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Medium/large projects: community knows how to motivate and get them funded

3

A.M. Teixeira, LPC Clermont 3

Flavour: across sectors and energies! 

Flavour 
& 

CPV

ν

Leptonic 
cLFV, LNV

Lepton 
EDMs, (g-2)ℓ

Kaons

D-mesons B-mesons

Higgs & 
top decays

High pT

Atomic, nEDM...

mμ
mτ, mc

mb

ΛEW TeV
ΛNP?

μ → eγ
μ → 3e, . . .

τ → 3ℓi, τ → ℓiγ, τ → Mℓi
M → ℓiℓj, M → M′�ℓ ℓ, M → M′�ℓiℓj, . . .

να ↭ νβ
0ν2β, . . .

Z, H → ℓiℓj
pp → ℓiℓj, . . .

Status of WIMP Searches: from 
the sky and underground
Jianglai Liu
Tsung-Dao Lee Institute and School of Physics and Astronomy
Shanghai Jiao Tong University

1
Special thanks to Dr. Yi Tao, Mengjiao Xiao, and Sming Tsai for materials

Disclaimer: This is a very vast field, so I have to make hard and personal
choices on what’s covered here.
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desirable features of the next major HEP project(s)?
an important target to be reached ~ guaranteed discovery 

exploration into the unknown by a significant factor in energy  

major progress on a broad array of particle physics topics 

likelihood of success, robustness (e.g. multiple experiments)  

cost-effective construction & operation,  
low carbon footprint, novel technologies

4
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we have so far been unlucky in 
getting answers to these many 

questions

We have been good 
these past decades. 
Please could you 
now bring us 

a dark matter candidate 
an explanation for the fermion masses 
an explanation of matter-antimatter 
asymmetry 
an axion, to solve the strong CP problem 
a solution to fine tuning the EW scale 
a solution to fine tuning the 
cosmological constant

Thank you, Particle Physicists
ps: please, no anthropics

Dear Santa Claus,
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Report of the Topical Group on Particle Dark Matter for Snowmass 2021
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Figure 6: Cartoon figure of the model space for direct detection. Included are candidates of thermal dark
matter, supersymmetry, asymmetric dark matter [16], SIMP/Elder [220–223], dark monopoles [226], WIM-
Pzillas [18], and hidden sector dark matter [25]. Note that the interaction cross-section can be for either
scattering with nucleons or electrons, depending on the specific model.

4.3 The path toward DM discovery with direct detection

Many candidates in the “heavy” range will not be tested by the suite of current generation experiments that
are under construction or operating. The next suite of experiments should have an order of magnitude larger
exposure and be able to significantly enhance our capabilities to probe much of this high-priority parameter
space. This future suite should probe models with spin-dependent interactions and others beyond the usual
coherent DM-nucleus interactions. In addition, we cannot a↵ord to eliminate support for successful DM
search programs with unique sensitivity. Similarly, many candidates in the “light” range will not be tested
with the current suite of “small scale projects”. Continued investment to scale up in mass and/or reduce
and understand low-energy backgrounds in programs to search for particle DM is thus crucial.

The benchmark for future generation experiments is to search for heavy DM candidates in the parameter
space that reaches to the neutrino “fog”, the expected background from the coherent elastic neutrino-nucleus
scattering (CE⌫NS) of solar and atmospheric neutrinos, or that advances sensitivity by an order of magnitude
beyond the reach of current generation experiments in spaces where the fog remains many orders of magnitude
distant, such as spin-dependent interactions. For light mass DM candidates the goal over the next decade is
to probe DM scattering down to 1 MeV and DM absorption down to 1 eV.

4.3.1 Enabling Discovery with Complementary Probes

The three categories of particle DM, as well as models within each category, give rise to distinct DM-SM
interactions and experimental signatures in direct detection setups. Discovering particle DM requires a
multi-faceted approach involving detectors that can measure di↵erent aspects of DM-SM interactions, as
well as provide information about the DM distribution in our galactic halo.

Heavy DM candidates, such as WIMPs, are traditionally probed via their interactions with nucleons in
the target material. Spin-independent interactions benefit from targets with high atomic mass due to the
coherent A

2 enhancement of the scattering rate. On the other hand, spin-dependent interactions require

22

Snowmass Dark Matter report, 2209.07426

30 orders 
of magnitude 
in interaction 

strength

30 orders of 
magnitude in mass

https://arxiv.org/abs/2209.07426
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the standard-model particle set 
is complete 
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but we have been lucky with the 
Higgs boson’s 125 GeV mass 
it opens a door to the most 

mysterious part of the Standard 
Model
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desirable features of the next major HEP project(s)?
an important target to be reached ~ guaranteed discovery 

exploration into the unknown by a significant factor in energy  

major progress on a broad array of particle physics topics 

likelihood of success, robustness (e.g. multiple experiments)  

cost-effective construction & operation,  
low carbon footprint, novel technologies

8



APS Global Summit, March 2025Gavin Salam

Higgs physics
Higgs is the last particle of the SM.  

So the SM is complete, right?

9

parts of this talk adapted from “The Higgs boson turns ten", GPS, Zanderighi and Wang  
Nature 607 (2022) 7917, 41-47

https://inspirehep.net/literature/2104782
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The Lagrangian and Higgs interactions: two out of three qualitatively new!

