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Dedicated events during 2024-2025

• L’INFN e la Strategia Europea per la Fisica delle Particelle, Rome,
6-7 May, 2024
https://agenda.infn.it/event/39747/

• LFC24: Fundamental Interactions at Future Colliders, SISSA,
16-20 September, 2024
https://agenda.infn.it/event/41113/

• Workshop on HighLumi-LHC and Hadron Colliders, 1-4 October
2024, LNF
https://agenda.infn.it/event/42594/

• Workshop on FCC-ee and Lepton Colliders, 22-24 January 2025,
LNF
https://agenda.infn.it/event/43779/
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and also many inspiring discussions with two
Workshops celebrating the 50 years from J/Ψ
discovery

• The Rise of Particle Physics, Roma Sapienza, 23-24 September,
2024
https://agenda.infn.it/event/41258/

• The November J/ψ Fifty Years Later with a Look to the Future, 18
November 2024, LNF
https://agenda.infn.it/event/42751/
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• Draft document in preparation together with

• the present CSN4 Chair Giuseppe Degrassi

• the CSN4 Referees

• Domenico Orlando, Dimitri Sorokin
• Dario Buttazzo, Francesco Sanfilippo
• Umberto D’Alesio, Isaac Vidana
• Francesco Bigazzi, Roberto Casadio
• Martina Gerbino, Daniele Montanino
• Domenico Giuliano, Mario Nicodemi
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present knowledge of fundamental interactions
based on two pillars

• Standard Model of particle physics
(microscopic world, strong/electroweak forces)

L = −1

4

∑

a

F aµνF
a,µν +

∑

f

iψ̄fDµγ
µψf

+ (DµH
†DµH)− V (H)− (ψ̄ify

ij
f ψfH + h.c.)

• General Relativity and Standard Cosmological Model
(macroscopic world, gravity)

Rµν −
1

2
Rgµν − Λgµν = −κTµν
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The SM of particle physics in brief

• gauge symmetry SU(3)c × SU(2)L × U(1)Y

• spontaneously broken to U(1)em through the Higgs mechanism

• fermion masses through Yukawa interactions

• Higgs boson is (the only one) pointlike scalar
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Accidental properties/simmetries of the SM

5

The constrained structure of the Standard Model implies several accidental features & symmetries, 
i.e. properties that arise automatically, not imposed by hand.

Symmetries & conservation laws: conservation of   B,   Le,   Lμ,   Lτ 

Absence of FCNC at tree-level: Z boson, photon and gluon couple in a flavour-conserving way + 
Higgs Yukawa couplings are small.

Small CP-violation effects, even though the CP-phase is large: small quark masses and mixing angles.

Lepton-Flavour Universality: SM gauge couplings are generation-independent + 
Yukawa couplings are small and hierarchical (e.g. me,μ ≪ mb)

Massless neutrinos:    a neutrino mass term is forbidden by gauge symmetries.

Custodial symmetry: An approximate global SU(2)C symmetry in the Higgs sector.

Protects the ratio mW / (cos θW mZ) ≈ 1.

The Standard Model as an EFT

D. Marzocca, LNF Workshop, October 2024
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Tests of the SM from LEP to LHC: the gauge structure
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Prof. Dr. Günther Dissertori  |

The SM: Tested to greatest precision (QCD sector)

9.1.25 7

Prof. Dr. Günther Dissertori  |

The SM: Tested to greatest precision (QCD sector)

9.1.25 7

Stefano’s work 
at the core of many 
key elements here…

https://arxiv.org/pdf/2412.21165 

plots from G. Dissertori @ Stefano Catani Memorial Symposium, GGI, 09/01/2025
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Tests of the SM @ LHC: adding the Higgs

Prof. Dr. Günther Dissertori  |

The SM: Tested to greatest precision  (EW sector)

9.1.25 6
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Higgs production and decay in hadronic collisions

Higgs boson production modes

a)

κt,b

g

g

H

t,b

t,b

t,b

b)

κV

q

q′

V

V
H

q

q′

c)

κV

q

q′

H

V

V

d)

κt,b

g

g

H
t,b

t,b

t,b

t,b

e)

κt

q

b

q′

W
t

t

H

f)

κW

q

b

q′

W

W

t

H

Higgs boson decay channels

g)

κV

H

V

V

h)

κf

H

f

f

i)

κW

H

γ,Z

γ

W

W

W

j)

κt,b

H

γ,Z

γ

t,b

t,b

t,b

Higgs boson pair production

k)

κt,b
κλ

g

g

t,b

t,b

t,b

H

H

H

l)

κt,b

κt,b

g

g

t,b t,b

t,b

t,b

H

H

m)

κV κλ

q

q′

q

q′

V

V H

H

n)

κ2V

q

q′

q

q′

V

V H

H

o)

κV

κV

q

q′
V

V
V

q

q′

H

H

F. Piccinini (INFN) Milano Bicocca February 4, 2025 10 / 34



Higgs boson @LHC after a decade from discovery

• production (and decay) measured in several channels
• for some channel th. uncertainties of same order of exp

systematics
Production Decay

Higgs production & decay 

21

A large number of Higgs production and decay modes have 
been established. Excellent agreement with theory predictions.  

