (See comment on the S20 assumptions in Section 2.) Also regarding
the results at high luminosity/energy upgrades of the LHC, some of the numbers in Table 8, namely those involving a single
operator fit to cf , may look surprising, given that the projections for most Higgs observables at such machines are expected to
be dominated by the theory/systematic uncertainties. These results are marked with a † in the table. For instance, the HL-LHC
result corresponds to a precision in an overall Higgs coupling modification at the level of 0.8%. This is below the dominant
signal theory uncertainties assumed in the HL-LHC S2 hypothesis. As explained in Section 2, this is a consequence of the
assumptions in the treatment of theory/systematic uncertainties in the simplified set of inputs used in this report for the HL-LHC
fits. A rough estimate of the bound that would result from assuming 100% correlated signal theory uncertainties would return,
for the same case, cf /L2 ⇠ 0.42 TeV�2, illustrating the impact of the choice of assumption in the treatment of these theory
systematics. Given the implications of these bounds in terms of constraining BSM scenarios (as will be illustrated below, cf
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Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.

fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10]).

In Table 9 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 10 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
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TA R G E T S

Higgs factory
pp colliders make a large number of Higgs bosons  σ(gg → h) = 54.72 pb at LHC14

• LHC will make some 200M Higgs bosons in the High Luminosity 
phase, but  

• we observed clearly only final states with  

• there are backgrounds and degenerations 

BR ≃ 10−3

Table 7. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained for the Global SMEFT fit benchmarks denoted as
SMEFTFU and SMEFTND in the text. The numbers for all future colliders are shown in combination with the HL-LHC results
(3rd column).

HL-LHC +
Benchmark HL-LHC LHeC HE-LHC ILC250 ILC500 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee FCC-ee/eh/hh

geff
HZZ [%] SMEFTFU 3.2 1.8 2.5 0.41 0.21 0.65 0.27 0.2 0.45 0.46 0.26 0.13

SMEFTND 3.6 2.1 2.9 0.47 0.22 0.66 0.27 0.2 0.52 0.47 0.26 0.13
geff

HWW [%] SMEFTFU 2.9 1.6 2.1 0.42 0.22 0.64 0.24 0.18 0.43 0.45 0.27 0.13
SMEFTND 3.2 1.8 2.5 0.48 0.23 0.65 0.24 0.18 0.51 0.46 0.27 0.13

geff
Hgg [%] SMEFTFU 3.4 2. 2.4 1.2 1.1 1.4 1.2 1.1 1.2 1.2 1.1 0.33

SMEFTND 3.7 2.2 2.8 1.3 1.1 1.4 1.2 1.1 1.2 1.2 1.2 0.34
geff

HZg [%] SMEFTFU 11. 10. 4.3 9.6 6.6 9.7 4.7 3.7 6.2 9.9 9.3 0.66
SMEFTND 11. 10. 4.5 10. 6.7 9.8 4.7 3.7 6.3 9.9 9.4 0.7

geff
Hgg[%] SMEFTFU 2.2 1.5 1.2 1.1 0.79 1.3 0.96 0.74 0.76 0.94 0.81 0.42

SMEFTND 2.2 1.6 1.3 1.1 0.79 1.3 0.97 0.75 0.79 0.95 0.82 0.49
geff

Htt [%] SMEFTFU 2.9 2.3 1.8 1.5 1.1 2.3 1.3 1.1 1.5 1.2 1.1 0.65
SMEFTND 2.9 2.7 1.7 2.6 2.4 2.7 2. 2. 2.6 2.6 2.6 1.6

geff
Hcc[%] SMEFTFU Same as geff

Htt Same as geff
Htt

SMEFTND � 4. � 1.8 1.2 4. 1.9 1.4 1.9 1.4 1.3 0.95
geff

Hbb[%] SMEFTFU 4.7 1.6 3. 0.79 0.51 1. 0.46 0.38 0.62 0.69 0.55 0.4
SMEFTND 5.1 1.9 3.4 0.83 0.52 1. 0.47 0.38 0.67 0.7 0.56 0.44

geff
Htt [%] SMEFTFU 3.2 2. 2.3 0.81 0.59 1.2 0.91 0.72 0.65 0.69 0.57 0.3

SMEFTND 3.5 2.2 2.6 0.85 0.6 1.3 0.93 0.73 0.7 0.7 0.57 0.45
geff

Hµµ [%] SMEFTFU Same as geff
Htt Same as geff

Htt
SMEFTND 5.5 4.6 3.1 4.1 3.9 4.3 4. 3.4 3.8 3.9 3.8 0.42

dg1Z [⇥102] SMEFTFU 0.64 0.47 0.43 0.086 0.046 0.044 0.013 0.012 0.089 0.085 0.036 0.017
SMEFTND 0.67 0.52 0.49 0.1 0.051 0.045 0.014 0.012 0.092 0.086 0.037 0.019

dkg [⇥102] SMEFTFU 3. 2.2 2.4 0.12 0.063 0.094 0.04 0.029 0.089 0.086 0.049 0.047
SMEFTND 3.2 2.4 2.7 0.14 0.068 0.098 0.041 0.03 0.089 0.086 0.049 0.047

lZ [⇥102] SMEFTFU 3.2 3. 3. 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045
SMEFTND 3.2 3. 3.1 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045

aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the
Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at
the Z-pole will not happen. In those cases, the results presented here must therefore be interpreted with caution [40].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from
the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive
constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these
studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters (which can be mapped into c2W,2B) from fermion pair production at
the HL-LHC, HE-LHC [10], FCC-hh [43], ILC at 500 GeV [41, 43]12 and CLIC [41].

• The study in Ref. [44] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [10] and
FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).

• The pTV distribution in pp !WZ from Ref. [46] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study the potential of the different machines in this regard. (See, e.g., [47, 48].)

12We use an extrapolation of the CLIC results at 380 GeV in [41] to the energy and luminosity of ILC at 500 GeV.
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aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the
Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at
the Z-pole will not happen. In those cases, the results presented here must therefore be interpreted with caution [40].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from
the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive
constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these
studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters (which can be mapped into c2W,2B) from fermion pair production at
the HL-LHC, HE-LHC [10], FCC-hh [43], ILC at 500 GeV [41, 43]12 and CLIC [41].

• The study in Ref. [44] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [10] and
FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).

• The pTV distribution in pp !WZ from Ref. [46] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study the potential of the different machines in this regard. (See, e.g., [47, 48].)

12We use an extrapolation of the CLIC results at 380 GeV in [41] to the energy and luminosity of ILC at 500 GeV.
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Figure 3. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained within the SMEFT framework in the benchmark
SMEFTND.

The results of this fit are shown in Figure 6 after the full run of each future collider project, and in Table 8. Apart from
the 68% probability bounds for each operator from the global fit, we also present the results assuming only one operator is
generated by the UV dynamics. The difference between both results is indicative of the correlations between the different
operators in the fit. These can, in some cases, be rather large. A full study of such correlations goes beyond the scope of this
report, but it is worth mentioning that some of the largest correlations typically occur between Og , OfW , OfB, OW , OB where
all contribute to the Higgs interactions with neutral vector bosons. Large correlations also connect Og and Oyu . These are
typically constrained along the H ! gg direction with better precision than the one obtained for Oyu from the corresponding
ttH process at the different colliders.

For those operators whose effects are mainly constrained by Higgs observables, e.g. Of and Oy f , the evolution of the
results in the table follows essentially the same pattern as in the discussion of the Higgs coupling results of the SMEFT fit.
Likewise, similar considerations must be taken into account when comparing the results across colliders, in particular regarding
the dependence of the HE-LHC results on the assumptions of the reduction of the theory/systematic uncertainties, which
control most of the improvement with respect to HL-LHC. (See comment on the S20 assumptions in Section 2.) Also regarding
the results at high luminosity/energy upgrades of the LHC, some of the numbers in Table 8, namely those involving a single
operator fit to cf , may look surprising, given that the projections for most Higgs observables at such machines are expected to
be dominated by the theory/systematic uncertainties. These results are marked with a † in the table. For instance, the HL-LHC
result corresponds to a precision in an overall Higgs coupling modification at the level of 0.8%. This is below the dominant
signal theory uncertainties assumed in the HL-LHC S2 hypothesis. As explained in Section 2, this is a consequence of the
assumptions in the treatment of theory/systematic uncertainties in the simplified set of inputs used in this report for the HL-LHC
fits. A rough estimate of the bound that would result from assuming 100% correlated signal theory uncertainties would return,
for the same case, cf /L2 ⇠ 0.42 TeV�2, illustrating the impact of the choice of assumption in the treatment of these theory
systematics. Given the implications of these bounds in terms of constraining BSM scenarios (as will be illustrated below, cf
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Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.

fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10]).

In Table 9 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 10 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
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• we observed clearly only final states with  
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Table 7. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained for the Global SMEFT fit benchmarks denoted as
SMEFTFU and SMEFTND in the text. The numbers for all future colliders are shown in combination with the HL-LHC results
(3rd column).

HL-LHC +
Benchmark HL-LHC LHeC HE-LHC ILC250 ILC500 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee FCC-ee/eh/hh

geff
HZZ [%] SMEFTFU 3.2 1.8 2.5 0.41 0.21 0.65 0.27 0.2 0.45 0.46 0.26 0.13

SMEFTND 3.6 2.1 2.9 0.47 0.22 0.66 0.27 0.2 0.52 0.47 0.26 0.13
geff

HWW [%] SMEFTFU 2.9 1.6 2.1 0.42 0.22 0.64 0.24 0.18 0.43 0.45 0.27 0.13
SMEFTND 3.2 1.8 2.5 0.48 0.23 0.65 0.24 0.18 0.51 0.46 0.27 0.13

geff
Hgg [%] SMEFTFU 3.4 2. 2.4 1.2 1.1 1.4 1.2 1.1 1.2 1.2 1.1 0.33

SMEFTND 3.7 2.2 2.8 1.3 1.1 1.4 1.2 1.1 1.2 1.2 1.2 0.34
geff

HZg [%] SMEFTFU 11. 10. 4.3 9.6 6.6 9.7 4.7 3.7 6.2 9.9 9.3 0.66
SMEFTND 11. 10. 4.5 10. 6.7 9.8 4.7 3.7 6.3 9.9 9.4 0.7

geff
Hgg[%] SMEFTFU 2.2 1.5 1.2 1.1 0.79 1.3 0.96 0.74 0.76 0.94 0.81 0.42

SMEFTND 2.2 1.6 1.3 1.1 0.79 1.3 0.97 0.75 0.79 0.95 0.82 0.49
geff

Htt [%] SMEFTFU 2.9 2.3 1.8 1.5 1.1 2.3 1.3 1.1 1.5 1.2 1.1 0.65
SMEFTND 2.9 2.7 1.7 2.6 2.4 2.7 2. 2. 2.6 2.6 2.6 1.6

geff
Hcc[%] SMEFTFU Same as geff

Htt Same as geff
Htt

SMEFTND � 4. � 1.8 1.2 4. 1.9 1.4 1.9 1.4 1.3 0.95
geff

Hbb[%] SMEFTFU 4.7 1.6 3. 0.79 0.51 1. 0.46 0.38 0.62 0.69 0.55 0.4
SMEFTND 5.1 1.9 3.4 0.83 0.52 1. 0.47 0.38 0.67 0.7 0.56 0.44

geff
Htt [%] SMEFTFU 3.2 2. 2.3 0.81 0.59 1.2 0.91 0.72 0.65 0.69 0.57 0.3

SMEFTND 3.5 2.2 2.6 0.85 0.6 1.3 0.93 0.73 0.7 0.7 0.57 0.45
geff

Hµµ [%] SMEFTFU Same as geff
Htt Same as geff

Htt
SMEFTND 5.5 4.6 3.1 4.1 3.9 4.3 4. 3.4 3.8 3.9 3.8 0.42

dg1Z [⇥102] SMEFTFU 0.64 0.47 0.43 0.086 0.046 0.044 0.013 0.012 0.089 0.085 0.036 0.017
SMEFTND 0.67 0.52 0.49 0.1 0.051 0.045 0.014 0.012 0.092 0.086 0.037 0.019

dkg [⇥102] SMEFTFU 3. 2.2 2.4 0.12 0.063 0.094 0.04 0.029 0.089 0.086 0.049 0.047
SMEFTND 3.2 2.4 2.7 0.14 0.068 0.098 0.041 0.03 0.089 0.086 0.049 0.047

lZ [⇥102] SMEFTFU 3.2 3. 3. 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045
SMEFTND 3.2 3. 3.1 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045

aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the
Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at
the Z-pole will not happen. In those cases, the results presented here must therefore be interpreted with caution [40].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from
the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive
constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these
studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters (which can be mapped into c2W,2B) from fermion pair production at
the HL-LHC, HE-LHC [10], FCC-hh [43], ILC at 500 GeV [41, 43]12 and CLIC [41].

• The study in Ref. [44] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [10] and
FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).

• The pTV distribution in pp !WZ from Ref. [46] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study the potential of the different machines in this regard. (See, e.g., [47, 48].)

12We use an extrapolation of the CLIC results at 380 GeV in [41] to the energy and luminosity of ILC at 500 GeV.
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Table 7. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained for the Global SMEFT fit benchmarks denoted as
SMEFTFU and SMEFTND in the text. The numbers for all future colliders are shown in combination with the HL-LHC results
(3rd column).