10

ℒSM = ⋯ + |Dμϕ |2 + ψi yij ψj ϕ − V(ϕ)

Gauge interactions, structurally 
like those in QED, QCD, EW, 

studied for many decades  
(but now with a scalar)

Yukawa interactions.  
Responsible for fermion 

masses, and induces “fifth 
force” between fermions. 

Direct study started only 
in 2018!

Higgs potential → 
self-interaction 
(“sixth?” force 
between scalars). 

Holds the SM 
together.  

Unobserved
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typeset from Gian Giudice original

ℒ = y H ψ ψ̄ + μ2 |H |2 − λ |H |4 − V0

Almost every problem of the Standard Model originates from Higgs 
interactions 

naturalness stability

cosmological constant

flavour



APS Global Summit, March 2025Gavin Salam 12Figure 5: Figure from Energy Frontier Higgs topical report illustrating the centrality of the Higgs
and the connections to numerous fundamental questions.

at Higgs factories, with a similarly clean environment to study them. In addition, they allow
multi-Higgs production and therefore an unmatched probe of the Higgs potential. Second, high
energy muon colliders offer the unique ability to simultaneously access Higgs properties with very
high precision/accuracy, and in case of deviations, directly probe their origin, as we discuss below.

To demonstrate the first point, we consider the precision on the Higgs couplings that can be
achieved at muon colliders. Drawing on the Higgs exclusive channel inputs of Refs. [20, 22] one can
perform a global fit analysis. There are two main approaches that are followed for doing the global
fits. The first is by assuming the same type of couplings as in the SM, but associating to each
of them a rescaling factor i. This approach has been dubbed “kappa framework" and enjoys the
simplicity of a direct translation between different channels and the Higgs property precision. A
second approach employs a full-fledged effective field theory, the SMEFT, which provides a consis-
tent deformation of the SM which allows to perform accurate predictions and combine information
across different scales and experiments as long as new physics exists only at a parameterically
larger scale than probed. For consistency with the electroweak precision fit group at Snowmass,
we use a modified SMEFT framework, where the Higgs width can be considered as an additional
free parameter, yet not only Higgs measurements, but also electroweak precision observables and
possibly other low-energy measurements are included to achieve a consistent projection of the
overall precision. †

We show the SMEFT projection results in Figure 6. Here we only report the Higgs couplings
part in the Higgs basis, marginalizing on other parameters. The corresponding precision for the
electroweak sector and trilinear gauge couplings can be found in the Snowmass report [26]. In this
plot, all muon collider projections are combined with the HL-LHC. The muon collider scenarios
considered include a 3 TeV muon collider with 1 ab�1 of luminosity, a 10 TeV muon collider
with 10 ab�1 and also its combination with a 125 GeV resonant muon collider Higgs factory with
0.02 ab�1 integrated luminosity. The semi-opaque and opaque bars represent the results with
and without the Higgs width �H left as a free parameter. As one can anticipate, considering
�H as a calculable parameter in the SMEFT allows to attain a better precision. On the other
hand, considering it a free parameter, introduces a "flat" direction in the fit, that needs very
specific measurements (such as the direct �H measurement at the resonance peak p

sµ = mH to
be resolved). At high energies this can also be investigated by using indirect methods such as the
“offshell" methods employed at LHC, and should have roughly the same precision as the direct
lineshape measurement but with added theory assumptions. We would like to emphasize that
these different frameworks and/or basis choices can be also associate to different UV hypotheses
and are therefore useful also develop an idea of different new physics effects. It is important to

†We thank EF04 electroweak fitting group for various communications in developing the results.

16

https://arxiv.org/abs/2211.11084



 
Yukawa interaction hypothesis

Yukawa couplings ~ fermion mass 

first fundamental interaction that we probe at the quantum 
level where interaction strength (yij) not quantised  

(i.e. no underlying unit of conserved charge across particles)
13
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Higgs field

SM: larger mass of top comes from 
stronger interaction with Higgs field
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Higgs field

SM: larger mass of top comes from 
stronger interaction with Higgs field
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Protons are lighter than neutrons→ protons are stable.  
Giving us the hydrogen atom, & chemistry and biology as we know it 
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Protons are lighter than neutrons→ protons are stable.  
Giving us the hydrogen atom, & chemistry and biology as we know it 
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4

X �MX �QEDMX �QCDMX

N �0.68(39)(36) 1.59(30)(35) �2.28(25)(7)

⌃ �7.84(87)(72) 0.08(12)(34) �7.67(79)(105)

⌅ �7.16(76)(47) �1.29(15)(8) �5.87(76)(43)

TABLE I. Isospin breaking mass di↵erences in MeV for mem-
bers of the baryon octet. The first error is statistical and the
second is systematic. As discussed in the text, we guesstimate
the QED quenching uncertainties on the EM contributions to
be O(10%). Propagating the uncertainty in �QEDM

2
K yields

an O(4%) error on the �m contributions. The quenching un-
certainties on the total splittings can then be obtained by
adding those of the EM and �m contributions in quadrature.
These guesstimates are not included in the results.

These variations lead to 27 = 128 di↵erent fits for
each of the isospin splittings and parameter combina-
tions. Correlating these with the 128 fits used to deter-
mine �M

2,ph and allowing various parameter combina-
tions but discarding fits with irrelevant parameters, we
obtain between 64 and 256 results for each observable.
The central value of a splitting is then the mean of these
results, weighted by the p-value. The systematic error is
the standard deviation. Because we account for all cor-
relations, these fit qualities are meaningful. The whole
procedure is repeated for 2000 bootstrap samples and the
statistical error is the standard deviation of the weighted
mean over these samples. We have also checked that the
results are changed only negligibly (far less than the cal-
culated errors) if they are weighted by 1 instead of by the
p-value.