Cross-sections Branching ratios

ATLAS Nature 607 (2022) 7917ATLAS Coll., Nature 607 (2022) 7917, 52

• agreement with th. predictions
F. Piccinini (INFN) Milano Bicocca February 4, 2025 11 / 34



Higgs boson after a decade from discovery
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ATLAS Coll., Nature 607 (2022) 7917, 52 CMS Coll., Nature 607 (2022) 7917, 60

• mH = 125.20± 0.11 GeV (PDG); ΓH ∼ 4 MeV
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Higgs self-coupling: sensitivity through

• double Higgs production (at NLO or LO in associated
production)

Double Higgs production at the LHC Louis Portales

1. Introduction6

Since the discovery of the Higgs boson in 2012 [1–3], the associated production of pairs of Higgs bosons7

(��) has been one of the most sought after processes for the ATLAS [4] and CMS [5] Collaborations, for8

the insight it can provide on the Electroweak Symmetry Breaking Mechanism. �� pairs can be produced9

either through non-resonant or resonant processes. The non-resonant production mainly occurs through10

gluon-gluon fusion (66F), with a low production cross-section of fNNLO
SM (66F ��) = 31.1 fb−1. The sub-11

leading production mechanism, the Vector-Boson Fusion (VBF), is also interesting to consider. Diagrams12

corresponding to the two production modes are shown in Figure 1. Although its production cross-section,13

fN3LO
SM = 1.73 fb−1, is much lower than that of the 66F production mode, its study has already allowed the14

production of a variety of interesting results. The study of non-resonant �� production can provide insights15

on the Electroweak symmetry breaking mechanism, through the direct access to the trilinear Higgs coupling16

_��� and give an additional handle for the measurement of couplings of other particles to the Higgs boson.17

The resonant �� production can also be a direct sign of new physics, with many BSM models predicting18

heavy spin-0 or spin-2 resonances - decaying to �� with significant branching ratios for <- > 2<� .

Figure 1: Main Feynman diagrams for the non-resonant production of Higgs boson pairs.
19

The choice of the final state used to study �� production is mainly driven by the branching ratios (BR).20

So far, analyses have been looking at final states where at least one of the Higgs bosons decays to 11̄, to21

benefit from the sizable BR(� → 11̄) ' 58 %, with the second Higgs decay selected accounting for the22

trade-off between the BR and the expected contamination from background processes.23

Constraints on the �� production cross-section have been set by the ATLAS and CMS collaborations24

using 36 fb−1 of data collected in 2016 by the ATLAS and CMS Collaborations [6, 7], achieving upper25

limits on the �� production cross-section of about ten times the SM prediction, from combinations of their26

respective analyses. These results were extrapolated to evaluate the expected constraints on the cross-section27

and on ^_ at HL-LHC [8]. They highlight a possible exclusion of ^_ = 0 at a 95 % confidence level from the28

combination of ATLAS and CMS results, but the experiments may not be able to claim the observation of29

the process, with the expected discovery significance from such a combination expected to reach 4.0 f.30

The Run 2 of the LHC came to an end in 2018, and allowed both experiments to collect about 140 fb−1
31

of data, with which numerous results on the topic of �� have been made public. Most of them present32

significant improvements with respect to the partial Run 2 analyses. These analyses are reviewed in Section 2-33

5, covering all relevant published results as of September 2021, grouped with respect to the studied final34

states.35

2. �� → 1111 analyses36

A study of the non-resonant�� → 1111 production with a fully resolved final state is made by the CMS37

Collaboration [9], targetting both VBF and 66F production modes. Events are required to contain at least 438

jets, and at least 3 of them are required to be well-identified b-jets. The b-jet pairing combinatorics issue is39

solved through a distance-based pairing method, where the two pairs of b-jet minimizing 3 =
|<�1−:<�2 |
(1+:2)40

are used to reconstruct the Higgs candidates. Two event categories are defined, targetting either of the VBF41

or 66F signals, based on the identification of the two energetic forward jets characterizing VBF events, in42

addition to a dedicated BDT discriminant trained to separate the two signals. A second BDT discriminant43

is used for the signal extraction fit in the 66F category, while in the VBF category, the di-Higgs invariant44

mass <�� is used instead. Limits are extracted for ^_ and ^2+ , and found to be −2.3 < ^_ < 9.4 (exp.45

−5.0 < ^_ < 12.0) and −0.1 < ^2+ < 2.2 (exp. 0.4 < ^2+ < 2.5). An upper limit on the 66F+VBF46

2

• single Higgs production (at NNLO or NLO in associated
production) and decay (at NLO or NNLO for H → γγ)
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Figure 2: Examples of one loop λHHH -dependent diagrams for the Higgs boson self-energy (a) and the single-Higgs
production in the ggF (b), VBF (c), VH (d), and tt̄H (e) modes. The self-coupling vertex is indicated by the filled
circle.