HL-LHC +
Benchmark HL-LHC LHeC HE-LHC ILC250 ILC500 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee FCC-ee/eh/hh
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SMEFTND 3.6 2.1 2.9 0.47 0.22 0.66 0.27 0.2 0.52 0.47 0.26 0.13
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HWW [%] SMEFTFU 2.9 1.6 2.1 0.42 0.22 0.64 0.24 0.18 0.43 0.45 0.27 0.13
SMEFTND 3.2 1.8 2.5 0.48 0.23 0.65 0.24 0.18 0.51 0.46 0.27 0.13

geff
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geff
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geff

Hbb[%] SMEFTFU 4.7 1.6 3. 0.79 0.51 1. 0.46 0.38 0.62 0.69 0.55 0.4
SMEFTND 5.1 1.9 3.4 0.83 0.52 1. 0.47 0.38 0.67 0.7 0.56 0.44

geff
Htt [%] SMEFTFU 3.2 2. 2.3 0.81 0.59 1.2 0.91 0.72 0.65 0.69 0.57 0.3

SMEFTND 3.5 2.2 2.6 0.85 0.6 1.3 0.93 0.73 0.7 0.7 0.57 0.45
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Htt Same as geff

Htt
SMEFTND 5.5 4.6 3.1 4.1 3.9 4.3 4. 3.4 3.8 3.9 3.8 0.42

dg1Z [⇥102] SMEFTFU 0.64 0.47 0.43 0.086 0.046 0.044 0.013 0.012 0.089 0.085 0.036 0.017
SMEFTND 0.67 0.52 0.49 0.1 0.051 0.045 0.014 0.012 0.092 0.086 0.037 0.019

dkg [⇥102] SMEFTFU 3. 2.2 2.4 0.12 0.063 0.094 0.04 0.029 0.089 0.086 0.049 0.047
SMEFTND 3.2 2.4 2.7 0.14 0.068 0.098 0.041 0.03 0.089 0.086 0.049 0.047

lZ [⇥102] SMEFTFU 3.2 3. 3. 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045
SMEFTND 3.2 3. 3.1 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045

aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the
Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at
the Z-pole will not happen. In those cases, the results presented here must therefore be interpreted with caution [40].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from
the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive
constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these
studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters (which can be mapped into c2W,2B) from fermion pair production at
the HL-LHC, HE-LHC [10], FCC-hh [43], ILC at 500 GeV [41, 43]12 and CLIC [41].

• The study in Ref. [44] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [10] and
FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).

• The pTV distribution in pp !WZ from Ref. [46] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study the potential of the different machines in this regard. (See, e.g., [47, 48].)

12We use an extrapolation of the CLIC results at 380 GeV in [41] to the energy and luminosity of ILC at 500 GeV.
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Figure 3. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained within the SMEFT framework in the benchmark
SMEFTND.

The results of this fit are shown in Figure 6 after the full run of each future collider project, and in Table 8. Apart from
the 68% probability bounds for each operator from the global fit, we also present the results assuming only one operator is
generated by the UV dynamics. The difference between both results is indicative of the correlations between the different
operators in the fit. These can, in some cases, be rather large. A full study of such correlations goes beyond the scope of this
report, but it is worth mentioning that some of the largest correlations typically occur between Og , OfW , OfB, OW , OB where
all contribute to the Higgs interactions with neutral vector bosons. Large correlations also connect Og and Oyu . These are
typically constrained along the H ! gg direction with better precision than the one obtained for Oyu from the corresponding
ttH process at the different colliders.

For those operators whose effects are mainly constrained by Higgs observables, e.g. Of and Oy f , the evolution of the
results in the table follows essentially the same pattern as in the discussion of the Higgs coupling results of the SMEFT fit.
Likewise, similar considerations must be taken into account when comparing the results across colliders, in particular regarding
the dependence of the HE-LHC results on the assumptions of the reduction of the theory/systematic uncertainties, which
control most of the improvement with respect to HL-LHC. (See comment on the S20 assumptions in Section 2.) Also regarding
the results at high luminosity/energy upgrades of the LHC, some of the numbers in Table 8, namely those involving a single
operator fit to cf , may look surprising, given that the projections for most Higgs observables at such machines are expected to
be dominated by the theory/systematic uncertainties. These results are marked with a † in the table. For instance, the HL-LHC
result corresponds to a precision in an overall Higgs coupling modification at the level of 0.8%. This is below the dominant
signal theory uncertainties assumed in the HL-LHC S2 hypothesis. As explained in Section 2, this is a consequence of the
assumptions in the treatment of theory/systematic uncertainties in the simplified set of inputs used in this report for the HL-LHC
fits. A rough estimate of the bound that would result from assuming 100% correlated signal theory uncertainties would return,
for the same case, cf /L2 ⇠ 0.42 TeV�2, illustrating the impact of the choice of assumption in the treatment of these theory
systematics. Given the implications of these bounds in terms of constraining BSM scenarios (as will be illustrated below, cf
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Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.

fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10]).

In Table 9 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 10 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
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Fig. 8: LO cross-section for important Standard Model processes in electron-positron collisions including
single Higgs production. The process labeled HZ includes all decays of the Z boson. The effect of Initial-
State Radiation is included.

Table 4: Expected reach on i parameters from a global fit of Higgs couplings, from Ref. [1]; theoretical
uncertainties not included; stage 2 at 1.4 TeV. For comparison, the last column shows estimates for
HL-LHC in two scenarios for the extrapolated systematics, see [21].

Stage 1 Stage 1+2 Stage 1+2+3 HL-LHC S1 (S2)
HZZ 0.4 % 0.3 % 0.2 % 2.2(1.6) %
HWW 0.8 % 0.2 % 0.1 % 2.3(1.7) %
Hbb 1.3 % 0.3 % 0.2 % 4.8(3.4) %
Hcc 4.1 % 1.8 % 1.3 % �

Htt 2.7 % 1.2 % 0.9 % 2.6(1.9) %
Hµµ � 12.1 % 5.6 % 6.6(5.0) %
Htt � 2.9 % 2.9 % 4.7(2.8) %
Hgg 2.1 % 1.2 % 0.9 % 3.6(2.3) %
Hgg � 4.8 % 2.3 % 2.7(2.0) %
HZg � 13.3 % 6.6 %

iii) Operators that are very tightly constrained from other measurements and are not expected to have
a substantial impact on Higgs physics.

iv) Operators that enter at loop-level in Higgs processes.

Let us discuss these in turn. Table 2 represents a redundant set of operators, meaning that two
different combinations might lead to exactly the same physical effect. These redundancies can be elim-
inated, using integration by parts and field redefinitions, which in practice eliminate any combination of
operators proportional to the SM equations of motion. These imply relations between the operators of
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Table 4: Expected reach on i parameters from a global fit of Higgs couplings, from Ref. [1]; theoretical
uncertainties not included; stage 2 at 1.4 TeV. For comparison, the last column shows estimates for
HL-LHC in two scenarios for the extrapolated systematics, see [21].

Stage 1 Stage 1+2 Stage 1+2+3 HL-LHC S1 (S2)
HZZ 0.4 % 0.3 % 0.2 % 2.2(1.6) %
HWW 0.8 % 0.2 % 0.1 % 2.3(1.7) %
Hbb 1.3 % 0.3 % 0.2 % 4.8(3.4) %
Hcc 4.1 % 1.8 % 1.3 % �

Htt 2.7 % 1.2 % 0.9 % 2.6(1.9) %
Hµµ � 12.1 % 5.6 % 6.6(5.0) %
Htt � 2.9 % 2.9 % 4.7(2.8) %
Hgg 2.1 % 1.2 % 0.9 % 3.6(2.3) %
Hgg � 4.8 % 2.3 % 2.7(2.0) %
HZg � 13.3 % 6.6 %

iii) Operators that are very tightly constrained from other measurements and are not expected to have
a substantial impact on Higgs physics.

iv) Operators that enter at loop-level in Higgs processes.

Let us discuss these in turn. Table 2 represents a redundant set of operators, meaning that two
different combinations might lead to exactly the same physical effect. These redundancies can be elim-
inated, using integration by parts and field redefinitions, which in practice eliminate any combination of
operators proportional to the SM equations of motion. These imply relations between the operators of
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Table 4: Expected reach on i parameters from a global fit of Higgs couplings, from Ref. [1]; theoretical
uncertainties not included; stage 2 at 1.4 TeV. For comparison, the last column shows estimates for
HL-LHC in two scenarios for the extrapolated systematics, see [21].
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HZZ 0.4 % 0.3 % 0.2 % 2.2(1.6) %
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Hcc 4.1 % 1.8 % 1.3 % �

Htt 2.7 % 1.2 % 0.9 % 2.6(1.9) %
Hµµ � 12.1 % 5.6 % 6.6(5.0) %
Htt � 2.9 % 2.9 % 4.7(2.8) %
Hgg 2.1 % 1.2 % 0.9 % 3.6(2.3) %
Hgg � 4.8 % 2.3 % 2.7(2.0) %
HZg � 13.3 % 6.6 %

iii) Operators that are very tightly constrained from other measurements and are not expected to have
a substantial impact on Higgs physics.

iv) Operators that enter at loop-level in Higgs processes.

Let us discuss these in turn. Table 2 represents a redundant set of operators, meaning that two
different combinations might lead to exactly the same physical effect. These redundancies can be elim-
inated, using integration by parts and field redefinitions, which in practice eliminate any combination of
operators proportional to the SM equations of motion. These imply relations between the operators of
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σ(e+e− → ννH) ≫ σ(e+e− → Zh) at s > TeV

Maximum σ(e+e− → Zh) at s ≃ 0.24 TeV

σ(Zh) ∼ 1
s

σ(hνν) ∼ 1
v2 log s

v

1608.07538
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Types of Higgs factory

type-1

s = mh

type-2

s ≃ mh + mZ

type-4

s ⋙ mh

type-3

s ≫ mh
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• a circular  Higgs factory (FCC-ee or CEPC) seems to be 

favored because of  the positive correlation with a future  

circular collider sharing the (big) expense for a 100Km tunnel 

• a high energy linear  Higgs factory is mature for construction 

(ILC250 or CLIC380). Upgrade path to higher energy linear 

colliders well established (up to 3 TeV c.o.m. energy)

e+e−

pp

e+e−

the path to the Higgs factory
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• a High energy  collider 3 TeV c.o.m., that means a new 

type of  machine with a clear upgrade path to 10+ TeV  

• a low-energy  collider at the Higgs pole 

• a Higgs factory in the LEP tunnel (it is not forbidden by the laws of  physics)

μ

μ

other paths to the Higgs factory
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beyond the Higgs factory
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αβγ-model Eq.(1), the cost of 100 km long accelerator facility with some 400MW of site power and based 

on today’s SC magnets can be estimated as TPC=2×(100/10)1/2+2×(100 TeV/1TeV)1/2+2×(400/100)1/2 

=30.3B$±9B$. As the biggest share of the TPC is for the magnets, the primary goal of the long-term R&D 

program should be development of ~16T SC dipole magnets which will be significantly (by a factor 3-5) 

more cost effective per TeV (or Tesla-meter) then those of, say, LHC – see Fig.2.   

 

While talking about frontier colliders, one should take into account the availability of experts. A simple 

“rule of thumb” (also know as “Oide-principle” [19]) based on statistics of construction projects in Japan 

and Europe and widely accepted in the accelerator community states that “one accelerator expert can spend 

intelligently 1 M$ in one year”. One can estimate that the world-wide community of accelerator physicists 

and experienced engineers does not exceed 1500 people and the total accelerator personnel (all scientists, 

engineers, technicians, drafters, etc) is about 4,000-4,500. Therefore, any plans for a really big facility at 

the scale of few B$ to 10B$ should take into account that significant time will be needed to get the required 

number of the people together. Another comment deals with the fact that due to extremely cpmplex nature 

of the fronrtier accelerators it takes time to get to design luminosity - often as long as 3-7 years [20] – and 

that should also be taken into account in any realistic plans.  

 
Fig.3: “Luminosity vs Energy” paradigm shift (see text) 

 
Finally, one can try to assess options for  “far future” post-FCC energy frontier collider facility with 

c.o.m. energies (20-100 times the LHC (300-1000 TeV). We surely know that for the same reason the 

circular e+e- collider energies do not extend beyond the Higgs factory range (~0.25 TeV), there will be no 

circular proton-proton colliders beyond 100 TeV because of unacceptable synchrotron radiation power – 

they will have to be linear. It is also appreciated that even in the linear accelerators electrons and positrons 

become impractical above about 3 TeV due to beam-strahlung (radiation due to interaction at the IPs) and 

about 10 TeV due to radiation in the focusing channel (<10 TeV). That leaves only μ+μ- or pp for the “far 

future” colliders. If we further limit ourselves to affordable options and request such a flagship machine not 

1705.02011 - Shiltsev

Center of Mass Energy [TeV]

Lu
m

in
os

ity
 [c

m
-2
⋅s-

1 ] ℒ ∝ E2

LHC

TeVatron

FCC-pp

⇒ you want ℒ ∼ E2σ(ab → cd) ∼ 1/E2

ℒ ⋅ σ(ab → cd) ∼ const



Roberto Franceschini - July 3rd 2024 - 1st ECFA-INFN Early Career Researchers Meeting - https://agenda.infn.it/event/42205/

Challenges
T I M E

 [GeV]s
0 1000 2000 3000

]
-1 s

-2
 c

m
34

L 
[1

0

1

10

210
CLIC

ILC

ILC LumiUP

FCC-ee (2 IPs)

CEPC (2 IPs)

 [GeV]s
0 1000 2000 3000

]
-1 s

-2
 c

m
34

L 
[1

0

1

10

210
CLIC

ILC

ILC LumiUP

FCC-ee (2 IPs)

CEPC (2 IPs)

Crystal Ball: on the Future High Energy Colliders Vladimir Shiltsev 

6 

αβγ-model Eq.(1), the cost of 100 km long accelerator facility with some 400MW of site power and based 

on today’s SC magnets can be estimated as TPC=2×(100/10)1/2+2×(100 TeV/1TeV)1/2+2×(400/100)1/2 

=30.3B$±9B$. As the biggest share of the TPC is for the magnets, the primary goal of the long-term R&D 

program should be development of ~16T SC dipole magnets which will be significantly (by a factor 3-5) 

more cost effective per TeV (or Tesla-meter) then those of, say, LHC – see Fig.2.   