The �m corrections that we do not include in the sea
are NLO in isospin breaking and can safely be neglected.
The neglected O(↵) sea-quark contributions break fla-
vor SU(3). Moreover, large-Nc counting indicates that
they are O(1/Nc). Combining the two suppression fac-
tors yields an estimate (M⌃ �MN )/(NcMN ) ' 0.09. A
smaller estimate is obtained by supposing that these cor-
rections are typical quenching e↵ects [19] that are SU(3)
suppressed, or by using [20] the NLO �PT results of [10].
However, in the absence of direct quantitative evidence,
it is safer to assume that the EM contributions to the
splittings carry an O(10%) QED quenching uncertainty.

Final results and discussion.– Combining the methods
described above, we obtain our final results for the total
octet baryon isospin splittings �MN , �M⌃, and �M⌅

defined above. These results, together with those ob-
tained for the EM and �m contributions, are summa-
rized in Table I. We also plot them in Fig. 3, with the
experimental values for the full splittings. Our results
are compatible with experiment.

Concerning the separation into �m and EM contribu-
tions, there exist very few determinations of these quan-
tities up to now. In the review [21], hadron EM split-
tings were estimated using a variety of models and Cot-
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1

2

�MN �M⌃ �M⌅

(M
eV

)

total
QCD
QED
exp.

FIG. 3. Results for the isospin mass splittings of the octet
baryons (total), the individual contributions to these split-
tings from the mass di↵erence mu �md (QCD) and from EM
(QED). The bands denote the size of these results. The error
bars are the statistical and total uncertainties (statistical and
systematic combined in quadrature). For comparison, the ex-
perimental values for the total splittings are also displayed.

tingham’s formula for the nucleon. These estimates are
compatible with our results within ⇠ 1.5�. The EM nu-
cleon splitting has recently been reevaluated with Cot-
tingham’s formula in [22], yielding a result which is in
better agreement with ours. �MN has further been stud-
ied with sum rules in [23].
Besides the entirely quenched, pioneering work of [24],

ours is the only one in which the baryon octet isosplit-
tings are fully computed. The only other lattice calcula-
tion of the full nucleon splitting is presented in [25]. Like
ours, it implements QED only for valence quarks. While
their �QCDMN agrees very well with ours, agreement
is less good for the EM contribution and total splitting,
which they find to be 0.38(7) MeV and �2.1(7) MeV, re-
spectively. That study was performed in rather small vol-
umes with a limited set of simulation parameters, making
an estimate of systematic errors di�cult. The few other
lattice calculations consider only the �m contributions
to the baryon splittings, in Nf=2 [7, 26] and Nf=2+1
[27, 28] simulations. The results of [26–28] rely on impre-
cise phenomenological input to fix mu/md or (mu�md).
The estimate for �QEDM

2
K of [16] is used directly in

[26, 28] and that of [29], indirectly in [27]. The most re-
cent Nf=2 calculation [7] actually determines �QEDM

2
K

in quenched QED, as we do here for Nf=2+1. �QCDMN

is computed in [7, 26, 27] while all three QCD splittings
are obtained in [28]. The latter is also true in [30], where
Nf=2+1 lattice results are combined with SU(3) �PT
and phenomenology. Agreement with our results is typ-
ically good. In all of these calculations, the range of
parameters explored is smaller than in ours, making it
more di�cult to control the physical limit.

L.L. thanks Heiri Leutwyler for enlightening discus-

Lattice calculation 
(BMW collab.) 

1306.2287 
1406.4088

proton - neutron mass difference

total

up and down masses 
i.e. Yukawa interactions

QED

https://arxiv.org/abs/1306.2287
https://arxiv.org/abs/1406.4088
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Why do Yukawa couplings matter?  
(2) Because, within SM conjecture, they’re what give masses to all leptons

17

Bohr radius

electron mass determines size of all atoms 

it sets energy levels of all chemical reactions

a0 =
4πϵ0ℏ2

mee2
=

ℏ
mecα

∝
1
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currently we have no evidence that up and down quarks 
and the electron get their masses from Yukawa 

interactions — it’s in textbooks, but is it nature?
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Figure 5: Reduced Higgs boson coupling strength modifiers and their uncertainties. They are defined as
𝐿𝐿𝑀𝐿/vev for fermions (𝑁 = 𝑂, 𝑃, 𝑄, 𝑅) and →

𝐿𝑀𝑀𝑀/vev for vector bosons as a function of their masses 𝑀𝐿 and 𝑀𝑀 .
Two fit scenarios with 𝐿𝑁 = 𝐿𝑂 (coloured circle markers), or 𝐿𝑁 left free-floating in the fit (grey cross markers) are
shown. Loop-induced processes are assumed to have the SM structure, and Higgs boson decays to non-SM particles
are not allowed. The vertical bar on each point denotes the 68% confidence interval. The 𝑆-values for compatibility
of the combined measurement and the SM prediction are 56% and 65% for the respective scenarios. The lower panel
shows the values of the coupling strength modifiers. The grey arrow points in the direction of the best-fit value and
the corresponding grey uncertainty bar extends beyond the lower panel range.