particular, λHHH contributes at NLO EW via Higgs boson self energy loop corrections and via additional
diagrams, examples of which are shown in Figure 2. Therefore, an indirect constraint on λHHH can be
extracted by comparing precise measurements of single-Higgs production and decay yields and the SM
predictions corrected for the λHHH -dependent NLO EW effects. A framework for a global fit to constrain
the Higgs boson trilinear coupling and the other coupling modifiers κm = gm/gSMm , where gm is a coupling
of the Higgs boson to fermions or vector bosons altered by BSM physics, has been proposed in Refs. [11,
12]; the model dependent assumptions of this parameterisation are described in the same references. In
this work inclusive production cross sections, decay branching ratios and differential cross sections are
exploited to increase the sensitivity of the single-Higgs analyses to κλ and κm. The differential information
is encoded through the simplified template cross-section (STXS) framework [34, 48]. The signal yield in a
specific decay channel and STXS bin is then proportional to:

nsignal
i, f
(κλ, κm) ∝ µi(κλ, κm) × µ f (κλ, κm) × σSM,i × BRSM, f × (ε × A)i f , (3)

where µi and µ f describe respectively the multiplicative corrections of the expected SM Higgs boson
production cross sections in an STXS bin (σSM,i) and each decay-channel branching fraction (BRSM, f ) as a
function of the values of the trilinear Higgs boson self-coupling modifier κλ and the LO-inspired modifiers
κm. The (ε × A)i f coefficients take into account the analysis acceptance times efficiency in each production
and decay mode.

The functional dependence of µi(κλ, κm) and µ f (κλ, κm) on κλ and κm varies according to the production
mode, the decay channel and, in particular for the VH production mode, on the STXS bin. Therefore STXS
information of the VBF, WH and ZH production modes are exploited here to constrain κλ and κm. For the

5

• EW precision observables at two loops can help
Degrassi et al., arXiv:1702.01737; Kribs et al., arXiv:1702.07678

The ultimate challenge: measuring the Higgs potential

From double/single Higgs production

(cannot rely on large mt approx.)

(Borowka et al., 1604.06447; Grazzini et al., 1803.02463)

2

Standard Model Higgs Lagrangian:

EW symmetry breaking

TH: coupling known in SM 
EXP: need to find and measure 
processes involving Higgs self couplings

V (�) = �µ2(�†�) + �(�†�)2L � �V (�),

µ2 = �v2

m2
H = 2�v2

V (H) =
1

2
m2

HH2 + �vH3 +
�

4
H4,

SM: self-couplings 
determined by mH , v

The Higgs self-coupling
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Figure 1. Example of a 2-loop diagram with an insertion of the effective operator O6 that
contributes to the gg ! h amplitude at O(�).

to take the infinite quark-mass limit. In such a case, one arrives at the classic Shifman-
Vainshtein-Zakharov result c

(0)
g = 1/12 ' 0.083 derived first in [41].

The O(�) correction to the coefficient cg arises from both 2-loop Feynman diagrams
and 1-loop counterterm graphs involving a Higgs wave function renormalisation. To find the
former type of contribution, we apply EFT techniques (see for instance [42] for a non-trivial
application to Higgs production) and employ a hard-mass expansion procedure ⌧t !1 to
the full 2-loop diagrams involving a top-quark loop and a h3 vertex that arises from the
insertion of O6. A prototype graph of such a contribution is shown in Figure 1. After
setting mh = 0 and Taylor expanding in the external momenta, this technique reduces the
calculation to the evaluation of 2-loop vacuum bubbles with a single mass scale, which can
all be expressed in terms of Gamma functions (cf. [38]).

The correction proportional to the O(�) contribution to the Higgs wave function renor-
malisation constant

Zh = 1 +
�

(4⇡)2
Z

(1)
h , (4.4)

is instead found from the 1-loop Higgs-boson selfenergy with one and two insertions of O6.
By a straightforward calculation, we obtain the analytic result

Z
(1)
h =

⇣
9� 2

p
3⇡

⌘
c̄6 (c̄6 + 2) . (4.5)

Combining both contributions, we arrive at

c(1)
g = � 1

12

✓
1

4
+ 3 ln

µ2
w

m2
t

◆
c̄6 +

Z
(1)
h

2
c(0)
g , (4.6)

with c
(0)
g given in (4.2). As a powerful cross-check of our calculation, we have extracted

the O(�) correction to the coefficient cg arising from 2-loop diagrams by matching in ad-
dition the gg ! 2h and gg ! 3h Green’s functions, obtaining in all three cases the exact
same result. Details on the renormalisation of the bare 2-loop gg ! h amplitude can be
found in Appendix C. Given the good convergence of the infinite quark-mass expansion
in the case of c

(0)
g , we believe that our analytic expression (4.6) should approximate the

full O(�) correction to the on-shell 2-loop form factor quite well. To make this statement
more precise would require an explicit calculation of the relevant gg ! h amplitudes that
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Figure 2: Higgs boson pair invariant mass distribution at NNLO for the di↵erent approximations,
together with the NLO prediction, at 14TeV (left) and 100 TeV (right). The lower panels show the
ratio with respect to the NLO prediction, and the filled areas indicate the NLO and NNLOFTapprox

scale uncertainties.

harder and the softer Higgs boson (pT,h1 and pT,h2, Figs. 6 and 7), and the azimuthal separation
between the two Higgs bosons (��hh, Fig. 8). For the sake of clarity, we only show the scale
uncertainty bands corresponding to the NLO and NNLOFTapprox predictions.