 

While talking about frontier colliders, one should take into account the availability of experts. A simple 

“rule of thumb” (also know as “Oide-principle” [19]) based on statistics of construction projects in Japan 

and Europe and widely accepted in the accelerator community states that “one accelerator expert can spend 

intelligently 1 M$ in one year”. One can estimate that the world-wide community of accelerator physicists 

and experienced engineers does not exceed 1500 people and the total accelerator personnel (all scientists, 

engineers, technicians, drafters, etc) is about 4,000-4,500. Therefore, any plans for a really big facility at 

the scale of few B$ to 10B$ should take into account that significant time will be needed to get the required 

number of the people together. Another comment deals with the fact that due to extremely cpmplex nature 

of the fronrtier accelerators it takes time to get to design luminosity - often as long as 3-7 years [20] – and 

that should also be taken into account in any realistic plans.  

 
Fig.3: “Luminosity vs Energy” paradigm shift (see text) 

 
Finally, one can try to assess options for  “far future” post-FCC energy frontier collider facility with 

c.o.m. energies (20-100 times the LHC (300-1000 TeV). We surely know that for the same reason the 

circular e+e- collider energies do not extend beyond the Higgs factory range (~0.25 TeV), there will be no 

circular proton-proton colliders beyond 100 TeV because of unacceptable synchrotron radiation power – 

they will have to be linear. It is also appreciated that even in the linear accelerators electrons and positrons 

become impractical above about 3 TeV due to beam-strahlung (radiation due to interaction at the IPs) and 

about 10 TeV due to radiation in the focusing channel (<10 TeV). That leaves only μ+μ- or pp for the “far 

future” colliders. If we further limit ourselves to affordable options and request such a flagship machine not 

1705.02011 - Shiltsev

Center of Mass Energy [TeV]

Lu
m

in
os

ity
 [c

m
-2
⋅s-

1 ] ℒ ∝ E2

LHC

TeVatron

FCC-pp

⇒ you want ℒ ∼ E2σ(ab → cd) ∼ 1/E2

ℒ ⋅ σ(ab → cd) ∼ const Luminosity is not growing fast enough



Roberto Franceschini - July 3rd 2024 - 1st ECFA-INFN Early Career Researchers Meeting - https://agenda.infn.it/event/42205/
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Hadron colliders
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The top quark Yukawa is 
off by  few %?
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Figure 1: Diagrammatic contributions to the qq ! q
0
q
0
WW process. On the left, the scattering

topology. On the right, one representative “radiation” diagram.

that factorization fails for massive vector particles. On the other, because it suggests that it

simply does not make sense, even in an ideal experimental situation, to extract in a model

independent way the on-shell �WWWW � correlator from experimental data: the interesting

physics of WW scattering would always be mixed up in an intricate way with SM e�ects.

We thus believe that studying the conditions for the applicability of EWA is important, and

timely as well. Obviously the goal is not to find a fast and clever way to do computations.

One should view EWA as a selection tool that allows to identify the relevant kinematic region

of the complete process, the one which is more sensitive to the EWSB dynamics. One would

want to focus on the kinematics where EWA applies not to speed up the computations, but

to gain sensitivity to the relevant physics.

In this paper we shall analyze in detail the applicability of EWA. We will find, not

surprisingly, that, in the proper kinematic regime, factorization is valid and EWA works

egregiously. In order to prove that, we shall not need to focus, as KS did, on the case of

a heavy Higgs or a strongly interacting EWSB sector, actually we shall not even need to

restrict on the specific sub-process WW ! WW . Factorization indeed does not rely in any

way on the detailed nature of the hard sub-process. It relies instead on the existence of a

large separation of virtuality scales between the sub-process and the collinear W emission.

That only depends on kinematics and corresponds to requiring forward energetic jets and

hard high P� outgoing W ’s. When those conditions are imposed EWA works well, for both

longitudinally and transversely polarized W ’s, also including the case of weakly-coupled

EWSB (light and elementary Higgs) where all helicities interact with the same strength

⇠ gW at all energies.

One serious issue in the applicability of EWA is the size of the subleading corrections.

2

̂s

?†

Abstract
The perspective of designing muon colliders with high energy and luminosity,
which is being investigated by the International Muon Collider Collaboration,
has triggered a growing interest in their physics reach.

We present a concise summary of the muon collider potential to explore new
physics, leveraging on the unique possibility of combining high available en-
ergy with very precise measurements.

† The low FCC-hh mass reach on Top Partners
could be due to a non-optimal analysis

4

Fig. 2: Left panel: the number of expected events (from Ref. [6], see also [2]) at a 10 TeV muon collider,
with 10 ab�1 luminosity, for several BSM particles. Right panel: 95% CL mass reach, from Ref. [5], at
the HL-LHC (solid bars) and at the FCC-hh (shaded bars). The tentative discovery reach of a 10, 14 and
30 TeV muon collider are reported as horizontal lines.

particles can be definitely discovered up to the kinematical threshold. Taking into account that entire
target integrated luminosity will be collected in 5 years, a few months of run could be sufficient for a
discovery. Afterwards, the large production rate will allow us to observe the new particles decaying
in multiple final states and to measure kinematical distributions. We will thus be in the position of
characterizing the properties of the newly discovered states precisely. Similar considerations hold for
muon colliders with higher Ecm, up to the fact that the kinematical mass threshold obviously grows to
Ecm/2. Notice however that the production cross-section decreases as 1/E

2
cm.1 Therefore we obtain as

many events as in the left panel of Figure 2 only if the integrated luminosity grows as

Lint = 10 ab�1
✓

Ecm

10 TeV

◆2

. (1)

A luminosity that is lower than this by a factor of around 10 would not affect the discovery reach, but it
might, in some cases, slightly reduce the potential for characterizing the discoveries.

The direct reach of muon colliders vastly and generically exceeds the sensitivity of the High-
Luminosity LHC (HL-LHC). This is illustrated by the solid bars on the right panel of Figure 2, where
we report the projected HL-LHC mass reach [5] on several BSM states. The 95% CL exclusion is
reported, instead of the discovery, as a quantification of the physics reach. Specifically, we consider
Composite Higgs fermionic top-partners T (e.g., the X5/3 and the T2/3) and supersymmetric particles
such as stops et , charginos e�±

1 , stau leptons e⌧ and squarks eq . For each particle we report the highest
possible mass reach, as obtained in the configuration for the BSM particle couplings and decay chains
that maximizes the hadron colliders sensitivity. The reach of a 100 TeV proton-proton collider (FCC-hh)
is shown as shaded bars on the same plot. The muon collider reach, displayed as horizontal lines for
Ecm = 10, 14 and 30 TeV, exceeds the one of the FCC-hh for several BSM candidates and in particular,
as expected, for purely electroweak charged states.

Several interesting BSM particles do not decay to easily detectable final states, and an assessment
of their observability requires dedicated studies. A clear case is the one of minimal WIMP Dark Matter
(DM) candidates (see e.g. [4] and references therein). The charged state in the DM electroweak multiplet
is copiously produced, but it decays to the invisible DM plus a soft undetectable pion, owing to the

1The scaling is violated by the vector boson annihilation channel, which however is relevant only at low mass.
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n? Proposals emerging  from this Snowmass for a US based collider
CCC

Muon Collider

• Timelines technologically limited
• Uncertainties to be sorted out

• Find a contact lab(s) 
• Successful R&D and feasibility demonstration for CCC and Muon Collider
• Evaluate CCC progress in the international context, and consider proposing an ILC/CCC  

[ie CCC used as an upgrade of ILC] or a CCC only option in the US.            
• International Cost Sharing

• Consider proposing hosting ILC in the US.

Possible scenarios of future 
colliders

2020 207020402030 2050 2060

Proton collider
Electron  collider
Muon  collider

2080 2090
UB

Preparation / R&D

US
A

CCC: 250 GeV 
2 ab-1

550 GeV
4 ab-18 km tunnel 

2 TeV
≈ 4 ab-15 years

muC:Stage
1
3 TeVOR 4km+6km km ring 

Stage2
10 TeV; 
≈ 10 ab-1

13 years

RF upgrade

10km & 16.5 km tunnels

4km & reuse Tevatron 
ring Note: Possibility of 

125 GeV or 1 TeV at Stage 1

2045 start physics

2040 start physics

Original from ESG by UB
Updated  July 25, 2022 by MN

Construction/Transformation

Meenakshi Narain - Snowmass Summer Study - Seattle July 22 - https://indico.fnal.gov/event/22303/contributions/246084/subcontributions/8620
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both the intensity and energy frontier
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• what is the dark matter in the Universe? 

• why QCD does not violate CP?

• how have baryons originated in the early Universe?

• what originates flavor mixing and fermions masses?

• what gives mass to neutrinos?

• why gravity and weak interactions are so different? 

• what fixes the cosmological constant?

EFT

EFT

S T R O N G  I N T E R A C T I O N S

?
W E A K  I N T E R A C T I O N S

Future Colliders can provide significant advances on these issues

Several deep open questions open for investigation
Conclusions
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EW phase transition

Combined constraints from precision Higgs 
measurements at FCC-ee and FCC-hh
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Parameter space scan for a singlet model extension 
of the Standard Model. The points indicate a first 
order phase transition. 

Direct detection of extra Higgs states at 
FCC-hh

(h2 ~ S,   h1 ~ H)
34

Constraints on models with 1st order phase transition at the FCC

EW symmetry breaking

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

Composite Higgs
m

*
: mass scale

g
*
: coupling

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

FCC-all and 3 TeV CLIC similar

126 CHAPTER 8. BEYOND THE STANDARD MODEL

2 4 6 8 10 12
 [TeV]Sm

4-10

3-10

2-10

1-10

g2
95

%
 C

.L
. l

im
it 

on
 s

in

Higgs couplings:
HL-LHC
HE-LHC
LHeC

500ILC
FCC-ee or CEPC

1000ILC
FCC-ee/eh/hh

3000CLIC

Direct:
HL-LHC
HE-LHC
FCC-hh

Direct:
1500CLIC
3000CLIC

-1, 6 TeV, 5 abµµ
-1, 14 TeV, 20 abµµ

50 100 150 200 250 300 350
 [GeV]Sm

0

0.5

1

1.5

2

2.5H
S

l
95

%
 C

.L
. l

im
it 

on
 

Higgs couplings:
HL-LHC
HE-LHC
LHeC

500ILC
FCC-ee or CEPC

1000ILC
FCC-ee/eh/hh

3000CLIC

Direct:
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FCC-hh Two-step phase transition

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.

It is interesting to note that a large fraction of the region compatible with a first-order
phase transition could be probed by the full CLIC or FCC programmes. For illustration pur-
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 [456].
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:
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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

Several important milestones: full 
exploration of TeV EW states, EW 
phase transition, TeV Dark Matter  

1 0 +  T E V

Extraordinary probes of Higgs boson, 
electroweak new physics and Dark Matter
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Precision study of the Higgs boson
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Conclusions

Figure 5. Indirect limits from the measurements of the Higgs couplings. The scatter points are
the FOEWPT data, in which red, green and blue colors represent SNR 2 [50,+1), [10, 50) and
[0, 10), respectively. The colored vertical and horizontal lines are the projections of di↵erent setups
of muon colliders. The projections of CEPC (

p
s = 250 GeV) are also shown in dashed lines for

comparison.

at tree level we obtain V = 3 = 1 for the SM, while

V = c✓, 3 =
2v

M2
h
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+

1

4
c2
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1

2
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2
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+

1

3
s3
✓
(3b4vs + b3)

�
, (3.21)

for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

we project the FOEWPT data points into the �3-�V plane in Fig. 5. One finds that

�3 is always positive (and . 0.8). This can be understood by expanding the deviation at

small mixing angle [12]

�3 = ✓2
 
�
3

2
+

2M2
h2

� 2b3vs � 4b4v2s
M2

h

!
+O(✓3), (3.23)

where the M2
h2
/M2

h
term dominates the terms in the bracket, implying an enhanced Higgs

triple coupling. Since we set ✓ 6 0.15 when scanning over the parameter space (see

Appendix A), the �V distribution has a sharp edge at around 0.152/2 ⇡ 0.01.