not substantially a!ect the kinematic properties of the Higgs boson decay products. The fit results for the
scenario in which invisible or undetected non-SM Higgs boson decays are assumed not to contribute to
the total Higgs decay width, i.e. 𝑇inv. = 𝑇u. = 0, are shown in Figure 6 together with the results for the
scenario allowing such decays. To avoid degenerate solutions, the latter constrains 𝑇u. ↑ 0 and imposes the
additional constraint 𝐿𝑀 ↓ 1 that naturally arises in a variety of scenarios of physics beyond the SM [54,
55]. All measured coupling strength modifiers are compatible with their SM predictions. When allowing
invisible or undetected non-SM Higgs boson decays to contribute to the total Higgs boson decay width,
the previously measured coupling strength modifiers do not change significantly, while upper limits of
𝑇u. < 0.12 (expected 0.21) and 𝑇inv. < 0.13 (expected 0.08) are set at 95% CL on the corresponding
branching fraction. The latter improves on the current best limit of 𝑇inv. < 0.145 (expected 0.103) from
direct ATLAS searches [42].

In all tested scenarios, the statistical and the systematic uncertainty contribute almost equally to the
total uncertainty in most of the 𝐿 parameter measurements. The exceptions are the 𝐿𝑃, 𝐿𝑄𝑅 , 𝐿𝑁 and 𝑇u.
measurements for which the statistical uncertainty still dominates.

Kinematic properties of Higgs boson production probing the internal structure of its couplings are studied in
the framework of simplified template cross sections [44, 56–58]. The framework partitions the phase space

10

Strength of interaction with Higgs 
field versus particle mass 

(and similar plot from CMS 
collaboration)

2207.00092

https://arxiv.org/abs/2207.00092
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A side comment on the near future at LHC
➤ particle physics normally deals with esoteric particles that have [almost] no relation 

with the world as we experience it  

➤ LHC will reach 5σ sensitivity for  in the coming years (if it is SM-like), 
offering first proof that particles other than 3rd generation also get their mass from 
Yukawa mechanism 

➤ that will be a crucial step on the way from 3rd generation Yukawas to 1st 

➤ it deserves a big event with the world’s press to announce it 

➤ an opportunity to explain the quest for understanding the origin of the mass of the 
fundamental particles that we are made of

H → μμ

21
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Higgs potential

23

the Higgs 
mechanism gives 
mass to particles 

because the Higgs 
field φ is non-zero 

That happens 
because the 

minimum of the SM 
potential is at  
non-zero φ

V = − μ2 |ϕ |2 + λ |ϕ |4 + V0
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Higgs potential

24

depth is   ( , ) 

a fairly innocuous sounding 

m2
Hv2

8
mH ≃ 125 GeV v ≃ 246 GeV

(104 GeV)4
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Higgs potential – remember: it’s an energy density

25

Corresponds to an energy density of 
 

i.e. >10 billion times nuclear density 

Mass density of 

1.5 × 1010 GeV/fm3

2.6 × 1028 kg/m3
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Earth at neutron star density
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Earth at neutron star density Earth at Higgs  
potential density
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cosmological constant & fine-tuning [classically]

➤  needs to be fine tuned for cosmological constant to have today’s size  
(also with respect to various sources of quantum correction) 

➤ not the only fine-tuning problem in fundamental physics,  
–– arguably special in that it appears already classically 

➤ collider physics cannot tell us anything about   
— but it would seem negligent not to try and establish the rest of the potential

V0

V0

27

Vmin = [−μ2 |ϕ |2 + λ |ϕ |4 ]ϕ0

+ V0

= − 2.6 × 1028 kg/m3 + V0 = 5.96 × 10−27 kg/m3

cosmological constant
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The potential expanded around the minimum

➤ take  as the Higgs field excitation in units of the field at minimumh

28

V =
m2

Hv2

8 (−1 + 4h2 + 4h3 + h4)

the Higgs boson mass term

prediction of the strength of HHH interaction 
[modifier may be called  or ]κλ κ3

h0−1
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Higgs field in space

x
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11. Status of Higgs boson physics 31

boson to a pair of b quarks [180], yiedling a 95% CL upper limit on BR(t → Hc) < 0.47%
with an expected sensitivity of 0.44%.

III.4. Higgs boson pair production

Higgs boson pair production in the SM is rare. It is however a very interesting final
state to search in two specific modes: (i) the search for non-resonant production of the
Higgs boson pair and (ii) the search for resonant production of two Higgs bosons in the
decay of a heavier particle.

The measurement of non-resonant Higgs pair production is important for constraining
Higgs self-couplings. In the SM the main non-resonant production mode of two Higgs
bosons in the final state proceeds through a loop (mainly of top quarks) (Fig. 11.5a).
Another production mode is via the trilinear coupling of the Higgs boson (Fig. 11.5b),
whose amplitude is not negligible compared to the former. These diagrams interfere
negatively making the overall production rate smaller than what would be expected in
the absence of a trilinear coupling.

Figure 11.5: Feynman diagrams contributing to Higgs boson pair production
through (a) a top- and b-quark loop and (b) through the self couplings of the Higgs
boson.