We start our discussion from the invariant-mass distribution of the Higgs boson pair, re-
ported in Fig. 2. We observe that the NNLOB-proj and NNLONLO-i approximations predict a
similar shape, with very small corrections at threshold, an approximately constant K-factor for
larger invariant masses, and only a small di↵erence in the normalization between them, which
increases in the 100 TeV case. The NNLOFTapprox, on the other hand, presents a di↵erent shape,
in particular with larger corrections for lower invariant masses, a minimum in the size of the
corrections close to the region where the maximum of the distribution is located, and a slow
increase towards the tail. The di↵erent behavior of the NNLOFTapprox in the region close to
threshold is more evident at 100 TeV, where the increase is about 30% in the first bin. Naively
we could expect that if this region is dominated by soft parton(s) recoiling against the Higgs
bosons, the Born projection and FTapprox should provide similar results. We have investigated
the origin of this di↵erence, and we find that in the region Mhh ⇠ 2Mh the cross section is actu-
ally dominated by events with relatively hard radiation recoiling against the Higgs boson pair
(for example, at

p
s = 100 TeV, the average transverse momentum of the Higgs boson pair in

the first Mhh bin is pT,hh ⇠ 100 GeV at NLO). In this region the exact loop amplitudes behave
rather di↵erently as compared to the amplitudes evaluated in the HEFT: As the production
threshold is approached, they go to zero faster than in the mass-dependent case, thus explain-
ing the di↵erences we find. Within the NNLOFTapprox, the corrections to the Mhh spectrum
range between 10% and 20% at 14 TeV. The scale uncertainty is substantially reduced in the

10

From indirect effects (Degrassi et al., 1702.01737; Kribs et al., 1702.07678)
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HIGGS SELF COUPLING IN THE FUTURE

61

Collider Accuracy 
on kl

Running 
Years

HL-LHC 50% 12

HE-LHC 10-20% 20

ILC(500) 27% 21

CLIC(1500) 36% 15

CLIC(3000) +11%,
-7%

23

FCC(hh) 5% 13

Difficult measurement 
at all colliders!

pp

pp

e+e-

Higgs self-coupling(s) ↔ EWSB

↪→ Double vs single H production?

↪→ Indirect measurement?

↪→ Can we measure both λ3 and λ4?

Odds can change by exploring all ideas!
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Present sensitivity to kλ

• kλ = λHHH/λ
SM
HHH

  

• important correlations of kλ with kV , k2V and kt
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Summarizing the present status

• SM gauge sector tested with O(0.1%) precision

• SM Higgs interaction with 3rd-generation fermions tested with
O(10%) level

• SM Higgs interaction with W -Z gauge boson tested at the O(10%)
level

• hardly constrained SM Higgs self-coupling

• negative searches of New Physics at high energy
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• Even if technically the SM could be valid up to very high scales
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Figure 3: Phase diagram for stability in the mpole
t /mpole

h plane with dotted lines indicating
the scale at which the addition of higher-dimension operators could stabilize the SM. Note
that the curves accumulate on the stability/metastability boundary. ΛNP curves in the
αs/m

pole
t plane (not shown) are similar.

Assuming m is small compared to µ?, one might think we can write φ = φb+m2∆φ+ · · ·
and evaluate the corrections to the action perturbatively. Trying this, one immediately finds

∆S =

∫
d4x

1

2
m2φb(x)2 =∞ (7.1)

This behavior is due to the non-normalizabilty of φb. Thus Γ ∼ e−S = 0 confirming that
even an infinitesimal m2 seems to prevent vacuum decay.

To understand this unintuitive result, let us consider the alternative, more physical,
treatment of tunneling described in [49, 50]. There, a formula for the tunneling rate was
derived inspired by the understanding of tunneling in non-relativistic quantum mechanics.
In quantum field theory, the exponential factor determining the decay rate along a path
parameterized by φ(~x, τ) is the integral

− ln Γφ = 4

∫ 0

−∞
dτU [φ(τ)] =

∫
ds
√

2U [φ(s)] (7.2)

where the energy functional is [75, 100,101]

U [φ(τ)] =

∫
d3x
[1

2
(∇φ)2 + V (φ)

]
(7.3)
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Assuming m is small compared to µ?, one might think we can write φ = φb+m2∆φ+ · · ·
and evaluate the corrections to the action perturbatively. Trying this, one immediately finds

∆S =

∫
d4x

1

2
m2φb(x)2 =∞ (7.1)

This behavior is due to the non-normalizabilty of φb. Thus Γ ∼ e−S = 0 confirming that
even an infinitesimal m2 seems to prevent vacuum decay.