Also shown in Fig. 5 are the projections of the reach for di↵erent setups of muon

colliders. The corresponding probe limits are adopted from Ref. [74], which uses the

VBF single Higgs production to study the h1V V coupling and the vector boson scattering

di-Higgs production to study the triple Higgs coupling. It is clear that the FOEWPT

parameter space can be probed very e�ciently using via such indirect approach. A 3 TeV

muon collider is already able to cover most of the data points, and a 30 TeV muon collider

could test almost the whole parameter space.
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1.2. Midi: clusters of galaxies 21

Figure 1.3: Bullet cluster. The collision of a pair of clusters of galaxies, with the colored map repre-
senting the X-ray image of the hot baryonic gas. This is displaced from the distribution of the total mass
reconstructed through weak lensing, shown with green contours. The white bar corresponds to the length
of 200 kpc. From Clowe et al. (2006) in [13].

1.2.1 Weak gravitational lensing: the bullet cluster and cosmic shear
Today, one of the most striking evidences for the presence of DM on the length scales of galaxy clusters
comes from the observations of a pair of colliding clusters known as the bullet cluster located 3.7 Gyr
away, with a catalog name 1E0657-558 (or 1E0657-56) and first observed in detail in 2006, as well as
from similar systems [13]. Most of the baryonic mass in the bullet cluster is in the form of hot gas whose
distribution can be traced through its X-ray emissions. The distribution of the total mass, visible and
dark, was independently measured through weak lensing.

The special feature of the bullet cluster system is that the visible matter and Dark Matter are spatially
separated, see fig. 1.3. The interpretation is the following: in the past, each of the two clusters of galaxies
was an ordinary system, with the visible matter and DM mixed together. The two objects collided 150
million years ago. Visible matter interacts significantly with itself, so that the hot gas from the two
clusters experienced a collisional shock wave. DM, on the other hand, experienced negligible collisions
with itself and with normal matter, such that the DM clouds of the two systems simply passed through
each other. This led to the present separation of the visible and dark matter components, apparent in
fig. 1.3.8 After the observation of the bullet cluster, many similar systems have been studied. Harvey et
al. (2015) [13] report the results on 72 of them and conclude that the existence of DM can be established
with a significance of more than 7�.

This kind of observations puts a severe strain on alternative interpretations where DM is replaced by
a modification of gravity. Such modifications cannot get spatially separated from normal matter (unless
they too introduce something that effectively behaves as DM), so that the anomalous lensing signal would

8Detailed studies reconstruct an initial relative velocity of about 3000 km/s before the collision between the
two clusters. This had been claimed to be unusually high: according to the tails of velocity distributions in
⇤CDM cosmology, the probability of observing such an event had been claimed to be too low (⇠ 10�5 assuming a
reasonable amount of matter inhomogeneities) [15]. Hence the bullet cluster, in this specific aspect of the relative
speed, had been used as evidence against Dark Matter. Later studies, however, have disputed the claim and found
probabilities that are in agreement with ⇤CDM cosmology [15].
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Figure 2: (Left) The Coulomb self-energy of the electron. (Middle) The bubble diagram which shows the fluc-

tuation of the vacuum. (Right) Another contribution to the electron self-energy due to the fluctuation of the

vacuum.

Experimentally, we know (now) that the “size” of the electron is small, re
<⇠ 10�17 cm. This

implies that the self-energy �E is at least a few GeV, and hence the “bare” electron mass must
be negative to obtain the observed mass of the electron, with a fine cancellation likeb

0.000511 = (�3.141082 + 3.141593) GeV. (3)

Even setting a conceptual problem with a negative mass electron aside, such a fine cancellation
between the “bare” mass of the electron and the Coulomb self-energy appears troublesome. In
order for such a cancellation to be absent, Landau and Lifshitz4 concluded that the classical
electromagnetism cannot be applied to distance scales shorter than e2/(4⇡"0mec2) = 2.8 ⇥
10�13 cm. This is a long distance in the present-day particle physics’ standard.

The resolution to this problem came from the discovery of the anti-particle of the electron,
the positron, or in other words by doubling the degrees of freedom in the theory. The Coulomb
self-energy discussed above can be depicted by a diagram Fig. 2, left where the electron emits the
Coulomb field (a virtual photon) which is felt (absorbed) later by the electron itself. But now
that we know that the positron exists, and we also know that the world is quantum mechanical,
one should think about the fluctuation of the “vacuum” where a pair of an electron and a
positron appears out of nothing together with a photon, within the time allowed by the energy-
time uncertainty principle �t ⇠ h̄/�E ⇠ h̄/(2mec2) (Fig. 2, middle). This is a new phenomenon
which didn’t exist in the classical electrodynamics, and modifies physics below the distance scale
d ⇠ c�t ⇠ h̄c/(2mec2) = 200⇥ 10�13 cm. Therefore, the classical electrodynamics indeed does
hit its limit of applicability at this distance scale, much earlier than 2.8 ⇥ 10�13 cm as was
exhibited by the problem of the fine cancellation above. Given this vacuum fluctuation process,
one should also consider a process where the electron sitting in the vacuum by chance annihilates
with the positron and the photon in the vacuum fluctuation, and the electron which used to
be a part of the fluctuation remains instead as a real electron (Fig. 2, right). V. Weisskopf5

calculated this contribution to the electron self-energy, and found that it is negative and cancels
the leading piece in the Coulomb self-energy exactly:

�Epair = � 1
4⇡"0

e2

re

. (4)

After the linearly divergent piece 1/re is canceled, the leading contribution in the re ! 0 limit
is given by

�E = �ECoulomb + �Epair =
3↵

4⇡
mec

2 log
h̄

mecre

. (5)

There are two important things to be said about this formula. First, the correction �E is
proportional to the electron mass and hence the total mass is proportional to the “bare” mass
of the electron,

(mec
2)obs = (mec

2)bare

1 +

3↵

4⇡
log

h̄

mecre

�
. (6)

b
Do you recognize ⇡?

Z 1

re

E =
1

4⇡✏0

e2

re
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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.

It is interesting to note that a large fraction of the region compatible with a first-order
phase transition could be probed by the full CLIC or FCC programmes. For illustration pur-
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 [456].
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.
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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
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Figure 5. Indirect limits from the measurements of the Higgs couplings. The scatter points are
the FOEWPT data, in which red, green and blue colors represent SNR 2 [50,+1), [10, 50) and
[0, 10), respectively. The colored vertical and horizontal lines are the projections of di↵erent setups
of muon colliders. The projections of CEPC (

p
s = 250 GeV) are also shown in dashed lines for

comparison.

at tree level we obtain V = 3 = 1 for the SM, while

V = c✓, 3 =
2v

M2
h


�vc3

✓
+

1

4
c2
✓
s✓ (2a2vs + a1) +

1

2
a2vc✓s

2
✓
+

1

3
s3
✓
(3b4vs + b3)

�
, (3.21)

for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

we project the FOEWPT data points into the �3-�V plane in Fig. 5. One finds that

�3 is always positive (and . 0.8). This can be understood by expanding the deviation at

small mixing angle [12]
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where the M2
h2
/M2

h
term dominates the terms in the bracket, implying an enhanced Higgs

triple coupling. Since we set ✓ 6 0.15 when scanning over the parameter space (see

Appendix A), the �V distribution has a sharp edge at around 0.152/2 ⇡ 0.01.

Also shown in Fig. 5 are the projections of the reach for di↵erent setups of muon

colliders. The corresponding probe limits are adopted from Ref. [74], which uses the

VBF single Higgs production to study the h1V V coupling and the vector boson scattering

di-Higgs production to study the triple Higgs coupling. It is clear that the FOEWPT

parameter space can be probed very e�ciently using via such indirect approach. A 3 TeV

muon collider is already able to cover most of the data points, and a 30 TeV muon collider

could test almost the whole parameter space.

– 12 –

1.2. Midi: clusters of galaxies 21

Figure 1.3: Bullet cluster. The collision of a pair of clusters of galaxies, with the colored map repre-
senting the X-ray image of the hot baryonic gas. This is displaced from the distribution of the total mass
reconstructed through weak lensing, shown with green contours. The white bar corresponds to the length
of 200 kpc. From Clowe et al. (2006) in [13].

1.2.1 Weak gravitational lensing: the bullet cluster and cosmic shear
Today, one of the most striking evidences for the presence of DM on the length scales of galaxy clusters
comes from the observations of a pair of colliding clusters known as the bullet cluster located 3.7 Gyr
away, with a catalog name 1E0657-558 (or 1E0657-56) and first observed in detail in 2006, as well as
from similar systems [13]. Most of the baryonic mass in the bullet cluster is in the form of hot gas whose
distribution can be traced through its X-ray emissions. The distribution of the total mass, visible and
dark, was independently measured through weak lensing.

The special feature of the bullet cluster system is that the visible matter and Dark Matter are spatially
separated, see fig. 1.3. The interpretation is the following: in the past, each of the two clusters of galaxies
was an ordinary system, with the visible matter and DM mixed together. The two objects collided 150
million years ago. Visible matter interacts significantly with itself, so that the hot gas from the two
clusters experienced a collisional shock wave. DM, on the other hand, experienced negligible collisions
with itself and with normal matter, such that the DM clouds of the two systems simply passed through
each other. This led to the present separation of the visible and dark matter components, apparent in
fig. 1.3.8 After the observation of the bullet cluster, many similar systems have been studied. Harvey et
al. (2015) [13] report the results on 72 of them and conclude that the existence of DM can be established
with a significance of more than 7�.

This kind of observations puts a severe strain on alternative interpretations where DM is replaced by
a modification of gravity. Such modifications cannot get spatially separated from normal matter (unless
they too introduce something that effectively behaves as DM), so that the anomalous lensing signal would

8Detailed studies reconstruct an initial relative velocity of about 3000 km/s before the collision between the
two clusters. This had been claimed to be unusually high: according to the tails of velocity distributions in
⇤CDM cosmology, the probability of observing such an event had been claimed to be too low (⇠ 10�5 assuming a
reasonable amount of matter inhomogeneities) [15]. Hence the bullet cluster, in this specific aspect of the relative
speed, had been used as evidence against Dark Matter. Later studies, however, have disputed the claim and found
probabilities that are in agreement with ⇤CDM cosmology [15].
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Figure 2: (Left) The Coulomb self-energy of the electron. (Middle) The bubble diagram which shows the fluc-

tuation of the vacuum. (Right) Another contribution to the electron self-energy due to the fluctuation of the

vacuum.

Experimentally, we know (now) that the “size” of the electron is small, re
<⇠ 10�17 cm. This

implies that the self-energy �E is at least a few GeV, and hence the “bare” electron mass must
be negative to obtain the observed mass of the electron, with a fine cancellation likeb

0.000511 = (�3.141082 + 3.141593) GeV. (3)

Even setting a conceptual problem with a negative mass electron aside, such a fine cancellation
between the “bare” mass of the electron and the Coulomb self-energy appears troublesome. In
order for such a cancellation to be absent, Landau and Lifshitz4 concluded that the classical
electromagnetism cannot be applied to distance scales shorter than e2/(4⇡"0mec2) = 2.8 ⇥
10�13 cm. This is a long distance in the present-day particle physics’ standard.

The resolution to this problem came from the discovery of the anti-particle of the electron,
the positron, or in other words by doubling the degrees of freedom in the theory. The Coulomb
self-energy discussed above can be depicted by a diagram Fig. 2, left where the electron emits the
Coulomb field (a virtual photon) which is felt (absorbed) later by the electron itself. But now
that we know that the positron exists, and we also know that the world is quantum mechanical,
one should think about the fluctuation of the “vacuum” where a pair of an electron and a
positron appears out of nothing together with a photon, within the time allowed by the energy-
time uncertainty principle �t ⇠ h̄/�E ⇠ h̄/(2mec2) (Fig. 2, middle). This is a new phenomenon
which didn’t exist in the classical electrodynamics, and modifies physics below the distance scale
d ⇠ c�t ⇠ h̄c/(2mec2) = 200⇥ 10�13 cm. Therefore, the classical electrodynamics indeed does
hit its limit of applicability at this distance scale, much earlier than 2.8 ⇥ 10�13 cm as was
exhibited by the problem of the fine cancellation above. Given this vacuum fluctuation process,
one should also consider a process where the electron sitting in the vacuum by chance annihilates
with the positron and the photon in the vacuum fluctuation, and the electron which used to
be a part of the fluctuation remains instead as a real electron (Fig. 2, right). V. Weisskopf5

calculated this contribution to the electron self-energy, and found that it is negative and cancels
the leading piece in the Coulomb self-energy exactly:

�Epair = � 1
4⇡"0

e2

re

. (4)

After the linearly divergent piece 1/re is canceled, the leading contribution in the re ! 0 limit
is given by

�E = �ECoulomb + �Epair =
3↵

4⇡
mec

2 log
h̄

mecre

. (5)

There are two important things to be said about this formula. First, the correction �E is
proportional to the electron mass and hence the total mass is proportional to the “bare” mass
of the electron,

(mec
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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.

It is interesting to note that a large fraction of the region compatible with a first-order
phase transition could be probed by the full CLIC or FCC programmes. For illustration pur-
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 [456].
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.
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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
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Figure 5. Indirect limits from the measurements of the Higgs couplings. The scatter points are
the FOEWPT data, in which red, green and blue colors represent SNR 2 [50,+1), [10, 50) and
[0, 10), respectively. The colored vertical and horizontal lines are the projections of di↵erent setups
of muon colliders. The projections of CEPC (

p
s = 250 GeV) are also shown in dashed lines for

comparison.
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for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

we project the FOEWPT data points into the �3-�V plane in Fig. 5. One finds that

�3 is always positive (and . 0.8). This can be understood by expanding the deviation at

small mixing angle [12]
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where the M2
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term dominates the terms in the bracket, implying an enhanced Higgs

triple coupling. Since we set ✓ 6 0.15 when scanning over the parameter space (see

Appendix A), the �V distribution has a sharp edge at around 0.152/2 ⇡ 0.01.

