
Future directions in collider physics
Progress and Perspectives after the Higgs-boson discovery

Laura Reina
Florida State University

and
INFN – University of Rome 1     

Mainz - October 9, 2025



Higgs boson as central to the Standard Model
and a unique liaison to physics beyond it 

The Higgs-boson discovery and physics program have been transformative by
 

Ø Establishing a crucial building block of the SM
ØProviding a strong connection to physics beyond the SM
ØPushing the boundaries of precision phenomenology both in accuracy and breadth



Higgs central to the Standard Model of particle physics

half of it is about Higgs!

The Standard Model Lagrangian depends on 
19 free parameters, 15 of which are in the 
scalar sector!

Higgs mass, Higgs self-coupling, 
fermion masses, CKM angles and phase 
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The discovery of the Higgs boson  has sharpened the big open ques7ons 
and given  us a unique handle on BSM physics.

Higgs central to exploring beyond the Standard Model

Snowmass 2021 Energy Frontier’s 
Report  arXix:2211.11084

https://arxiv.org/abs/2211.11084
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For MW we combine:
q All LEP 2 measurements 
q Previous Tevatron average
q ATLAS and LHCb early measurements
q CDF [MW=(80.4335±0.0094) GeV]
q ATLAS [MW=(80.3665±0.016) GeV]
q CMS [MW=(80.3602±0.010) GeV]

MW = 80.366 ± 0.0080 GeV (without CDF)
          80.356 ±	0.0045 GeV (from fit)

For mt we combine:
q 2016 Tevatron combination
q ATLAS  Run 1 and early Run2 results
q CMS Run 1 and early Run 2 results
q CMS l+j [mt=(171.77±0.38) GeV]
q CMS l+j boosted [mt=(173.06±0.83) GeV]
q ATLAS l+j boosted [mt=172.95±0.53) GeV

mt = 172.31 ±	0.32 GeV 
        172.38 ±	0.31 GeV (from fit) J. de Blas et al. 2204.04204, updated

Consolida;ng the SM consistency at the quantum level
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PROJECTIONS FOR HIGGS COUPLINGS

S. Dawson
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ILC250 ILC500
kg 1.1 1.0
kW 1.8 0.4
kZ .38 0.3
kg 2.2 0.97
kb 1.8 0.60
kt 1.9 0.80

Uncertainties in % with 2 ab-1
CLIC350 GeV, 

1 ab-1
3 TeV, 
5 ab-1

kg - 2.3
kW 0.8 0.1
kZ 0.4 0.2
kg 2.1 0.9
kb 1.3 0.2
kt 2.7 0.9

CLIC, uncertainties in %

Large theory errors 
at HL-LHC Energy critical at e+e- machines; negligible theory error

Exploring Higgs couplings to probe the TeV scaleRun 2

Ø Couplings to W/Z at 5-10 %
Ø Couplings to 3rd genera1on to 10-20%
Ø First measurements of 2nd genera1on 

couplings

Ø HL-LHC projections based on full Run 2 data:
Ø 1.6-3.6 % on main couplings 
Ø 3-7% on 𝑯 → 𝝁!𝝁" and 𝑯 → 𝒁𝜸
Ø < 30% on Higgs (trilinear) self-coupling
Ø Theory could become the main limitation

reach for LBSM

CMS, arXiv:2207.00043
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Precision on Dk



Run 2 and 
beyond

Beyond SM coupling rescaling

GGI - Tea Breaks - 9 June - On Line                                                             Fabio Maltoni 

One can satisfy all the previous requirements, by building an EFT 
on top of the SM that respects the gauge symmetries:

Searching for new interactions with an EFT 
A simple approach

L
(6)
SM = L

(4)
SM +

X

i

ci
⇤2

Oi + . . .

With the “only” assumption that all new states are heavier than 
energy probed by the experiment .