To understand this unintuitive result, let us consider the alternative, more physical,
treatment of tunneling described in [49, 50]. There, a formula for the tunneling rate was
derived inspired by the understanding of tunneling in non-relativistic quantum mechanics.
In quantum field theory, the exponential factor determining the decay rate along a path
parameterized by φ(~x, τ) is the integral

− ln Γφ = 4

∫ 0

−∞
dτU [φ(τ)] =

∫
ds
√

2U [φ(s)] (7.2)

where the energy functional is [75, 100,101]

U [φ(τ)] =

∫
d3x
[1

2
(∇φ)2 + V (φ)

]
(7.3)

53

Andreassen, Frost, Schwartz, arXiv:1707.08124; Buttazzo et al., arXiv:1307.3536

• several hints suggest that the limiting scale of validity of the SM
could be much lower

F. Piccinini (INFN) Milano Bicocca February 4, 2025 16 / 34



• Even if technically the SM could be valid up to very high scales

60 80 100 120 140
130

140

150

160

170

180

190

122 124 126 128

168

170

172

174

176

178

106 GeV 108 GeV

1010 GeV
1012 GeV
1014 GeV
1016 GeV

1018 GeV

Figure 3: Phase diagram for stability in the mpole
t /mpole

h plane with dotted lines indicating
the scale at which the addition of higher-dimension operators could stabilize the SM. Note
that the curves accumulate on the stability/metastability boundary. ΛNP curves in the
αs/m

pole
t plane (not shown) are similar.

Assuming m is small compared to µ?, one might think we can write φ = φb+m2∆φ+ · · ·
and evaluate the corrections to the action perturbatively. Trying this, one immediately finds

∆S =

∫
d4x

1

2
m2φb(x)2 =∞ (7.1)

This behavior is due to the non-normalizabilty of φb. Thus Γ ∼ e−S = 0 confirming that
even an infinitesimal m2 seems to prevent vacuum decay.

To understand this unintuitive result, let us consider the alternative, more physical,
treatment of tunneling described in [49, 50]. There, a formula for the tunneling rate was
derived inspired by the understanding of tunneling in non-relativistic quantum mechanics.
In quantum field theory, the exponential factor determining the decay rate along a path
parameterized by φ(~x, τ) is the integral

− ln Γφ = 4

∫ 0

−∞
dτU [φ(τ)] =

∫
ds
√

2U [φ(s)] (7.2)

where the energy functional is [75, 100,101]

U [φ(τ)] =

∫
d3x
[1

2
(∇φ)2 + V (φ)

]
(7.3)
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Andreassen, Frost, Schwartz, arXiv:1707.08124; Buttazzo et al., arXiv:1307.3536

• several hints suggest that the limiting scale of validity of the SM
could be much lower
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Old unanswered questions, e.g.

• Unnaturally light Higgs

• Unnaturally suppressed strong CP violation

• Fermion mass hierarchy

• Nature and origin of neutrino masses

• Dark Matter

• Baryon asymmetry in the Universe

• Gravity

• . . .
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Introduction 

 ℒSM-EFT = ℒgauge + ℒHiggs +  ...    

Energy

mt [174 GeV]

mZ,W

mH

Mass-gap

SM  (EFT) 
We identified the long-range 
properties of this EFT

The key message following
from run-II LHC results    
is that there is a mass-gap 
above the Fermi scale

N.B.: the existence of a mass gap,
albeit not as large, was quite clear
even before the LHC started, via
EW and flavor physics

Despite all its phenomenological successes, as for any QFT, it is natural to
consider the SM as an Effective Field Theory, i.e. the low energy 
limit of a more complete theory with more degrees of freedom  

G. Isidori –  Open questions and future prospects in particle physics                                LFC24 – SISSA, 20th Sept. 2024 

from talk by G. Isidori at LFC24

F. Piccinini (INFN) Milano Bicocca February 4, 2025 18 / 34



New threshold scale from lower energy?

• “easy” if you have a well defined model, as for instance for mt and
mh in the SM through LEP data at

√
s = MZ

Year

M
t  

 [
G

e
V

]

SM constraint
Tevatron

Direct search lower limit (95% CL)

68% CL

50

100

150

200

1990 1995 2000 2005
0

1

2

3

4

5

6

10030 500

mH [GeV]

∆χ
2

Excluded

∆α
had

 =∆α(5)

0.02758±0.00035

0.02749±0.00012

incl. low Q
2
 data

Theory uncertainty

Figure 8.13: ∆χ2(mH) = χ2
min(mH) − χ2

min as a function of mH. The line is the result of
the fit using all 18 results. The associated band represents the estimate of the theoretical
uncertainty due to missing higher-order corrections as discussed in Section 8.4. The vertical
band shows the 95% confidence level exclusion limit on mH of 114.4 GeV derived from the
direct search at LEP-II [39]. The dashed curve is the result obtained using the theory-driven

∆α
(5)
had(m

2
Z) determination of Equation 8.4. The direct measurements of mW and ΓW used here

are preliminary.