Also shown in Fig. 5 are the projections of the reach for di↵erent setups of muon

colliders. The corresponding probe limits are adopted from Ref. [74], which uses the

VBF single Higgs production to study the h1V V coupling and the vector boson scattering

di-Higgs production to study the triple Higgs coupling. It is clear that the FOEWPT

parameter space can be probed very e�ciently using via such indirect approach. A 3 TeV

muon collider is already able to cover most of the data points, and a 30 TeV muon collider

could test almost the whole parameter space.
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1.2. Midi: clusters of galaxies 21

Figure 1.3: Bullet cluster. The collision of a pair of clusters of galaxies, with the colored map repre-
senting the X-ray image of the hot baryonic gas. This is displaced from the distribution of the total mass
reconstructed through weak lensing, shown with green contours. The white bar corresponds to the length
of 200 kpc. From Clowe et al. (2006) in [13].

1.2.1 Weak gravitational lensing: the bullet cluster and cosmic shear
Today, one of the most striking evidences for the presence of DM on the length scales of galaxy clusters
comes from the observations of a pair of colliding clusters known as the bullet cluster located 3.7 Gyr
away, with a catalog name 1E0657-558 (or 1E0657-56) and first observed in detail in 2006, as well as
from similar systems [13]. Most of the baryonic mass in the bullet cluster is in the form of hot gas whose
distribution can be traced through its X-ray emissions. The distribution of the total mass, visible and
dark, was independently measured through weak lensing.

The special feature of the bullet cluster system is that the visible matter and Dark Matter are spatially
separated, see fig. 1.3. The interpretation is the following: in the past, each of the two clusters of galaxies
was an ordinary system, with the visible matter and DM mixed together. The two objects collided 150
million years ago. Visible matter interacts significantly with itself, so that the hot gas from the two
clusters experienced a collisional shock wave. DM, on the other hand, experienced negligible collisions
with itself and with normal matter, such that the DM clouds of the two systems simply passed through
each other. This led to the present separation of the visible and dark matter components, apparent in
fig. 1.3.8 After the observation of the bullet cluster, many similar systems have been studied. Harvey et
al. (2015) [13] report the results on 72 of them and conclude that the existence of DM can be established
with a significance of more than 7�.

This kind of observations puts a severe strain on alternative interpretations where DM is replaced by
a modification of gravity. Such modifications cannot get spatially separated from normal matter (unless
they too introduce something that effectively behaves as DM), so that the anomalous lensing signal would

8Detailed studies reconstruct an initial relative velocity of about 3000 km/s before the collision between the
two clusters. This had been claimed to be unusually high: according to the tails of velocity distributions in
⇤CDM cosmology, the probability of observing such an event had been claimed to be too low (⇠ 10�5 assuming a
reasonable amount of matter inhomogeneities) [15]. Hence the bullet cluster, in this specific aspect of the relative
speed, had been used as evidence against Dark Matter. Later studies, however, have disputed the claim and found
probabilities that are in agreement with ⇤CDM cosmology [15].
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Figure 2: (Left) The Coulomb self-energy of the electron. (Middle) The bubble diagram which shows the fluc-

tuation of the vacuum. (Right) Another contribution to the electron self-energy due to the fluctuation of the
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Experimentally, we know (now) that the “size” of the electron is small, re
<⇠ 10�17 cm. This

implies that the self-energy �E is at least a few GeV, and hence the “bare” electron mass must
be negative to obtain the observed mass of the electron, with a fine cancellation likeb

0.000511 = (�3.141082 + 3.141593) GeV. (3)

Even setting a conceptual problem with a negative mass electron aside, such a fine cancellation
between the “bare” mass of the electron and the Coulomb self-energy appears troublesome. In
order for such a cancellation to be absent, Landau and Lifshitz4 concluded that the classical
electromagnetism cannot be applied to distance scales shorter than e2/(4⇡"0mec2) = 2.8 ⇥
10�13 cm. This is a long distance in the present-day particle physics’ standard.

The resolution to this problem came from the discovery of the anti-particle of the electron,
the positron, or in other words by doubling the degrees of freedom in the theory. The Coulomb
self-energy discussed above can be depicted by a diagram Fig. 2, left where the electron emits the
Coulomb field (a virtual photon) which is felt (absorbed) later by the electron itself. But now
that we know that the positron exists, and we also know that the world is quantum mechanical,
one should think about the fluctuation of the “vacuum” where a pair of an electron and a
positron appears out of nothing together with a photon, within the time allowed by the energy-
time uncertainty principle �t ⇠ h̄/�E ⇠ h̄/(2mec2) (Fig. 2, middle). This is a new phenomenon
which didn’t exist in the classical electrodynamics, and modifies physics below the distance scale
d ⇠ c�t ⇠ h̄c/(2mec2) = 200⇥ 10�13 cm. Therefore, the classical electrodynamics indeed does
hit its limit of applicability at this distance scale, much earlier than 2.8 ⇥ 10�13 cm as was
exhibited by the problem of the fine cancellation above. Given this vacuum fluctuation process,
one should also consider a process where the electron sitting in the vacuum by chance annihilates
with the positron and the photon in the vacuum fluctuation, and the electron which used to
be a part of the fluctuation remains instead as a real electron (Fig. 2, right). V. Weisskopf5

calculated this contribution to the electron self-energy, and found that it is negative and cancels
the leading piece in the Coulomb self-energy exactly:

�Epair = � 1
4⇡"0

e2

re

. (4)

After the linearly divergent piece 1/re is canceled, the leading contribution in the re ! 0 limit
is given by

�E = �ECoulomb + �Epair =
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. (5)

There are two important things to be said about this formula. First, the correction �E is
proportional to the electron mass and hence the total mass is proportional to the “bare” mass
of the electron,
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FIG. 12. Mass reach in the mono-�, mono-W and DT channels for fixed luminosity as per Eq. 20 at
p
s 3 TeV (yellow),
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p
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production modes at the fixed luminosity Eq. 20 or higher luminosity at potentially smaller
p
s as illustrated in Fig. 11
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ν and Z, γ, W as partons

ZISR → hadrons
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μ+μ− → SM SM νν̄
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Theory
“ FA C T O RY ”S TA N D A R D  M O D E L

tth production at the LHC (Fully hadronic) tth production at the muC 100 TeV HH→4b production at a multi-TeV muC 

ν → μWFSR

ν and Z, γ, W as partons

ZISR → hadrons

N E W  P H E N O M E N A  A N D  
N E W  R E G I M E S  I N  p Q F T

• weak corrections become 
“ordinary” 

• weak “partons” 

• large EW logarithms 

(F. Maltoni)

μ+μ− → SM SM νν̄



LHC ruled out new 
physics at   N  TeV … 
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LHC ruled out new physics at the TeV … 
O F  T H E  S U M M A R I E SS U M M A RY
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Yes, after HL-LHC there is going to be a 
uncharted territory as low as

• Fermionic pure Doublet: 200 GeV; 400 GeV if you are really pessi/opti-misitc  
• Scalar Doublet: 1 TeV  
• Scalar Singlet: 500-900 GeV (depending on the UV origin of the singlet)* 



The size of   
the Higgs boson

flashing concrete results for
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S T R O N G LY  I N T E R A C T I N G  L I G H T  H I G G Sh ~π

Effects of the size of the Higgs boson

ℓHiggs ∼ 1/m⋆{effects and purely gluonic operators):1729
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732

in Ref. [14] (neglecting again two purely gluonic operators).1733

The OW , OB, O2W , O2B, OT operators contribute to Drell-Yan production discussed in Section 2.6,1734

as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736

the LEP data.1737

The Higgs self-coupling measurements of Section 2.2.1 are a unique probe of O6, while the other1738

operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740

already constrained to be at or above about 800 GeV [124].1741

Higgs and vector boson production analysed in Sections 2.1, 2.4 and 2.3 are affected by OW , OB ,1742

OHW , OHB , O3W , OGG, OBB and OH . Here one should emphasize that in CH models the dominant1743

contribution to the modification of hgg and h�� interactions comes not from OGG and OBB , but from1744

OH and a non-universal operator Oyt .1745

Using the projected sensitivities presented in the listed sections, we derive the sensitivities to the1746

strong sector parameters g⇤ and m⇤ from the most relevant channels. The results are displayed in Fig-1747

ure 35. The sensitivity of the combined fit to the Higgs and diboson data is dominated by cH , cyt and cyb1748

at high g⇤, and by cW,B at low g⇤. For each category of measurement, regions probed in pessimistic and1749

optimistic cases are respectively indicated in dark and light colour shades. To derive them we indepen-1750

dently vary, in the [�2, �1/2] [ [1/2, 2] range, the numerical factors up to which the power counting for1751

each operator is satisfied. In the pessimistic case, a point in the (m⇤, g⇤) plane is considered to be within1752

reach only if it is expected to be probed for any choice of numerical factor within the specified range. In1753

the optimistic case instead, we require the point to be probed for at least one choice of parameters within1754

that range. This procedure aims at covering various possible CH model realizations.1755

1756

Top compositeness effects1757

The dominant non-universal effects of the strong sector are expected to arise from the sizeable mixings1758

of the top-quark with composite states, required to generate its Yukawa coupling. The latter is given by1759

yt ' ✏q✏tg⇤ (67)

where q and t in the following refer to the SM third-generation left-handed quark doublet and right-1760

handed singlet, respectively. We consider two representative scenarios: featuring an equal degree of1761

compositeness for both chiralities, ✏q = ✏t = (yt/g⇤)
1/2, and a totally composite top right [125], ✏t =1762

1, ✏q = yt/g⇤. For a consistent treatment of top-quark compositeness effects, we write down all possible1763
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1/f ∼ g⋆/m⋆

1/(g⋆ f ) ∼ 1/m⋆

gSM /(g⋆ f ) ∼ gSM /m⋆
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Effects of the size of the Higgs boson

{ℓtop ∼ 1/m⋆ ∼ ℓHiggs

effects and purely gluonic operators):1729
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Effects of the size of the Higgs boson

{ℓtop ∼ 1/m⋆ ∼ ℓHiggs
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The Higgs self-coupling measurements of Section 2.2.1 are a unique probe of O6, while the other1738

operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740

already constrained to be at or above about 800 GeV [124].1741

Higgs and vector boson production analysed in Sections 2.1, 2.4 and 2.3 are affected by OW , OB ,1742

OHW , OHB , O3W , OGG, OBB and OH . Here one should emphasize that in CH models the dominant1743
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Effects of the size of the Higgs boson

{ℓtop ∼ 1/m⋆ ∼ ℓHiggs
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732

in Ref. [14] (neglecting again two purely gluonic operators).1733

The OW , OB, O2W , O2B, OT operators contribute to Drell-Yan production discussed in Section 2.6,1734

as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736

the LEP data.1737

The Higgs self-coupling measurements of Section 2.2.1 are a unique probe of O6, while the other1738

operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740

already constrained to be at or above about 800 GeV [124].1741
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OHW , OHB , O3W , OGG, OBB and OH . Here one should emphasize that in CH models the dominant1743

contribution to the modification of hgg and h�� interactions comes not from OGG and OBB , but from1744

OH and a non-universal operator Oyt .1745

Using the projected sensitivities presented in the listed sections, we derive the sensitivities to the1746

strong sector parameters g⇤ and m⇤ from the most relevant channels. The results are displayed in Fig-1747

ure 35. The sensitivity of the combined fit to the Higgs and diboson data is dominated by cH , cyt and cyb1748

at high g⇤, and by cW,B at low g⇤. For each category of measurement, regions probed in pessimistic and1749

optimistic cases are respectively indicated in dark and light colour shades. To derive them we indepen-1750

dently vary, in the [�2, �1/2] [ [1/2, 2] range, the numerical factors up to which the power counting for1751

each operator is satisfied. In the pessimistic case, a point in the (m⇤, g⇤) plane is considered to be within1752

reach only if it is expected to be probed for any choice of numerical factor within the specified range. In1753

the optimistic case instead, we require the point to be probed for at least one choice of parameters within1754

that range. This procedure aims at covering various possible CH model realizations.1755
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The dominant non-universal effects of the strong sector are expected to arise from the sizeable mixings1758

of the top-quark with composite states, required to generate its Yukawa coupling. The latter is given by1759
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compositeness for both chiralities, ✏q = ✏t = (yt/g⇤)
1/2, and a totally composite top right [125], ✏t =1762
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732

in Ref. [14] (neglecting again two purely gluonic operators).1733

The OW , OB, O2W , O2B, OT operators contribute to Drell-Yan production discussed in Section 2.6,1734

as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736

the LEP data.1737
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is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740
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the optimistic case instead, we require the point to be probed for at least one choice of parameters within1754

that range. This procedure aims at covering various possible CH model realizations.1755
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732

in Ref. [14] (neglecting again two purely gluonic operators).1733

The OW , OB, O2W , O2B, OT operators contribute to Drell-Yan production discussed in Section 2.6,1734

as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736
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operators contributing to this process are much better probed in other channels. The expected sensitivity1739
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731
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as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735
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already constrained to be at or above about 800 GeV [124].1741

Higgs and vector boson production analysed in Sections 2.1, 2.4 and 2.3 are affected by OW , OB ,1742
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731
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in Ref. [14] (neglecting again two purely gluonic operators).1733

The OW , OB, O2W , O2B, OT operators contribute to Drell-Yan production discussed in Section 2.6,1734

as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736
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 ℓ+ℓ− → VV, VVH
2012.11555

multi-body can contain hard sub-scattering with net electric charge, e.g.  with new BSM couplings dependenceeν → Wh, WZ

Zh
W W

WW
s = 10 TeV

Zh

W W h

WWh
ZH: elliptical belt in 2D BSM coupling space

SM

SM-like rate, but very large BSM couplings 
which correspond to new physics directly 
accessible at the same collider

WW: elliptical belt in 2D BSM coupling space

W E A K  R A D I AT I O NM U LT I - B O D Y

WWh: elliptical belt in 2D BSM coupling space

very relevant weak radiation effect
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

final state studies. Direct searches are more effective at low g⇤, which may seem surprising.
The reason is that g⇤ is the r coupling to the Higgs boson, while the coupling of the r to
quarks, which drives the production, scales like g2

2/g⇤ and therefore increases for small g⇤.
Unfortunately, no direct reach projection is currently available for the HE-LHC.