The theory is renormalizable order by order in , perturbative 
computations can be consistently performed at any order, and 
the theory is predictive, i.e., well defined patterns of deviations 
are allowed, that can be further limited by adding assumptions 
from the UV.  Operators can lead to larger effects at high energy 
(for different reasons).  


s < Λ

1/Λ

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

.
Λ2 > s |ci | /δ

s |ci | /Λ2 < δ

 

 

SM

EFT in the tails

Rescaling

pT(t,H)

Illustrative plot

 

Energy helps precision

33

(6)

... generic BSM scenarios ...

Extension of the SM Lagrangian by d > 4 e↵ective field theory (EFT) operators:

L
e↵

SM = LSM +
X

d>4

1
⇤d�4

Ld = LSM +
1
⇤
L5 +

1
⇤2

L6 + · · ·

where

Ld =
X

i

C(d)

i
O

(d)

i
,

h
O

(d)

i

i
= d ,

under the assumption that new physics lives at a scale ⇤ >
p
s.

Expansion in (v, E)/⇤: a↵ects all SM

observables at both low and high-energy.

• SM masses, couplings ! rescaling

• shape of distributions ! more visible

in high-energy tails

Systematic, yet complex approach.

+

Studying correlations among operators

can point to specific BSM patterns.

[Figures from F. Maltoni]

... generic BSM scenarios ...

Extension of the SM Lagrangian by d > 4 e↵ective field theory (EFT) operators:

L
e↵

SM = LSM +
X

d>4

1
⇤d�4

Ld = LSM +
1
⇤
L5 +

1
⇤2

L6 + · · ·

where

Ld =
X

i

C(d)

i
O

(d)

i
,

h
O

(d)

i

i
= d ,

under the assumption that new physics lives at a scale ⇤ >
p
s.

Expansion in (v, E)/⇤: a↵ects all SM

observables at both low and high-energy.

• SM masses, couplings ! rescaling

• shape of distributions ! more visible

in high-energy tails

Systematic, yet complex approach.

+

Studying correlations among operators

can point to specific BSM patterns.

[Figures from F. Maltoni]

Framework: Extend SM Lagrangian by effective interactions (ex: SMEFT)

Under the assumption that new 
physics leaves at scales Λ > 𝑠

Expansion in ⁄(𝒗, 𝑬) 𝜦:  affects all SM observables at 
both low and high energy

Ø SM masses and couplings →  rescaling
Ø Shapes of distributions → more visible in tails of distributions

Built of SM fields and respecting the SM gauge symmetry.

See Sally’s and Anke’s talks



Beyond total rates
INDIRECT SEARCHES

S. Dawson 48

Precision calculation at low energy where rates are large or
Small deviations at tails of distributions

Ev
en

ts
/G

eV

Energy

SM process
EFT regime

Renormalizable 
SM Lagrangian

Higher
Dimensional
Operators

EFT 
breakdown

Resonance 
produced 
on-shell

off-shell precisionon-shell precision direct searches

EFT operators 
with HiggsesExamples: EFT operators 

with derivatives
EFT: light new 
physics

Need SM precision calculaWons at differenWal 
level both at lower energy, where rates are large 
and at higher energy where rates are small,  but 
effects of new physics may be more visible. Crucial to control NP sensiWve regions

See Malgorzata’s, Tobias’s, Thomas’s talks



Beyond Higgs physics: full-fledged precision collider phenomenology
The LHC legacy – Exploring new physics over a broad spectrum of observables
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  PreliminaryATLASTheory
Measurement

Status: October 2023

Ø A wealth of high-quality data now 
available from a broad spectrum of 
experiments and observations. 

Ø Powerful new ideas are boosting the 
accuracy of both theoretical and 
experimental results.

Ø Major decisions for future projects are 
being made (Snowmass/P5, ESPP) based 
on current results and technologies, 
future projections, and theoretical 
guidance.



Message: the Higgs-boson discovery has established the 
LHC legacy and defined a new era of precision physics



Future Directions 
Improved Energy and Precision

The Higgs-boson discovery has shaped  future direc6ons



Future direc*ons: energy and precision
Answering the big Open Questions via energy and precision
ØOrigin of the EW scale (SSB via Higgs mechanism, naturalness, flavor)
ØOrigin of Baryon Asymmetry, Dark Matter, Dark Energy
Ø…
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<	1 TeV (e+e-) 13-14 TeV
pCM ~ 1 TeV

~10-30 TeV (µ+µ-), ~100 TeV  (pp)
pCM ~ 10 TeV

Precision affects the sensitivity to both direct and 
indirect effects of new physics since  it enhances 
sensitivity to small deviations.