217

• more difficult if we don’t have a definite model
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SM as an Effective Theory

• consider the SM as an effective theory valid up to the NP scale Λ

• the effects of decoupling heavy NP can be described by higher
dimensional gauge-invariant operators built with SM fields and
suppressed by inverse powers of Λ

L = LSM +
∑

i

ciOi
Λi

• higher dim operators violate accidental symmetries of the SM
• =⇒ flavour physics observables are very sensitive to higher dim

contributions
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The next 15 years: Flavor

✦ Significant improvement in flavor measurements in the next (few) years!

(upgrade 2)

‣ O(1014) b and c hadrons


‣ O(1011) 𝜏 leptons

‣ O(1010) B mesons


‣ O(1010) 𝜏's

‣ Precision on CKM matrix elements < 1% 
(tree-level and loop)


‣ Needed as input of SM predictions in all other observables!


‣ CPV in Bs system. CPV in charm with extreme precision.

in clean environment

�11

O(15 y) timescale!

by D. Buttazzo, Rome, 6-7 May 2024
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The next 15 years: Flavor

�12

✦ Significant improvement in flavor measurements in the next (few) years!

(upgrade 2)

‣ O(1014) b and c hadrons


‣ O(1011) 𝜏 leptons

‣ O(1010) B mesons


‣ O(1010) 𝜏's

‣ Semi-leptonic decays � 


‣ Semi-tauonic decays @ few %


b → qℓν
in clean environment

‣ Rare leptonic & semi-leptonic B decays


‣ Access to b → dll transitions


‣ LFU below 1% precision


‣ Rare tau decays and LFV

For the first time precise measurements of rare processes for different flavors: 
�  vs � ;  �  vs � ;  �  vs � 

Ultimate precision on all ‘visible’ B and D decay modes
b → s b → d τ μ, e ℓ± νℓ

O(15 y) timescale!

MNP > 5 TeV × g⋆
(today below 1 TeV)

by D. Buttazzo, Rome, 6-7 May 2024
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The next 15 years: Flavor

�13

✦ Access to FCNC decays with neutrinos and taus for the first time!


✦ Belle II will measure �  to 10%


✦ �  to 10% from NA62 and below 5% from HIKE 

✦ !  one of the few very clean modes 
(like � , or CP asymmetry in � ).

B → K(*)νν

K+ → π+νν

KL → π0νν
Bs → μμ B → ψKS

O(10 y) timescale!

Errors dominated by 
CKM (will improve a lot!)

crucial to determine up vs. down aligment of NP: can suppress only one!

1705.10729

by D. Buttazzo, Rome, 6-7 May 2024
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Interplay of precision and high energy, an example

Impact of extended Higgs sectors on nature of the EW phase transition

26

Extra-singlet models with potential strong 1st 
order phase transition

Experimental signature: 

deviation in the Higgs coupling to the Z (ghZZ) 
and in the Higgs self-coupling λ3 

��� ��� ��� ��� ���
��-�

�����

�����

�����

�

��� ��������� λ�/λ����

��
�
��
��
���
��

|�
��
�
/�
��
�

��
-
�|

���� ������ ������� �����

�������

��-���

���-��

��
�
-��

��
�
-�� HL-LHC

Scan of model parameters ai and bi , 
and impact on ghZZ and λ3 for 
parameter points with strong FOPT

from talk by M.L. Mangano, LFC24, September 2024
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Higgs factories

�18

✦ Low-energy e+e- factories: �  @ 240 GeV


✦ measure the recoil (missing mass) of h against Z


✦ direct measurement of gV ⟶ other couplings + width


✦ A high-energy lepton collider is a “vector boson collider”


✦ potentially huge single H production 

(107-108 at 10-30 TeV)


✦ hard neutrinos from W-fusion not seen 
ZZ fusion (forward lepton tagging) could still measure width

e+e− → Zh

gV

CV V ⇡
s

ŝ
log

s

ŝ

For “soft” SM final state
cross-section is enhanced

̂s ∼ m2EW
gV

gV

by D. Buttazzo, Rome, 6-7 May 2024
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15

HL-LHC HL-LHC HL-LHC
+10 TeV +10 TeV

+ ee

W 1.7 0.1 0.1
Z 1.5 0.4 0.1
g 2.3 0.7 0.6
� 1.9 0.8 0.8
Z� 10 7.2 7.1
c - 2.3 1.1
b 3.6 0.4 0.4
µ 4.6 3.4 3.2
⌧ 1.9 0.6 0.4