The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.
The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [443])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

Higgs compositeness

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

Composite Higgs
m

*
: mass scale

g
*
: coupling

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

FCC-all and 3 TeV CLIC similar

compositeness at 
few 10 TeV

compositeness at 
few TeV @ HL-LHC
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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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bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

final state studies. Direct searches are more effective at low g⇤, which may seem surprising.
The reason is that g⇤ is the r coupling to the Higgs boson, while the coupling of the r to
quarks, which drives the production, scales like g2
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Unfortunately, no direct reach projection is currently available for the HE-LHC.

The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.
The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [443])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

Higgs compositeness

compositeness at 
few TeV @ HL-LHC

U N I Q U E  AV E N U E  T O  E X P L O R E  W E A K  I N T E R A C T I O N S  
FA R  O F F S H O R E  F R O M  T H E  W E A K  S C A L E

2203.07256

Higgs 100x more point-like than QCD pion 

compositeness at 
few 100 TeV

Fig. 6: Left panel: 95% reach on the Composite Higgs scenario from high-energy measurements in di-
boson and di-fermion final states [26]. The green contour display the sensitivity from “Universal” effects
related with the composite nature of the Higgs boson and not of the top quark. The red contour includes
the effects of top compositeness. Right panel: sensitivity to a minimal Z

0 [26]. Discovery contours at 5�

are also reported in both panels.

High energy scattering processes are as unique theoretically as they are experimentally [1, 6, 26].
They give direct access to the interactions among SM particles with 10 TeV energy, which in turn provide
indirect sensitivity to new particles at the 100 TeV scale of mass. In fact, the effects on high-energy cross
sections of new physics at energy ⇤ � Ecm generically scale as (Ecm/⇤)2 relative to the SM. Percent-
level measurements thus give access to ⇤ ⇠ 100 TeV. This is an unprecedented reach for new physics
theories endowed with a reasonable flavor structure. Notice in passing that high-energy measurements
are also useful to investigate flavor non-universal phenomena, as we will see below, and in Section 6.

This mechanism is not novel. Major progress in particle physics always came from raising the
available collision energy, producing either direct or indirect discoveries. For instance, precisely because
of the quadratic energy scaling outlined above, the inner structure of nucleons and a first determination
of their radius could be achieved only when the transferred energy in electron scattering could reach a
significant fraction of the “new physics” scale ⇤ = ⇤QCD = 300 MeV [27].

Figure 6 illustrates the tremendous reach on new physics of a 10 TeV muon collider with 10 ab�1

integrated luminosity. The left panel (green contour) is the sensitivity to a scenario that explains the
microscopic origin of the Higgs particle and of the scale of EW symmetry breaking by the fact that the
Higgs is a composite particle. In the same scenario the top quark is likely to be composite as well, which
in turn explains its large mass and suggest a “partial compositeness” origin of the SM flavour structure.
Top quark compositeness produces additional signatures that extend the muon collider sensitivity up to
the red contour. The sensitivity is reported in the plane formed by the typical coupling g⇤ and of the
typical mass m⇤ of the composite sector that delivers the Higgs. The scale m⇤ physically corresponds to
the inverse of the geometric size of the Higgs particle. The coupling g⇤ is limited from around 1 to 4⇡,
as in the figure. In the worst case scenario of intermediate g⇤, a 10 TeV muon collider can thus probe
the Higgs radius up to the inverse of 50 TeV, or discover that the Higgs is as tiny as (35 TeV)�1. The
sensitivity improves in proportion to the center of mass energy of the muon collider.

The figure also reports, as blue dash-dotted lines denoted as “Others”, the envelop of the 95% CL
sensitivity projections of all the future collider projects that have been considered for the 2020 update
of the European Strategy for Particle Physics, summarized in Ref. [5]. These lines include in particular
the sensitivity of very accurate measurements at the EW scale performed at possible future e

+
e
� Higgs,

Electroweak and Top factories. These measurements are not competitive because new physics at ⇤ ⇠
100 TeV produces unobservable one part per million effects on 100 GeV energy processes. High-energy

11

Higgs as composite as QCD pion 



Indirect Effects
at s ≫ 100 GeV



Roberto Franceschini - July 3rd 2024 - 1st ECFA-INFN Early Career Researchers Meeting - https://agenda.infn.it/event/42205/

A heavy Z′ 

R AT E S  A N D  A N G U L A R  D I S T R I B U T I O N SD R E L L - YA N

8.2. ELECTROWEAK SYMMETRY BREAKING AND NEW RESONANCES 117

���
-��

/��/�
�

�����
���
�����

��

���
����

����
���

��
-�
��

��
� �
��
/�
��
� �
��
/�
��

-�
�

��
��

��-���

�� �� �� �� ���
���

���

���

���

���

���

���

���

� [���]

���

�-��������� ��� �σ

Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters. The
gap in performances between CEPC or FCC-ee with respect to ILC250 or CLIC380 is most likely
due to the lack of dedicated di-fermion production studies as discussed in Sect. 8.2.1.

posite (`H 6= 0). The coupling parameter g⇤ represents the interaction strength among particles
originating from the Composite Sector. It controls the strength of the Higgs couplings to the
r resonance and it sets the scale of couplings that appear in the EFT Lagrangian. The internal
coherence of the construction requires g⇤ to be larger than the EW coupling (g⇤ & 1) but smaller
than the perturbative unitarity limit (g⇤ . 4p).

Among the operators in the Composite Higgs EFT, Of (defined as in [39]), OW and O2W
are the most representative and offer the best sensitivity at all colliders. Parametrically, their
Wilson coefficients are

cf

L2 ⇠ g2
⇤

m2
⇤
,

cW

L2 ⇠ 1
m2

⇤
,

c2W

L2 ⇠ 1
g2

⇤m2
⇤
.

These relations are merely estimates of the expected magnitude of the Wilson coefficients,
which hold up to model-dependent order-one factors. In the current analysis, these relations
are taken as exact equalities, so the results should not be interpreted as strictly quantitative, but
only as a fair assessment of the sensitivity.

Figure 8.4 shows the exclusion reach on m⇤ and g⇤ from the highly complementary probes
on the operators Of , OW and O2W with different experimental strategies in different colliders.
For the FCC project, Of is most effective at large g⇤, and it is well probed by Higgs couplings
measurements at FCC-ee. However FCC-hh and FCC-eh further improve the reach on cf as
shown in the figure. The reach on cf for all collider options is extracted from the summary
Table 8 of Ref. [39], with the exception of HL-LHC for which a more conservative value of
cf |1s = 0.42/TeV2 (also reported in Ref. [39]) is employed. The operator O2W is instead
effective at low g⇤, and it is probed by high-energy charged DY measurements at FCC-hh [439].
The mass-reach from OW is instead independent of g⇤. The reach of direct resonance searches
is also shown in Fig. 8.4, for the FCC-hh and the HL-LHC. It represents the sensitivity to an
EW triplet r vector resonance, generically present in Composite Higgs models. The reach
is extracted from ref. [440–442], and it emerges from a combination of dilepton and diboson
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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.
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters. The
gap in performances between CEPC or FCC-ee with respect to ILC250 or CLIC380 is most likely
due to the lack of dedicated di-fermion production studies as discussed in Sect. 8.2.1.

posite (`H 6= 0). The coupling parameter g⇤ represents the interaction strength among particles
originating from the Composite Sector. It controls the strength of the Higgs couplings to the
r resonance and it sets the scale of couplings that appear in the EFT Lagrangian. The internal
coherence of the construction requires g⇤ to be larger than the EW coupling (g⇤ & 1) but smaller
than the perturbative unitarity limit (g⇤ . 4p).

Among the operators in the Composite Higgs EFT, Of (defined as in [39]), OW and O2W
are the most representative and offer the best sensitivity at all colliders. Parametrically, their
Wilson coefficients are
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These relations are merely estimates of the expected magnitude of the Wilson coefficients,
which hold up to model-dependent order-one factors. In the current analysis, these relations
are taken as exact equalities, so the results should not be interpreted as strictly quantitative, but
only as a fair assessment of the sensitivity.

Figure 8.4 shows the exclusion reach on m⇤ and g⇤ from the highly complementary probes
on the operators Of , OW and O2W with different experimental strategies in different colliders.
For the FCC project, Of is most effective at large g⇤, and it is well probed by Higgs couplings
measurements at FCC-ee. However FCC-hh and FCC-eh further improve the reach on cf as
shown in the figure. The reach on cf for all collider options is extracted from the summary
Table 8 of Ref. [39], with the exception of HL-LHC for which a more conservative value of
cf |1s = 0.42/TeV2 (also reported in Ref. [39]) is employed. The operator O2W is instead
effective at low g⇤, and it is probed by high-energy charged DY measurements at FCC-hh [439].
The mass-reach from OW is instead independent of g⇤. The reach of direct resonance searches
is also shown in Fig. 8.4, for the FCC-hh and the HL-LHC. It represents the sensitivity to an
EW triplet r vector resonance, generically present in Composite Higgs models. The reach
is extracted from ref. [440–442], and it emerges from a combination of dilepton and diboson
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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.

95 % CL at μμ 3TeV

Glioti, Chen, Rattazzi, Ricci, Wulzer
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters. The
gap in performances between CEPC or FCC-ee with respect to ILC250 or CLIC380 is most likely
due to the lack of dedicated di-fermion production studies as discussed in Sect. 8.2.1.

posite (`H 6= 0). The coupling parameter g⇤ represents the interaction strength among particles
originating from the Composite Sector. It controls the strength of the Higgs couplings to the
r resonance and it sets the scale of couplings that appear in the EFT Lagrangian. The internal
coherence of the construction requires g⇤ to be larger than the EW coupling (g⇤ & 1) but smaller
than the perturbative unitarity limit (g⇤ . 4p).

Among the operators in the Composite Higgs EFT, Of (defined as in [39]), OW and O2W
are the most representative and offer the best sensitivity at all colliders. Parametrically, their
Wilson coefficients are

cf

L2 ⇠ g2
⇤

m2
⇤
,

cW
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m2

⇤
,
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These relations are merely estimates of the expected magnitude of the Wilson coefficients,
which hold up to model-dependent order-one factors. In the current analysis, these relations
are taken as exact equalities, so the results should not be interpreted as strictly quantitative, but
only as a fair assessment of the sensitivity.

Figure 8.4 shows the exclusion reach on m⇤ and g⇤ from the highly complementary probes
on the operators Of , OW and O2W with different experimental strategies in different colliders.
For the FCC project, Of is most effective at large g⇤, and it is well probed by Higgs couplings
measurements at FCC-ee. However FCC-hh and FCC-eh further improve the reach on cf as
shown in the figure. The reach on cf for all collider options is extracted from the summary
Table 8 of Ref. [39], with the exception of HL-LHC for which a more conservative value of
cf |1s = 0.42/TeV2 (also reported in Ref. [39]) is employed. The operator O2W is instead
effective at low g⇤, and it is probed by high-energy charged DY measurements at FCC-hh [439].
The mass-reach from OW is instead independent of g⇤. The reach of direct resonance searches
is also shown in Fig. 8.4, for the FCC-hh and the HL-LHC. It represents the sensitivity to an
EW triplet r vector resonance, generically present in Composite Higgs models. The reach
is extracted from ref. [440–442], and it emerges from a combination of dilepton and diboson
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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.

95 % CL at μμ 3TeV

Glioti, Chen, Rattazzi, Ricci, Wulzer

 can probe 70+ TeV mass for s ≃ 3 TeV gZ′ 
≃ gSM ≃ 0.67
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters. The
gap in performances between CEPC or FCC-ee with respect to ILC250 or CLIC380 is most likely
due to the lack of dedicated di-fermion production studies as discussed in Sect. 8.2.1.

posite (`H 6= 0). The coupling parameter g⇤ represents the interaction strength among particles
originating from the Composite Sector. It controls the strength of the Higgs couplings to the
r resonance and it sets the scale of couplings that appear in the EFT Lagrangian. The internal
coherence of the construction requires g⇤ to be larger than the EW coupling (g⇤ & 1) but smaller
than the perturbative unitarity limit (g⇤ . 4p).