Given the level of consistency of the SM, and no clear 
evidence of new par@cles in LHC searches so far, we 
expect new physics effects to be small.

Nothing can replace direct discovery, for which 
energy is a major factor, but …



Higgs-boson factories 
(up to 1 TeV c.o.m. energy)

Multi-TeV colliders 
(> 1 TeV c.o.m. energy)

13

Timelines are taken from the Collider ITF 
report (arXiv: 2208.06030)Snowmass EF wiki: https://snowmass21.org/energy/start

Snowmass 21: 
EF Benchmark Scenarios

https://arxiv.org/abs/2208.06030
https://snowmass21.org/energy/start


precision physics in a first stage, followed by a higher energy machine at the energy frontier in
a second stage, the scenarios presented in Table 1.1 have been considered. It should be noted
that the evaluations presented in this book are limited to those accelerator projects proposed for
realisation at CERN. The ILC considered as a global project in Japan and the CEPC considered
for realisation in China are not included in the evaluation. However, their potential is very close
to that of the LCF and FCC-ee colliders, respectively, modulo differences in luminosity.

Throughout the full book natural units c = h̄ = 1 are used, leading to masses and momenta
being expressed in units of eV.

Table 1.1: Overview on the collider types and energies considered in the evaluation of the
physics performance. In the lower part of the table combinations of lower-energy precision
machines with colliders reaching higher energies are given.

Energies (GeV) FCC-hh CLIC
Muon Collider

Muon Collider
Plasma Collider

e+e→ projects 91 160 240 365 380 550 1000 1500 85 TeV 3 TeV 10 TeV

FCC-ee X X X X

LCF-250 X X

LCF-250+550 X X X X

CLIC-380 X

CLIC-380+1500 X X

LEP 3 X X X (230)

ep collider

LHeC 50 GeV (e-) on 7 TeV (p)

High-energy options

FCC-ee + FCC-hh (85 TeV) X X X X X

FCC-hh (85 TeV) X

LCF + 1 TeV option X X X X

LCF + High-energy lepton collider X X X X

CLIC + 3 TeV X X X

Muon Collider X X

LEP3 + FCC-hh (85 TeV) X X X(230) X

LEP3 + High-energy lepton collider X X X(230) X

LHeC + FCC-hh (85 TeV) 50 GeV (e-) on 7 TeV (p) X

The status and developments in the areas of accelerator science and technology, detector
instrumentation and computing are presented in Chapters 10 to 12. Chapter 10 contains a brief
description of the large-scale accelerator projects proposed for realisation at CERN (Sect. 10.2).
The differences in the physics potential between the various collider options, as documented
here, along with the technical readiness, risks, timescales and costs will be reviewed by the ESG.
Alongside the final national inputs, that are expected to be submitted by 14 November, these
assessments will provide the foundation for the final recommendations that will be formulated
in the ESPP drafting session in December 2025.

5

ESPP recent document: Physics Briefing Book 
(CERN-ESU-2025-001, 30 September 2025)

Several combined scenarios

Some new benchmarks
FCC-hh (85 TeV)
LEP3 



Message: precision is crucial to explore new physics 
at future colliders, starting from the HL-LHC



Precision collider phenomenology 
Raising to the challenge

Future collider projections are impressive. Theoretical predictions depends on:
Ø Parametric uncertainties (on SM parameters)
Ø Theoretical uncertainties (perturbative and non-perturbative quantum effects in collider observables)
Ø Interpretation of  established deviations (model specific/model agnostic)

All need to be controlled to reach (sub)percent level precision and enable a future collider 
precision program.
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Fig. 4.2: Experimental (solid entries) and theoretical (lighter entries) precision of benchmark
mW (left) and mt (right) determinations at the LHC and expected at the HL-LHC and at vari-
ous future colliders. The theory precision is dominated by QCD uncertainties, except for the
threshold scan measurements at FCC-ee and LEP3, for which electroweak uncertainties are
more important.