III.4.1. Searches for Higgs boson pair production

The searches for Higgs boson pair production both resonant and non-resonant are very
interesting probes for a variety of theories beyond the SM, and can be done in a large
number of Higgs boson decay channels. At Run 1 the ATLAS and CMS collaborations
have searched for both resonant and non resonant Higgs boson pair production in the
following channels: (i) HH → bbγγ [181]; (ii) HH → bbτ+τ− [182]; (iii) HH → bbbb [183];
and (iv) HH → WW ∗γγ [182]. (iv) in final states containing multiple leptons (electrons
or muons) covering the WW ∗WW ∗, WW ∗ZZ∗, ZZ∗ZZ∗, ZZ∗τ+τ−, WW ∗τ+τ−,
ZZ∗bb, τ+τ−τ+τ− channels [184]; (v) γγτ+τ− channels [184].

At Run 2 most of these channels have been updated both by the ATLAS and CMS
collaborations and the results are summarized in Table 11.7.

III.4.2. The Higgs self coupling

The Higgs boson self coupling is an extremely important direct probe of the Higgs
potential with implications on our understanding of the electroweak phase transition.

December 1, 2017 09:35

c3λ3
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Testing SM V(φ) by measuring HH production at FCC:~3-5% accuracy
➤ kinematic shape of HH pair clearly distinguishes 

independent HH production from correlated HH 

➤ FCC-hh → few % determination  
(needs accurate  and Higgs couplings from FCC-ee)  tt̄Z

30
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(a) (b)

Figure 3. Higgs pair invariant-mass distribution in ggHH (a) and tt̄HH (b) events for � = 0,
� = 1, � = 2 and � = 3.

(a) (b)

Figure 4. Transverse momentum spectra of the leading (a) and sub-leading (b) Higgs boson in
ggHH events for � = 0, � = 1, � = 2 and � = 3.

6 Determination of the Higgs self-coupling

While the Higgs pair can be reconstructed in a large variety of final states, only the most
promising ones are considered here: bb̄��, bb̄⌧⌧ and bb̄bb̄. For each of these final states,
the event kinematical properties are combined within boosted decision trees (BDTs) to form
a powerful single observable that optimally discriminates between signal and backgrounds.
The BDT discriminant is built using the ROOT-TMVA package [101, 102]. The statistical

– 16 –

@68% CL scenario I scenario II scenario III

�µ
stat only
stat + syst

2.2
2.4

2.8
3.5

3.7
5.1

��

stat only
stat + syst

3.0
3.4

4.1
5.1

5.6
7.8

Table 7. Combined expected precision at 68% CL on the di-Higgs production cross- and Higgs
self coupling using all channels at the FCC-hh with Lint = 30 ab�1. The symmetrized value
� = (�+ + �

�)/2 is given in %.

at � = 0 where the value dµ

d�
is large. Conversely, the maximum uncertainty ��⇡ 60% is

obtained at � ⇡ 2.5, and corresponds to the minimum of the total HH cross section, where
dµ

d�
! 0 . As can be expected, the likelihood function presents a broad second minimum9

in correspondence of the minimum of the HH cross section at � = 2.5. The presence of this
minimum is the reason behind the asymmetric behaviour of the uncertainties for the points
near � = 2.5. If the measurement is performed close enough to � = 2.5 the likelihood
falls in the second minimum before reaching the 68% C.L. threshold, thus enlarging the
measurement uncertainty in one direction. It should be noted that, while the HH cross
section is roughly symmetric around � = 2.5, we do not expected the uncertainties to be
symmetric as well, as the kinematic behaviour of the HH system are quite different between
� < 2.5 and � > 2.5. It can also be noticed that when switching on the systematic
uncertainties the precision at small � degrades compared to the SM case. This reflects the
fact that the HH kinematics at � ⇡ 0 are similar to the single-Higgs background.

7 Conclusions and perspectives

The precise measurement of the Higgs self-coupling must be a top priority of future high-
energy collider experiments. Previous studies on the potential of a 100 TeV pp collider
have discussed the sensitivity of various decay channels, often based on simple rectangular
cut-based analyses 10. In the present study the measurement strategy has been optimized
in the bb̄��, bb̄⌧⌧ and bb̄bb̄ channels using machine learning techniques. For the first time,
a precise set of assumptions of detector performances and possible sources of systematic
uncertainties has been defined and used to derive the achievable precision. Consistently
with our previous findings, the bb̄�� channel drives the final sensitivity, with an expected
precision of �� = 3.8 � 10.0% depending on the detector and systematic assumptions.
The bb̄⌧⌧ and bb̄bb̄ channels provide instead a less precise single channel measurement,
respectively of �� = 10� 14% and �� = 22� 32%.

The final combined sensitivity across all considered channels leads to an expected pre-
cision at the FCC-hh on the Higgs self-coupling �� = 3.4 � 7.8% with an integrated

9
The first minimum being at the probed value of �

10
Just before the public release of this work, we learned of a similar study presented in Ref. [41], using

a multivariate analysis of the bb̄�� final state. While many aspects of the two studies are different, in

particular for what concerns the consideration of systematic uncertainties, there is quantitative agreement

on the improvements induced by the use of multivariate analysis.