Among the operators in the Composite Higgs EFT, Of (defined as in [39]), OW and O2W
are the most representative and offer the best sensitivity at all colliders. Parametrically, their
Wilson coefficients are

cf
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These relations are merely estimates of the expected magnitude of the Wilson coefficients,
which hold up to model-dependent order-one factors. In the current analysis, these relations
are taken as exact equalities, so the results should not be interpreted as strictly quantitative, but
only as a fair assessment of the sensitivity.

Figure 8.4 shows the exclusion reach on m⇤ and g⇤ from the highly complementary probes
on the operators Of , OW and O2W with different experimental strategies in different colliders.
For the FCC project, Of is most effective at large g⇤, and it is well probed by Higgs couplings
measurements at FCC-ee. However FCC-hh and FCC-eh further improve the reach on cf as
shown in the figure. The reach on cf for all collider options is extracted from the summary
Table 8 of Ref. [39], with the exception of HL-LHC for which a more conservative value of
cf |1s = 0.42/TeV2 (also reported in Ref. [39]) is employed. The operator O2W is instead
effective at low g⇤, and it is probed by high-energy charged DY measurements at FCC-hh [439].
The mass-reach from OW is instead independent of g⇤. The reach of direct resonance searches
is also shown in Fig. 8.4, for the FCC-hh and the HL-LHC. It represents the sensitivity to an
EW triplet r vector resonance, generically present in Composite Higgs models. The reach
is extracted from ref. [440–442], and it emerges from a combination of dilepton and diboson
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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.
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Dark Matter as  SU(2) n − plet
P U R E  S U ( 2 )  N - P L E T

2

ity of accessible BS channels grows significantly. These
two e↵ects result in an increase of the annihilation cross-
section compared to the estimates of Ref. [15].

The freeze-out mass predictions are summarized in Ta-
ble I and Fig. 1 for the real n-plets considered here. With
masses ranging from several TeV to tens or hundreds of
TeV, most of the EW WIMP candidates are still out
of reach of present experiments, but could be tested in
the future, thanks to the forthcoming progress in col-
lider physics and DM detection experiments. With the
mass predictions at hand, we thus commence a system-
atic survey of the WIMP phenomenology: i) at very high
energy lepton colliders with 10 to 30 TeV center of mass
energy [16, 17]; ii) at direct detection experiments with
100 tons/year of exposure like DARWIN [18, 19]; iii) at
high-energy �-ray telescopes like CTA [20–23]. We first
examine the reach of a hypothetical future muon collider,
studying in detail for which values of center-of-mass en-
ergy and integrated luminosity the EW 3-plets and 5-
plets can be fully probed through direct production. We
instead find direct production of the EW multiplets with
n > 5 to be beyond the reach of any realistic future ma-
chine (this is in contrast with the results of the recent
study [24] due to the increase of the thermal mass of the
7-plet with the inclusion of BSF e↵ects). These larger
n-plets are possibly within the reach of large exposure
direct detection experiments, and will probably be tested
more easily with future high energy �-ray telescopes. A
careful study of the expected signals in indirect detection
is left for a future work [25].

This paper is organized as follows. In Sec. II we sum-
marize the EW WIMP paradigm, in Sec. III we illustrate
the main features of our freeze-out computation, and in
Sec. IV we discuss the unitarity bound assessing the the-
ory uncertainties. These three sections provide a full ex-
planation on the results of Table I and Fig. 1. In Sec. V
we discuss the implications of our study for a future muon
collider, while in Sec. VI we briefly re-examine the reach
of direct and indirect detection experiments in light of
our findings. In Appendix A we give further details on
the nature of next-to-leading order corrections and we de-
tail the BS dynamics for the 7-plet. Appendix B contains
further information on the collider studies.

II. WHICH WIMP?

We summarize here the logic of our WIMP classifica-
tion very much inspired by previous papers on the sub-
ject [4–7, 27]. Requiring the neutral DM component to
be embedded in a representation of the EW group im-
poses that Q = T3 + Y , where T3 = diag

�
n+1
2 � i

�
with

i = 1, . . . , n, and Y is the hypercharge. At this level,
we can distinguish two classes of WIMPs: i) real EW
representations with Y = 0 and odd n; ii) complex EW
representations with arbitrary n and Y = ±

�
n+1
2 � i

�
for

i = 1, . . . , n. Here we focus on the first class of WIMPs,
which is particularly interesting because the DM does not
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FIG. 1. Summary of the thermal masses for Majorana fermion
(red) and real scalar WIMPs (blue) including both Sommer-
feld enhancement (SE) and bound state formation (BSF). The
solid lines are the thermal masses with SE. The dashed lines
are the thermal masses for the hard annhilation cross-section.
The gray shaded region is excluded by s-wave perturbative
unitarity including BSF.

couple to the Z-boson at tree level, avoiding strong con-
straints from direct detection experiments. Other possi-
bilities will be discussed elsewhere.
At the renormalizable level, the extensions of the SM

that we consider are

Ls =
1

2
(Dµ�)

2
�

1

2
M

2
�
�
2
�

�H

2
�
2
|H|

2
�

��

4
�
4
, (1)

Lf =
1

2
� (i�̄µ

Dµ �M�)� , (2)

for scalars and fermions, respectively, where Dµ = @µ �

ig2W
a

µ
T

a

�
is the covariant derivative, and T

a

�
are gen-

erators in the n-th representation of SU(2). The La-
grangian for the real scalar in Eq. (1) also admits quartic
self-coupling and Higgs-portal interactions at the renor-
malizable level, but they do not substantially alter the
WIMP freeze-out predictions.1

The neutral component and the component with
charge Q of the EW multiplet are splitted by radia-
tive contributions from gauge boson loops. In the limit
mW ⌧ MDM these contributions are non-zero and in-
dependent on M�. This fact can be understood by com-
puting the Coulomb energy of a charged state at distance
r & 1/mW or the IR mismatch (regulated by mW ) be-
tween the self-energies of the charged and neutral states.
The latter can be easily computed at 1-loop [28–30],

MQ�M0 '
Q

2
↵emmW

2(1 + cos ✓W )
= Q

2
⇥ (167± 4) MeV , (3)

1 No other quartic coupling is allowed since �T
a
�� identically van-

ishes. Indeed, (Ta
� )ij is antisymmetric in i, j, being the adjoint

combination of two real representations, while �i�j is symmetric.

2107.09688
3

DM spin EW n-plet M� (TeV) (�v)J=0
tot /(�v)J=0

max ⇤Landau/MDM ⇤UV/MDM

Real scalar

3 2.53± 0.01 – 3⇥ 1037 4⇥ 1024*

5 15.4± 0.7 0.002 5⇥ 1036 2⇥ 1024

7 54.2± 3.1 0.022 2⇥ 1019 2⇥ 1024

9 117.8± 15.4 0.088 3⇥ 103 2⇥ 1024

11 199± 42 0.25 20 3⇥ 1024

13 338± 102 0.6 3.5 3⇥ 1024

Majorana fermion

3 2.86± 0.01 – 3⇥ 1037 8⇥ 1012*

5 13.6± 0.8 0.003 3⇥ 1017 5⇥ 1012

7 48.8± 3.3 0.019 1⇥ 104 4⇥ 107

9 113± 15 0.07 30 3⇥ 107

11 202± 43 0.2 6 3⇥ 107

13 324.6± 94 0.5 2.6 3⇥ 107

TABLE I. Freeze-out mass predictions for WIMP DM in real EW multiplets with Y = 0. The annihilation cross-section
includes both the contribution of SE and BSF. We provide a measure of how close the DM annihilation cross-section is to the
unitarity bound for s-wave annihilation (�v)J=0

max = 4⇡/M2
DMv. Approaching the unitarity bound, the error on the WIMP mass

grows proportionally to the enhancement of the next-to-leading order (NLO) contributions estimated in Eq. (23). We derive
the scale where EW gauge coupling will develop a Landau pole by integrating-in the WIMP multiplet at its freeze-out mass.
The stability of both scalar and fermionic DM can always be enforced by requiring a Z2 symmetry in the DM sector to forbid
DM decays. This symmetry forbids the scalar and fermionic 3-plets decay at renormalizable level as indicated by the *. The
value of the UV cut-o↵ ⇤UV gives an idea of the required quality for this symmetry to make DM stable and avoid stringent
bounds on decaying DM (⌧DM > 1028sec) [26]: a new physics scale lower than ⇤UV would require a Z2 to explain DM stability,
while a cut-o↵ higher than ⇤UV would make DM stability purely accidental.

with the uncertainty dominated by 2-loop contributions
proportional to ↵

2
2mt/16⇡. These have been explicitly

computed in Ref.s [31, 32] giving a precise prediction for
the lifetime of the singly-charged component, which de-
cays to the neutral one mainly by emitting a charged pion
with

c⌧�+ '
120 mm

T (T + 1)
, (4)

where 2T + 1 = n. The suppression of the lifetime
with the size of the EW multiplet can be understood
in the M� � mW limit where the mass splitting between
the charged and neutral components is independent of n
while the coupling to W is controlled by

p
T (T + 1)/2.

As we will discuss in Sec. VB, the production of a singly
charged DM component at colliders gives the unique op-
portunity of probing EWmultiplets with n = 3 and n = 5
through disappearing tracks [4, 24, 33–35].

Interestingly, the IR generated splitting from gauge bo-
son loops is not modified substantially by UV contribu-
tions. The latter are generated only by dimension 7 (di-

mension 6) operators if the DM is a Majorana fermion
(real scalar) and can be written as

�LI �
cI

⇤nI
UV

�
a
�
b(H†

T
a
H)(H†

T
b
H) , (5)

with nI = 3, 2 for I = f, s. This corresponds to a split-
ting �MI ' cIv

4
/⇤nI

UVM
3�nI
�

which is always negligible
with respect to the residual error on the 2-loop splitting
for ⇤UV & 100 TeV and cI ⇠ O(1).
We now move to discuss DM stability. In the case of

the EW 3-plet, the renormalizable operators �H†
H and

�HL, for scalars and fermions, respectively, can induce
fast DM decay. We assume these operators to be forbid-
den by a symmetry (e.g. a discrete Z2-symmetry) acting
only on the DM sector. For all the other n-plets with
n � 5, instead, Z2-odd operators are accidentally absent
at renormalizable level.

Higher dimensional operators that break the Z2-
symmetry are in general expected to be generated at the
ultraviolet cut-o↵ scale ⇤UV. We sketch here the oper-
ators of lowest dimension that can induce the decay of
scalar and fermionic WIMPs for generic n:

2107.09688, 2205.04486
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• High energy colliders are excellent and 
very robust probes of WIMPs!

• The chessboard of DM is very large! 
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Recoil on “nothing”
S E A R C H  I N T E R P R E T E D  F O R  D A R K  M AT T E RG E N E R I C

10

Mono-W reach — Majorana 3-plet Mono-W reach — Majorana 5-plet

FIG. 4. Reach from mono-W searches at a muon collider, as a function of collider center-of-mass energy
p
s and integrated

luminosity L. The blue contours show the 95% C.L. reach on the WIMP mass; the prediction from thermal freeze-out is shown
as a red line. The precision of the measurement is shown by the blue shadings. Systematic uncertainties are assumed to be
negligible. The white line corresponds to the luminosity scaling Eq. (24), with various collider benchmarks shown as colored
squares:

p
s = 6 TeV green,

p
s = 10 TeV blue,

p
s = 14 TeV orange and

p
s = 30 TeV red. The yellow square corresponds to

the 3 TeV CLIC [54]. Left: Majorana 3-plet. Right: Majorana 5-plet.
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FIG. 5. Di↵erent bars show the 2� (solid wide) and 5� (hatched thin) reach on the WIMP mass at a muon collider for
di↵erent search channels. The first seven bars show the channels discussed in Sec. VA where DM would appear as missing
invariant mass (MIM) recoiling against one or more SM objects: mono-gamma, inclusive mono-W, leptonic mono-W, mono-Z,
di-gamma, same sign di-W, and the combination of all these MIM channels (blue). The last two bars show the reach of
disappearing tracks as discussed in Sec. VB, requiring at least 1 disappearing track (red), or at least 2 tracks (orange). All the
results are shown assuming systematic uncertainties to be 0 (light), 1h (medium), or 1% (dark). The vertical red bands show
the freeze-out prediction. Left: Majorana 3-plet for

p
s = 14TeV and L = 20 ab�1. Right: Majorana 5-plet for

p
s = 30TeV

and L = 90 ab�1.

is negative (positive). Since the charge of the W bo-
son is potentially observable for leptonic decays, we can
envisage a strategy to isolate the signal from the back-
ground using the full distribution in ⌘W (instead of its
absolute value). We thus also perform an analysis of lep-
tonic mono-W events, where we impose the additional

cut ⌘W± 7 0. We find the reach of this search to be
weaker than the one of the inclusive mono-W because
of the small leptonic branching ratio. However, the lep-
tonic mono-W search possesses signal-free regions of the
⌘W distribution which would allow for an in situ calibra-
tion of the background from the data itself, leading to

2107.09688
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pp or ℓ+ℓ− → ff̄, W+W−

T O TA L  C R O S S - S E C T I O NP R E C I S I O N

1810.10993 , 2212.11900 

• fiducial cross-sections are significantly 
affected by off-shell new physics heavier 
than the collider kinematic reach

χ  is heavy new physics

χ  is light new physics
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pp or ℓ+ℓ− → ff̄, W+W−

T O TA L  C R O S S - S E C T I O NP R E C I S I O N

1810.10993 , 2212.11900 

� / m� [TeV] DM HL-LHC HE-LHC FCC-100 CLIC-3 Muon-14

(1, 2, 1/2)DF 1.1 – – – 0.4 0.6
(1, 3, ✏)CS 1.6 – – – 0.2 0.2
(1, 3, ✏)DF 2.0 – 0.6 1.5 0.8 & [1.0, 2.0] 2.2 & [6.3, 7.1]
(1, 3, 0)MF 2.8 – – 0.4 0.6 & [1.2, 1.6] 1.0
(1, 5, ✏)CS 6.6 0.2 0.4 1.0 0.5 & [0.7,1.6] 1.6
(1, 5, ✏)DF 6.6 1.5 2.8 7.1 3.9 11
(1, 5, 0)MF 14 0.9 1.8 4.4 2.9 3.5 & [5.1, 8.7]
(1, 7, ✏)CS 16 0.6 1.3 3.2 2.4 2.5 & [3.5, 7.4]
(1, 7, ✏)DF 16 2.1 4.0 11 6.4 18

Table 1: Pure higgsino/wino-like DM and MDM candidates, together with the corresponding
masses saturating the DM relic density (second column) and the projected 95% CL exclusion
limits from EW precision tests at HL-LHC, HE-LHC, FCC-100, CLIC-3 and Muon-14 (see text
for details about center-of-mass energies and luminosities). In the last two columns the numbers
in square brackets stand for a mass interval exclusion. The cases where the DM hypothesis could
be fully tested are emphasized in light red.