decays in e+e→ ↑ WW collisions over
↓

s = 157–365 GeV can also be used to determine mW .
The WW events with semileptonic (qq̄ω!) and fully hadronic (qq̄qq̄) final states can be exploited
by applying the constraint on the total four-momentum in each event, with energy equal to

↓
s

and zero momentum, as done at LEP2. At the WW threshold, the W bosons are produced at
rest back-to-back, and the constrained W ↑ j j invariant mass fits are relatively free from QCD
uncertainties in the semileptonic final states, reaching !mW ↔ 0.25 MeV at FCC-ee [63]. In the
all-hadronic WW final states, colour reconnection (CR) affects hadrons with large separation
with respect to the jet (parton) direction by pulling them towards or away from the jet. Their
impact on invariant mass fits translates into !mW ↔ 1 MeV at FCC-ee [63]. CR effects can be
studied via the particle flow in the region between jets, and constrained in-situ from changes in
the jet direction (or in the reconstructed W mass) by varying the parameters of the jet algorithms,
and by comparing ω+ jets to fully-hadronic events.

The W ↑ j j decays produced in e+e→ ↑ WW events at higher
↓

s values, such as those
expected at the LC facility, are boosted, which further adds some dependence on the mod-
elling of hadronization (in particular on the baryon and strange composition as a function of
angle). Hadronization can also affect the measured jet energy, resolution and jet mass via the
charged/neutral ratio fraction of very low and high momentum tracks and the shower shape.
The impact of such effects on mW measurements at LC is estimated at !mW ↔ 0.9 MeV.

The upper entries of Fig. 4.2 (left) show the expected experimental and theoretical preci-
sion on mW at different e+e→colliders from the two methods above, stressing the importance of
a good control of QCD effects.
QCD effects on the top quark mass. The top-quark mass (mt) is a key SM parameter that will
be measured at the HL-LHC with a precision of !mt ↔ ∀QCD ↔ 200 MeV [ID170]. Achieving
a significantly lower uncertainty requires dedicated runs at future e+e→colliders in a threshold
scan over

↓
s ↔ 340–365GeV, where the mass mt and width (#t) can be extracted through a

fit of the theoretical predictions to the measured ∀tt̄(
↓

s) lineshape2. Suitable renormalization
schemes for mt , such as short-distance mass schemes unaffected by infrared ambiguities [64–

2Top-threshold energy scans can also be carried out at a muon collider [ID207], if sufficient data can be col-
lected in dedicated low-energy runs.
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Fig. 4.2: Experimental (solid entries) and theoretical (lighter entries) precision of benchmark
mW (left) and mt (right) determinations at the LHC and expected at the HL-LHC and at vari-
ous future colliders. The theory precision is dominated by QCD uncertainties, except for the
threshold scan measurements at FCC-ee and LEP3, for which electroweak uncertainties are
more important.
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s = 157–365 GeV can also be used to determine mW .
The WW events with semileptonic (qq̄ω!) and fully hadronic (qq̄qq̄) final states can be exploited
by applying the constraint on the total four-momentum in each event, with energy equal to

↓
s

and zero momentum, as done at LEP2. At the WW threshold, the W bosons are produced at
rest back-to-back, and the constrained W ↑ j j invariant mass fits are relatively free from QCD
uncertainties in the semileptonic final states, reaching !mW ↔ 0.25 MeV at FCC-ee [63]. In the
all-hadronic WW final states, colour reconnection (CR) affects hadrons with large separation
with respect to the jet (parton) direction by pulling them towards or away from the jet. Their
impact on invariant mass fits translates into !mW ↔ 1 MeV at FCC-ee [63]. CR effects can be
studied via the particle flow in the region between jets, and constrained in-situ from changes in
the jet direction (or in the reconstructed W mass) by varying the parameters of the jet algorithms,
and by comparing ω+ jets to fully-hadronic events.