– 29 –

(30fb-1 @ 100 TeV,|
Mangano, Ortona &  

Selvaggi, 2004.03505)

FCC-hh 68%cl precision (%) on double-Higgs production

(optimistic ~ 
 LHC Run 2 perf)
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when would we claim discovery? [5σ in each of two independent experiments is our gold standard]

➤ equivalent for an interaction is a bit ambiguous — but better than ±20% 
determination is probably a reasonable target 

➤ for something of this importance, we may be wary of relying on 20% only from a 
combination of N experiments — a result’s robustness comes from confirmation by 
independent experiments 

➤ indirect v. direct: 

➤ all measurements are indirect (we measure hadrons and leptons…) 

➤ single H is good to have 

➤ but HH & kinematic structure brings assurance that what we are seeing is indeed 
HHH coupling 

➤ NB there exist different points of view on this
31
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Higgs potential

32

Studying H→HH probes 
specific mathematical property 

of the potential’s shape: 

its third derivative ( ), 
i.e. how asymmetric it is  

at the minimum 

[reconstruction in plot 
assumes higher derivatives as 

in SM]

λ3
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Higgs potential
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Science fiction

33

could we make a bubble 
with zero Higgs field?

if so, properties of matter 
in that bubble would be 

completely different
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Science fiction

33

could we make a bubble 
with zero Higgs field?

if so, properties of matter 
in that bubble would be 

completely different

there is nothing to suggest that this would be possible 
but we know so little about the Higgs field and its interactions with the 
particles of which we’re made, that it would be almost reckless not to 

investigate them further
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desirable features of a worldwide HEP project?
an important target that is guaranteed to be reached  

(no-lose theorem) 

exploration into the unknown by a significant factor in energy  

major progress on a broad array of particle physics topics 

likelihood of success, robustness (incl. multiple experiments)  

cost-effective construction & operation, low carbon footprint

34
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what should we expect as a step up in energy?

I like the  as a simple measure of progress  
(simple and most experiments look for it)

Z′￼SSM

35

Tevatron 
 , 1.96 TeV, 10 fb-1 

Exclusion limit ~ 1.2 TeV 

(if they had analysed all their data in 
electron and muon channels; actual CDF 

limit 1.071 TeV, 4.7fb-1, μμ only)

pp̄
LHC 

 , 14 TeV, 3000 fb-1 

Exclusion limit ~ 6.7 TeV 

(electron and muon channels,  
single experiment)

pp
× 5.6 
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energy reach through increase in precision

36

https://arxiv.org/abs/2206.08326
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increase in precision is like × 4 – 5 increase in energy reach

37
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95% CL scale limits on 4-fermion contact interactions from 2B

This work
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% - 

Figure 10: Constraints on the O2W,2B from the global 4-fermion fit and the comparison
with ESU.

Figure 11: Constraints on the Y-Universal Z 0 model from the global 4-fermion fit.

56

J. de Blas et al, https://arxiv.org/abs/2206.08326

× 5 
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step up in energy for direct searches?

I like the  as a simple measure of progress  
(simple and most experiments look for it)

Z′￼SSM

38

FCC-hh 
 , 100 TeV, 20 ab-1 

Exclusion limit ~ 41 TeV 

(based on PDF luminosity scaling, 
assuming detectors can handle muons 

and electrons at these energies)

pp
LHC 

 , 13 TeV, 3000 fb-1 

Exclusion limit ~ 6.7 TeV 

(electron and muon channels,  
single experiment)

pp
× 6.1 
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step up in energy for direct searches?

I like the  as a simple measure of progress  
(simple and most experiments look for it)

Z′￼SSM

39

SppC 
125 TeV, 5 ab-1 

Exclusion limit ~ 43 TeV 

(based on PDF luminosity scaling, 
assuming detectors can handle muons 

and electrons at these energies)

LHC 
 , 13 TeV, 3000 fb-1 

Exclusion limit ~ 6.7 TeV 

(electron and muon channels,  
single experiment)

pp
× 6.4 
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desirable features of the next major HEP project(s)?
an important target to be reached ~ guaranteed discovery 

exploration into the unknown by a significant factor in energy  

major progress on a broad array of particle physics topics 

likelihood of success, robustness (e.g. multiple experiments)  

cost-effective construction & operation,  
low carbon footprint, novel technologies

40
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Collider experiments bring incredible variety of physics

41
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FCC-ee Physics Programme with 2 IPs and 15 years

9Slide from C. Grojean @ FCC Week’22

Rare/forbidden decays

illustration is for FCC-ee — but message is comparable for other colliders
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conclusions

43
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Conclusions
➤ There is a guaranteed discovery: directly establishing Higgs self-interaction, which 

holds the SM together, via robust precision of Higgs factory and direct measurement at 
higher-energy colliders 

➤ is there a chance of a second discovery in establishing (or disproving) SM origin of 
electron mass at circular e+e– colliders? 

➤ The same colliders and experiments that probe major Higgs-physics questions also 
bring us step up in energy reach ~ × 4 – 5, a step up similar to past colliders 

➤ e+e– colliders deliver that mostly in “indirect” sensitivity, through precision increase 
~ × 18 

➤ FCC-hh/SppS deliver that in direct search sensitivity (muon collider does for some 
scenarios) 

➤ Diversity and robustness of the programme = essential part of their strength
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What does 2.6×1028 kg/m3 mean?
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By Danny Cornelissen - http://www.portpictures.nl, Attribution, https://commons.wikimedia.org/w/index.php?curid=435125
https://solarsystem.nasa.gov/resources/768/nasas-sdo-sees-sun-emit-mid-level-flare-oct-1/
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By Danny Cornelissen - http://www.portpictures.nl, Attribution, https://commons.wikimedia.org/w/index.php?curid=435125
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What does 2.6×1028 kg/m3 mean?

fit the mass of the sun into a standard 40ft shipping container
46
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Electroweak fits (1910.11775), e.g. S & T parameters (i.e. specific EFT operator combinations)

48

3.2. FUTURE PROSPECTS 31

Fig. 3.5: Number of Z bosons and W+W� boson pairs at past and future e+e� colliders. The
numbers are summed over experiments (four for LEP, two for FCC-ee and CEPC and one for
the other colliders). For LEP the number of W pairs shown includes all energies

p
s & 2MW .