The MDM framework was extended in Ref. [24] to contemplate the possibility of a milli-
charge ✏ ⌧ 1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence
no bearings for collider phenomenology, but it ensures the (exact) stability of the lightest
particle in the EW multiplet due to the SM gauge symmetry, in the same spirit of the original
MDM formulation. A notable feature of the milli-charged scenario is that the contribution of
the complex multiplet to the relic density gets doubled compared to the case of a single real
component (thus making the thermal mass roughly a factor

p
2 smaller). On the other hand,

the number of degrees of freedom are also doubled, thus improving the indirect testability of
those scenarios via EW precision tests at colliders.

The MDM candidates (including for completeness also the higgsino-like (1, 2, 1/2)DF and
wino-like (1, 3, 0)MF DM, which require a stabilization mechanism beyond the SM gauge sym-
metry) are summarized in Table 1, together with their thermal mass saturating the DM relic
density4 and the projected 95% confidence level (CL) exclusion limits of five representative fu-
ture colliders: HL-LHC (

p
s = 14 TeV and L = 3/ab), HE-LHC (

p
s = 28 TeV and L = 10/ab),

FCC-100 (
p
s = 100 TeV and L = 20/ab), CLIC-3 (

p
s = 3 TeV and L = 4/ab), Muon-14

(
p
s = 14 TeV and L = 20/ab). The details of the analysis will be presented in Sects. 4–5.
We can anticipate here some results of our analysis. The HL-LHC and the HE-LHC are not

able to test any of the DM candidates for masses which allow these multiplets to saturate the
whole DM relic density. The FCC-100, on the other hand, could fully test the (1, 5, ✏)DF candi-
date and would come close to test the interesting mass range for the (1, 3, ✏)DF and (1, 7, ✏)DF

multiplets. Lepton colliders are usually better at testing small multiplets, which are di�cult
to probe at hadron colliders. CLIC-3 and Muon-14 could fully test the (1, 3, ✏)DF multiplet.
Muon-14 would also surpass the FCC-100 sensitivity on both the (1, 5, ✏)DF and the (1, 7, ✏)DF

4The thermal masses in the ✏ = 0 cases are extracted from Ref. [25] which takes into account both Sommerfeld
enhancement and bound state formation e↵ects. In the cases ✏ 6= 0 we quote instead the results from Ref. [24],
which however do not include e↵ects from bound state formation that are expected to sizeably for n & 5 (e.g. in
the case of (1, 5, 0)MF the inclusion of bound state e↵ects leads to a 20% increase of the thermal mass [25]).

5

18
54
48MF

*
*

• Comprehensive tool to explore new electroweak particles 

• Can probe valid dark matter candidates! • fiducial cross-sections are significantly 
affected by off-shell new physics heavier 
than the collider kinematic reach

χ  is heavy new physics

χ  is light new physics
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μ+μ− → χχ + X
P R E C I S I O N  M E A S U R E M E N T SS M

2009.11287, 2107.09688, 2205.04486
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FIG. 12. Mass reach in the mono-�, mono-W and DT channels for fixed luminosity as per Eq. 20 at
p
s 3 TeV (yellow),

6 TeV (green), 10 TeV (light blue), 14 TeV (red), and 30 TeV (purple). In the mono-W and mono-� searches we show
an error bar, which covers the range of possible exclusion as the systematic uncertainties are varies from 0 to 1%. The
colored bars are for an intermediate choice of systematics at 0.1%. Missing bars denoted by an asterisk * correspond
to cases where no exclusion can be set in the mass range M� > 0.1

p
s. For such cases it is worth considering VBF

production modes at the fixed luminosity Eq. 20 or higher luminosity at potentially smaller
p
s as illustrated in Fig. 11
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p
s. For such cases it is worth considering VBF

production modes at the fixed luminosity Eq. 20 or higher luminosity at potentially smaller
p
s as illustrated in Fig. 11
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2.3 The Path to a 10 TeV pCM
Realization of a future collider will require resources at a global scale and will be built through a world-wide 
collaborative effort where decisions will be taken collectively from the outset by the partners. This differs from 
current and past international projects in particle physics, where individual laboratories started projects that 
were later joined by other laboratories. The proposed program aligns with the long-term ambition of hosting 
a major international collider facility in the US, leading the global effort to understand the fundamental 
nature of the universe. 

…

In particular, a muon collider presents an attractive option both for technological innovation and for bringing 
energy frontier colliders back to the US. The footprint of a 10 TeV pCM muon collider is almost exactly the 
size of the Fermilab campus. A muon collider would rely on a powerful multi-megawatt proton driver 
delivering very intense and short beam pulses to a target, resulting in the production of pions, which in turn 
decay into muons. This cloud of muons needs to be captured and cooled before the bulk of the muons have 
decayed. Once cooled into a beam, fast acceleration is required to further suppress decay losses. 

…

Although we do not know if a muon collider is ultimately feasible, the road toward it leads from current 
Fermilab strengths and capabilities to a series of proton beam improvements and neutrino beam facilities, 
each producing world-class science while performing critical R&D towards a muon collider. At the end of the 
path is an unparalleled global facility on US soil. This is our Muon Shot.
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2.5  International and Inter-Agency Partnerships 
In the case of the Higgs factory, crucial decisions must be made in consultation with potential 
international partners. The FCC-ee feasibility study is expected to be completed by 2025 and 
will be followed by a European Strategy Group update and a CERN council decision on the 
2028 timescale. The ILC design is technically ready and awaiting a formulation as a global 
project. A dedicated panel should review the plan for a specific Higgs factory once it is 
deemed feasible and well-defined; evaluate the schedule, budget and risks of US 
participation; and give recommendations to the US funding agencies later this decade 
(Recommendation 6). When a clear choice for a specific Higgs factory emerges, US efforts 
will focus on that project, and R&D related to other Higgs factory projects would ramp down.
 
Parallel to the R&D for a Higgs factory, the US R&D effort should develop a 10 TeV pCM 
collider (design and technology), such as a muon collider, a proton collider, or possibly an 
electron-positron collider based on wakefield technology. The US should participate in the 
International Muon Collider Collaboration (IMCC) and take a leading role in defining a 
reference design. We note that there are many synergies between muon and proton 
colliders, especially in the area of development of high-field magnets. R&D efforts in the next 
5-year timescale will define the scope of test facilities for later in the decade, paving the way 
for initiating demonstrator facilities within a 10-year timescale (Recommendation 6).
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: 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 boundaries 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.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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Figure 3: The 1� relative uncertainty on the scale of instability determined by eq. (12) as function
of the relative precision of the measurements of ↵3, Mt, and Mh. The horizontal shade at 0.2 corre-
sponds to a determination of the instability scale at 20% precision. The current situation and future
improvements are marked as full and empty dots, respectively.

precise enough measurements of the top mass Mt [21]. As a consequence, the only option to
measure Mt better is to measure it at future colliders.

In this context the HL-LHC stands in a delicate position as the top quark sample is already
large enough that systematic uncertainties dominates in analysis of the 7+8 TeV LHC data.
Indeed, measuring the top quark mass summing the energies of its visible decay products is
like measuring the pig mass summing sausages: higher statistics allows a better Monte Carlo
modeling, but leaving systematics uncertainties untouched. The present uncertainty about
500 MeV is at the limit to which tools such as leading-log Monte Carlo parton shower generators
are considered trustable. The inclusion of higher perturbative orders in the matrix elements
attached to the present parton showers can improve this situation, but a measurement of Mt

with uncertainty comparable to ⇤QCD remains challenging. Thus we consider unlikely that the
HL-LHC will improve the present uncertainty on Mt by the substantial factor that is needed
to firmly establish the scale of the SM instability.

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],
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Figure 2: Running of the quartic Higgs coupling, that determines the Higgs potential and its instability
scale. The ±5� bands associated with the uncertainty in the top quark mass Mt are plotted as dashed
gray, those associated to ↵3(MZ) as dotted red, those associated to Mh as dot-dashed blue.

maxh Ve↵(h). This is given by [16]

log10
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+ 0.6
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(12)
where Mt and Mh are the pole top and Higgs masses and the MS scheme is used for ↵3.

In order to assess the necessary precision to ‘measure’ the instability scale we propagate
uncertainties in eq. (12) and show in fig. 3 the resulting relative uncertainty �⇤/⇤ that corre-
sponds to a given precision in the measurement of each of the three parameters Mt, Mh, and
↵3. The top mass and ↵3 are currently the largest sources of uncertainties, while Mh is almost
precise enough to determine the instability scale. Setting an arbitrary threshold of around 20%
precision on ⇤, fig. 3 shows that an absolute error of around 10�4 would be needed on ↵3, while
the top mass should be known with error �Mt = 50 MeV.

Improved Mt determination prospects

As the uncertainty on Mt is reflected on the largest uncertainty on eq. (12), we start from
discussing the prospects for progress in its determination. As we assume the validity of the
SM up to very short length scales, the evaluation of the performance of each experiments is
evaluated under this assumption. Top quark loops a↵ect various lower-energy observables, that
are thereby sensitive to the top quark mass. Previous work found that SM fits will not allow
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where Mt and Mh are the pole top and Higgs masses and the MS scheme is used for ↵3.

In order to assess the necessary precision to ‘measure’ the instability scale we propagate
uncertainties in eq. (12) and show in fig. 3 the resulting relative uncertainty �⇤/⇤ that corre-
sponds to a given precision in the measurement of each of the three parameters Mt, Mh, and
↵3. The top mass and ↵3 are currently the largest sources of uncertainties, while Mh is almost
precise enough to determine the instability scale. Setting an arbitrary threshold of around 20%
precision on ⇤, fig. 3 shows that an absolute error of around 10�4 would be needed on ↵3, while
the top mass should be known with error �Mt = 50 MeV.

Improved Mt determination prospects

As the uncertainty on Mt is reflected on the largest uncertainty on eq. (12), we start from
discussing the prospects for progress in its determination. As we assume the validity of the
SM up to very short length scales, the evaluation of the performance of each experiments is
evaluated under this assumption. Top quark loops a↵ect various lower-energy observables, that
are thereby sensitive to the top quark mass. Previous work found that SM fits will not allow
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Figure 4: Statistical uncertainty on the top mass. Initial State Radiation is neglected,
as appropriate for a muon collider. The left panel assumes running at 10 values of Ecm =
{340, 341, . . . , 349}GeV with L/10 luminosity at each point. The right panel assumes running at
Ecm = {342, 343}GeV with L/2 luminosity at each point. The results are reported in the plane formed
by the beam energy spread R, and the luminosity L. We assumed a 70% e�ciency for tt̄ reconstruc-
tion. In the shaded region the systematic uncertainty on Mt estimated in eq. (6) is larger than the
statistical uncertainty.

e�ciency. This is because the threshold scan points are not optimized for the sensitivity to Mt,
as previously explained. The best results would be obtained by collecting the entire luminosity
at the single point that maximizes the sensitivity. For a true value of Mt = 172 GeV, which we
assume for our analysis, the optimal point would be at Ecm = 343.5 GeV, nearly independently
of the beam energy spread. However with a single energy point the �2 often displays a secondary
minimum, and furthermore a running scenarios with multiple energy points is arguably favored
for the reduction of systematic uncertainties that are correlated at the di↵erent points.

We thus consider two energy points spaced by 1 GeV, whose optimal positions are found to
be at 333 and at 334 GeV. This configuration improves the result significantly, as shown on the
right panel of fig. 4. The improvement is less pronounced at large R, because the beam energy
spread flattens out the dependence of the cross-section on Ecm, asymptotically making all the
points in the threshold region equally sensitive to Mt. The right panel of the figure is in good
agreement with the estimate in eq. (5).

The scan optimization depends on the true value of Mt, especially when R is small, since the
optimization is less relevant for large beam energy spread as previously explained. The true top
mass is uncertain. Therefore the luminosity estimates on the right panel of the figure should be
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Thank You!
Thank you!