⇤
t 3.3 3.1 3.1

⇤
No input used for the MuC

<latexit sha1_base64="8RLmpAJ4CPiKR4h/1t/OFVZrXME=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LvSh4qGA/YLuUbJq2odlkSbJCWfZnePGgiFd/jTf/jWm7B219MPB4b4aZeWHMmTau++0U1tY3NreK26Wd3b39g/LhUVvLRBHaIpJL1Q2xppwJ2jLMcNqNFcVRyGknnDRmfueJKs2keDTTmAYRHgk2ZAQbK/lpT0Vp4/6ukWX9csWtunOgVeLlpAI5mv3yV28gSRJRYQjHWvueG5sgxcowwmlW6iWaxphM8Ij6lgocUR2k85MzdGaVARpKZUsYNFd/T6Q40noahbYzwmasl72Z+J/nJ2Z4HaRMxImhgiwWDROOjESz/9GAKUoMn1qCiWL2VkTGWGFibEolG4K3/PIqaV9Uvctq7aFWqd/kcRThBE7hHDy4gjrcQhNaQEDCM7zCm2OcF+fd+Vi0Fpx85hj+wPn8ATTtkTc=</latexit>

CLIC

<latexit sha1_base64="bIp/zZIofHgtYS9eH8iBKNDDTp8=">AAAB+nicdVDJSgNBEO2JW4xbokcvjUHwYugJISa3YEA8RjALJCH0dHoyTXoWumvUMOZTvHhQxKtf4s2/sbMIKvqg4PFeFVX1nEgKDYR8WKmV1bX1jfRmZmt7Z3cvm9tv6TBWjDdZKEPVcajmUgS8CQIk70SKU9+RvO2M6zO/fcOVFmFwDZOI9306CoQrGAUjDbK5pAf8DpSfXNTrp543nQ6yeVIgBuUynhG7QmxDqtVKsVjF9twiJI+WaAyy771hyGKfB8Ak1bprkwj6CVUgmOTTTC/WPKJsTEe8a2hAfa77yfz0KT42yhC7oTIVAJ6r3ycS6ms98R3T6VPw9G9vJv7ldWNwK/1EBFEMPGCLRW4sMYR4lgMeCsUZyIkhlClhbsXMo4oyMGllTAhfn+L/SatYsMuF0lUpXztfxpFGh+gInSAbnaEaukQN1EQM3aIH9ISerXvr0XqxXhetKWs5c4B+wHr7BLoklFQ=</latexit>

FCC-hh

Fig. 6 Left panel: 1� sensitivities (in %) from a 10-parameter fit in the -framework at a 10 TeV MuC with 10 ab�1, compared
with HL-LHC. The effect of measurements from a 250 GeV e+e� Higgs factory is also reported. Right panel: sensitivity to
�� for different Ecm. The luminosity is as in eq. (1) for all energies, apart from Ecm=3 TeV, where doubled luminosity (of
2 ab�1) is assumed. More details in Section 5.1.1.

pair with more than 9 TeV invariant mass at the FCC-
hh is only 40 ab, while it is 900 ab at a 10 TeV muon
collider. Even with a somewhat higher integrated lumi-
nosity, the FCC-hh just does not have enough statistics
to compete with a 10 TeV MuC.

The right panel of Figure 7 considers a simpler new
physics scenario, where the only BSM state is a heavy
Z 0 spin-one particle. The “Others” line also includes
the sensitivity of the FCC-hh from direct Z 0 produc-
tion. The line exceeds the 10 TeV MuC sensitivity con-
tour (in green) only in a tiny region with MZ0 around
20 TeV and small Z 0 coupling. This result substantiates
our claim in Section 2.2 that a reach comparison based
on the 2 ! 1 single production of the new states is
simplistic. Single 2 ! 1 production couplings can pro-
duce indirect effect in 2 ! 2 scattering by the virtual
exchange of the new particle, and the muon collider is
extraordinarily sensitive to these effects. Which collider
wins is model-dependent. In the simple benchmark Z 0

scenario, and in the motivated framework of Higgs com-
positeness that future colliders are urged to explore, the
muon collider is just a superior device.

We have seen that high energy measurements at
a muon collider enable the indirect discovery of new
physics at a scale in the ballpark of 100 TeV. However
the muon collider also offers amazing opportunities for
direct discoveries at a mass of several TeV, and unique
opportunities to characterise the properties of the dis-
covered particles, as emphasised in Section 2.2. High en-
ergy measurements will enable us take one step further
in the discovery characterisation, by probing the inter-
actions of the new particles well above their mass. For
instance in the Composite Higgs scenario one could first

discover Top Partner particles of few TeV mass, and
next study their dynamics and their indirect effects on
SM processes. This might be sufficient to pin down the
detailed theoretical description of the newly discovered
sector, which would thus be both discovered and theo-
retically characterised at the same collider. Higgs cou-
pling determinations and other precise measurements
that exploit the enormous luminosity for vector boson
collisions, described in Section 2.3, will also play a ma-
jor role in this endeavour.

We can dream of such glorious outcome of the project,
where an entire new sector is discovered and charac-
terised in details at the same machine, only because
energy and precision are simultaneously available at a
muon collider.

2.5 Electroweak radiation

The novel experimental setup offered by lepton colli-
sions at 10 TeV energy or more outlines possibilities
for theoretical exploration that are at once novel and
speculative, yet robustly anchored to reality and to phe-
nomenological applications.