Table 3.3: Values for 1s sensitivity on the S and T parameters. In all cases the value shown
is after combination with HL-LHC. For ILC and CLIC the projections are shown with and
without dedicated running at the Z-pole. All other oblique parameters are set to zero. The
intrinsic theory uncertainty is also set to zero.

Current HL-LHC ILC250 CEPC FCC-ee CLIC380
(& ILC91) (& CLIC91)

S 0.13 0.053 0.012 0.009 0.0068 0.0038 0.032 0.011
T 0.08 0.041 0.014 0.013 0.0072 0.0022 0.023 0.012

S and T parameters for the different colliders.
In addition to measurements that probe the electroweak sector of the SM, there are also

several approaches at low-energy which provide interesting and complementary information.
The forward-backward asymmetry Ab

FB for the production of b quarks measured at zero polari-
sation disagrees with the SM prediction by 2.3s [33]. There is also a long-standing discrepancy
of about 3s between the value for the weak mixing angle, sin2 qW measured at LEP/SLC, and
that measured in neutrino deep-inelastic scattering by the NuTeV experiment [40]. The dis-
crepancy may well be due to nuclear effects in the latter measurement [41]. The DUNE [42]
experiment, primarily designed to measure the neutrino oscillations, plans to measure sin2 qW
with a precision of about 1% using its near detector. This should clarify the discrepancy further
and serve as a complementary probe for the Z-boson to neutrinos at low energies

p
s ⌧ MZ .

The electron-ion collider (EIC [43]), planned in the US, also plans to measure the dependence
of sin2 qW on Q2 in the range Q2 ⇠ 10�70 GeV2 using polarised electrons scattered off unpo-
larised deuterons with a precision better than 1%.

improvements of up to   
× 14–18 

https://arxiv.org/abs/1910.11775
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-

19

perturbative uncertainties associated with the relation between the measured value of the top
mass and the actual definition of the top pole mass used here (presumably of the order of ⇤QCD)
are buried inside the parameter Mt in eq. (64). For this reason we include a theoretical error
in the top pole mass and take Mt = (173.34± 0.76exp ± 0.3th)GeV. Combining in quadrature
theoretical uncertainties with experimental errors, we find

Mh > (129.6± 1.5)GeV (stability condition). (65)

From this result we conclude that vacuum stability of the SM up to the Planck scale is excluded
at 2.8� (99.8% C.L. one-sided). Since the main source of uncertainty in eq. (64) comes from
Mt, any refinement in the measurement of the top mass is of great importance for the question
of EW vacuum stability.

Since the experimental error on the Higgs mass is already fairly small and will be further
reduced by future LHC analyses, it is becoming more appropriate to express the stability
condition in terms of the pole top mass. We can express the stability condition of eq. (64) as

Mt < (171.53± 0.15± 0.23↵3
± 0.15Mh

)GeV = (171.53± 0.42)GeV. (66)

In the latter equation we combined in quadrature the theoretical uncertainty with the experi-
mental uncertainties on Mh and ↵3.

Notice that the stability bound is scheme and gauge independent. While intermediate
steps of the computation (threshold corrections, higher-order RG equations, and the e↵ective
potential) are scheme-dependent, the values of the e↵ective potential at its local minima are
scheme-independent physical observables, and thus the stability condition has the same prop-
erty.

The instability scale ⇤V can be defined in a gauge-independent and scheme-independent
way as ⇤V ⌘ (maxh Ve↵(h))1/4, in terms of the value of the e↵ective SM potential of eq. (63) at
the maximum of its barrier. Numerically we find

log
10

⇤V

GeV
= 9.5 + 0.7

✓
Mh

GeV
� 125.15

◆
� 1.0

✓
Mt

GeV
� 173.34

◆
+ 0.3

↵3(MZ)� 0.1184

0.0007
. (67)

The alternative definition of the instability scale, as the scale ⇤� at which the running coupling �
vanishes, is scheme-dependent. In the ms scheme we find ⇤� ⇡ 2⇤V . The alternative definition
of the instability scale, as the scale ⇤I at which �e↵ vanishes, is gauge dependent. In the Landau
gauge we find ⇤I ⇡ 13⇤V around the observed values of the SM parameters.

4.4 The SM phase diagram in terms of Planck-scale couplings

The discovery of the SM near-criticality has led to many theoretical speculations [4,27–50,110,
111]. In order to address such speculations and to investigate if the measured value of Mh is
really special in the SM, it is more appropriate to study the phase diagram in terms of the
Higgs quartic and the top Yukawa coupling evaluated at some high-energy scale, rather than
at the weak scale. This is because of our theoretical bias that the SM is eventually embedded
into a new framework at short distances, possibly as short as the Planck length. Therefore,
it is more likely that information about the underlying theory is directly encoded in the high-
energy coupling constants. For this reason in fig. 4 we recast the phase diagram of fig. 3 in

20

arXiv:1307.3536

It’s not inconceivable 
that the top mass 

could be sufficiently 
mis-measured at 

hadron colliders that 
the SM-universe is 

stable all the way to 
the Planck scale
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Searches at muon collider
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Figure 1: The c.m. energy
p
sp in TeV at a proton-proton collider versus

p
sµ in TeV at

a muon collider, which yield equivalent cross sections. Curves correspond to production
via a gg (orange) or qq̄ (blue) initial state at the proton-proton collider, while production
at the muon collider is determined by µ+µ�. The partonic cross sections are related by
� ⌘ [�̂]p/[�̂]µ. The bands correspond to two di↵erent choices of proton PDF sets, NNPDF3.0
LO (as in [32]) and CT18NNLO. The left (right) panel is for 2 ! 1 (2 ! 2) scattering.

when the electroweak bosons radiated in the initial state become relevant, which typically

have x ⌧ 1; we discuss qualitative features of VBF in this section, and defer a detailed study

to Sec. 3. The discussion in this section largely reprises the arguments given in [32].

To make a concrete comparison, we work in terms of generalized parton luminosities. We

assume that the inclusive cross section for the final state F (with unspecified remnants X)

arising from collisions of (possibly composite) particles A and B takes the form

�(AB ! F +X) =

Z 1

⌧0

d⌧
X

ij

dLij

d⌧
�̂(ij ! F ) , (1)

where hats denote partonic quantities, ⌧ = ŝ/s in terms of the collider c.m. energy
p
s of the

collider and partonic energy
p
ŝ, ⌧0 is the production threshold, and the parton luminosity

is given by

dLij

d⌧
(⌧, µf ) =

1

1 + �ij

Z 1

⌧

dx

x

⇥
fi(x, µf )fj(⌧/x, µf ) + (i $ j)

⇤
. (2)

Here the fi(x, µf ) are the parton distribution functions (PDFs) for parton i carrying a

fraction x of the longitudinal momentum, at factorization scale µf , which we take to be

µf =
p
ŝ/2 when making Fig. 1.

First, we assume that the process results from a 2 ! 1 collision, i.e., AB ! Y for

a final state Y with mass M =
p
ŝ. In this case, the cross section �p at a proton-proton

7

Fig. 3 of Snowmass Muon Collider Forum Report 

 https://arxiv.org/abs/2209.01318

Plots being shown suggest: 
4 TeV muon collider beats a  
100 TeV pp collider  
in searches for new physics. 

Useful to nuance the statement:  

➤ 100 TeV pp, 20 ab-1 can discover 
 up to 38 TeV 

➤ For  collider to discover  at  
38 TeV, it needs  TeV (with lower  you  

would see deviation from SM, but not know what it is) 

➤ However a 38 TeV muon collider would be much better at studying the  than the 100 
TeV pp machine 

Z′￼ mZ′￼
∼

μμ Z′￼

mZ′￼
∼ s ∼ 38 s

Z′￼

fine-print: this is for 2→2 processes
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desirable features of the next major HEP project(s)?
an important target to be reached ~ guaranteed discovery 

exploration into the unknown by a significant factor in energy  

major progress on a broad array of particle physics topics 

likelihood of success, robustness (e.g. multiple experiments)  

cost-effective construction & operation,  
low carbon footprint, novel technologies
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mW measurements

do you believe the measurement when it disagrees 
with your expectations?

https://cms.cern/news/
cms-delivers-best-

precision-measurement-w-
boson-mass-lhc
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we don’t know the precision limit of hadron colliders — but we may be close to reaching it

53

PDF4LHC15 1.0000 ± 0.0184
PDF4LHC21 0.9930 ± 0.0155
CT18       0.9914 ± 0.0180
MSHT20     0.9930 ± 0.0108
NNPDF40    0.9986 ± 0.0058

gg-lumi, ratio to PDF4LHC15 @ mH

× 3

Parton Distribution Functions are one of several 
elements that may limit LHC/FCC-hh precision: 
➤ essential for hadron-collider interpretation 
➤ PDF fits are complex, e.g. involve (sometimes 

inconsistent) data, some of it close to non-
perturbative scale 

➤ only partial understanding of their limits

 
NB: PDF4LHC21 uses CT18/MSHT20/NNPDF31
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8th FCC Physics Workshop  -  Alexis Maloizel  -  Higgs hadronic couplings at FCC-ee  

Results - Combination at 240 GeV

15

Expected sensitivity (%) of σ(ZH).BR(H→jj) at 68% CL             L = 10.8ab-1

240 GeV H→bb H→cc H→gg H→ss H→ZZ H→WW H→ττ

Z→ll 0.68 4.02 2.18 234 13.66 1.78 4.08

Z→qq 0.32 3.52 3.07 408.55 52.08 8.74 110.73

Z→𝜈𝜈 (BNL) 0.33 2.27 0.94 137 19.84 1.89 21.76

Z→𝜈𝜈 (APC) 0.36 2.18 1.10 151 15.29 1.51 11

Combined (BNL) 0.21 1.66 0.8 104.99 10.07 1.16 3.97

Combined (APC) 0.22 1.65 0.93 121 9.56 1.11 3.79

Fitting using CMS tool CombineTF to extract σ.BR in each category

Monte Carlo stats uncertainties

Backgrounds are let fully floating 

example of FCC-ee 
Higgs precision

https://indico.cern.ch/event/1439509/contributions/6286663/attachments/2995403/5277192/FCC_8th_physics_week_mlzv2.pdf