The muon collider will probe for the first time a
new regime of EW interactions, where the scale mw⇠
100 GeV of EW symmetry breaking plays the role of
a small IR scale, relative to the much larger collision
energy. This large scale separation triggers a number of
novel phenomena that we collectively denote as “EW
radiation” effects. Since they are prominent at muon
collider energies, the comprehension of these phenom-
ena is of utmost importance not only for developing a

✦ Measurement of trilinear coupling: access to the Higgs potential


✦ Precise determination only possible 
at high-energy machines: 
100 TeV FCC-hh or multi-TeV Muon collider

Double Higgs production

�21

Mangano et al. 2004.03505

B, Franceschini, Wulzer 2012.11555


Costantini et al. 2005.10289 

credits: Craig, Petrossian-Byrne-0.2 -0.1 0.0 0.1 0.2
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‣ very poorly known today!


‣ HL-LHC will only reach 50% 
precision on SM value

Han et al. 2008.12204

CLIC 1901.05897

by D. Buttazzo, Rome, 6-7 May 2024
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✦ Double Higgs production depends on trilinear coupling �  but also on 
W-boson couplings �  that enter the production cross-section


✦ Two dim. 6 operators:  

κ3
κW, κWW

large degeneracy in total cross-section: 
coefficients not determined in general
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Double Higgs production

�23

κ3 = 1 + v2(C6 − 3
2 CH) κW = 1 − v2CH /2 κWW = 1 − 2v2CH

by D. Buttazzo, Rome, 6-7 May 2024
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Quartic Higgs self-coupling
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Figure 11: Left: 1-σ exclusion plots for the anomalous Higgs self-couplings in terms of the
standard deviations |N − NSM|/

√
NSM from the SM (green dot), where the event numbers N

refer either to σ(µ+µ− → HHHνν), forMν̄ν & 150GeV (blue area), or to the same cross section
with an upper cut of 1 TeV on the HHH invariant mass (red area). Right: same plots zoomed
around the SM configuration.
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M. Chiesa et al., arXiv:2003.13628

• difficult, first explorations at µ-collider
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The need for precision SM calculations

• Impressive development during LHC era

• automatic codes for event generation at NLO (QCD and EW)
precision matched to all order resummation of logarithmic
enhanced corrections

• 2→ 2@NNLO QCD perturbative accuracy for many processes

• 2→ 3@NNLO QCD accuracy becoming available for selected
processes

• first complete mixed QCD-EW NNLO corrections

• N3LO QCD calculations for Higgs and DY production

• different approaches for matching NNLO calculation and
resummation of logs

• recent work started to prepare for precise event generation in
e+e− collisions
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Theoretical progress: Fixed Order Calculations

NNLO timeline

13

Different colour: different way to handle intermediate divergences 

adapted from Huss/Salam

The dream is to have NNLO fully automated for generic processes [Sotnikov] 

(from Zanderighi LHCP 2024)
22 / 47

form talk by P. Nason at LNF, October 2024
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N3LO

t

20232015 … N3LO

NNLO → N3LO 

14

23 / 47

form talk by P. Nason at LNF, October 2024
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Improved agreement with experiments
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CMS Preliminary
5 TeV (0.302 fb 1), PRL 127 (2021) 191801
7 TeV (4.9 fb 1), EPJC  77 (2017) 236
8 TeV (19.6 fb 1), EPJC  77 (2017) 236
13 TeV (137 fb 1), JHEP 07 (2022) 032
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54.7+1.2-1.1(scale) NNLO QCD × NLO EW (MATRIX).
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EW radiative corrections at high energies

What are EW Sudakov logarithms?
QCD: virtual and real terms are separately IR divergent (  poles). In physical cross 
sections the contributions are combined and poles cancel.


QED: same story, but I can also regularise IR divergencies via a photon-mass . So  
poles  , where  is a generic scale.


EW: with weak interactions  and W and Z radiation are typically not taken 
into account, which is anyway IR-safe.


Therefore, at high energies EW loops induce corrections of order





where k is the number of loops and . These logs are physical. Even including 
the real radiation of W and Z, there is not the full cancellation of this kind of logarithms. 

1/ϵ

λ 1/ϵ
→ log(Q2/λ2) Q

λ → mW, mZ

−αk logn(s/m2
W)

n ≤ 2k

8

from talk by D. Pagani at LFC24, September 2024
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Summary

• Strategic will be a wide future program of physics at accelerators,
both at the intensity and the energy frontiers, with the aim of
exploring with unprecedented precision the electroweak scale and
the highest possible energies with conceivable technologies

• In the future increasing complementarities and synergies between
intensity/energy and cosmological frontiers

• In various aspects of precision physics, non-perturbative
contributions play an important role. Their quantitative estimate
needs HPC resources and developments (see e.g. the ongoing
effort on the muon g − 2 theoretical prediction)

• Continuous commitment for the development of challenging
precision calculations and simulation tools, both for hadronic as
well as leptonic collisions (theory systematics will be relevant)
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