The W ↑ j j decays produced in e+e→ ↑ WW events at higher
↓

s values, such as those
expected at the LC facility, are boosted, which further adds some dependence on the mod-
elling of hadronization (in particular on the baryon and strange composition as a function of
angle). Hadronization can also affect the measured jet energy, resolution and jet mass via the
charged/neutral ratio fraction of very low and high momentum tracks and the shower shape.
The impact of such effects on mW measurements at LC is estimated at !mW ↔ 0.9 MeV.

The upper entries of Fig. 4.2 (left) show the expected experimental and theoretical preci-
sion on mW at different e+e→colliders from the two methods above, stressing the importance of
a good control of QCD effects.
QCD effects on the top quark mass. The top-quark mass (mt) is a key SM parameter that will
be measured at the HL-LHC with a precision of !mt ↔ ∀QCD ↔ 200 MeV [ID170]. Achieving
a significantly lower uncertainty requires dedicated runs at future e+e→colliders in a threshold
scan over

↓
s ↔ 340–365GeV, where the mass mt and width (#t) can be extracted through a

fit of the theoretical predictions to the measured ∀tt̄(
↓

s) lineshape2. Suitable renormalization
schemes for mt , such as short-distance mass schemes unaffected by infrared ambiguities [64–

2Top-threshold energy scans can also be carried out at a muon collider [ID207], if sufficient data can be col-
lected in dedicated low-energy runs.
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Fig. 3.3: Top: Comparison of the indirect and direct mass determination of the W and top
quark for different collider options. (For the EW fit results, the dashed lines indicate the results
assuming the conservative scenario for the theory uncertainties discussed in the next section.)
Bottom: Comparison of the S and T oblique parameters.

Ideally, theory uncertainties should be reduced to a level where they are sub-dominant
to statistical or experimental systematic uncertainties. However, achieving this goal requires
significant theory development.

In this section, theory uncertainties estimates from Refs. [31, 32] are reviewed, updated
and extended to account for recent developments. The focus is on e+e→colliders, but some dis-
cussion of hadron and muon collider physics is also given. The aim is to estimate what improve-
ments are needed to reach a certain precision, and not to forecast what theory improvements are
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crucial for exploring the exact nature of any new physics. As EWPOs are needed to provide
meaningful interpretation of other results, adequate precision is also critical in order to maxi-
mize the interpretative power within the SM as a whole. For example, quantities such as the
effective weak-mixing angle, sin2 !W , and the W -boson mass, mW , depend parametrically on
other parameters such as the QED and QCD couplings and the masses of the Z boson and the
top quark. EWPOs also impact Higgs precision physics, as will be discussed in Sect. 3.5.

The HL-LHC will produce very large samples of Z and W bosons and can improve some
EWPOs, for example sin2 !W and mW . In recent years, there has been significant improve-
ment of the measured precision of these observables via new analysis methodologies [13, 14].
Nonetheless, the precision continues to be limited by the uncertainties in the PDFs, and in the
QCD and EW higher-order corrections.

In contrast, lepton colliders can produce large samples of vector bosons, in a cleaner
environment. Circular colliders, the FCC-ee and LEP3, benefit from very high luminosities,
yielding 6 → 1012 and 2 → 1012 Z bosons for all interaction points, respectively. The linear
collider operates at lower luminosities, yielding 5 → 109 Z bosons but has polarised beams,
which partially compensate the lower luminosity via measurements that are sensitive to chiral
observables. This section discusses traditional EWPOs determined by e+e↑machines running
at the Z-pole and the WW threshold. The muon collider also has sensitivity to the physics that
affects EWPOs via vector-boson scattering measurements and will be compared in Sect. 3.5
using the SMEFT framework. Table 3.1 highlights the projected uncertainties on a selection
of EWPOs for the FCC-ee, LCF and LEP3 [ID217, ID140, ID188]. The large luminosity of
the FCC-ee at the Z pole leads to improvements of roughly a factor 30 in observables that
depend primarily on the total rate, compared to the LCF. For chiral observables, where beam
polarisation provides additional sensitivity at LCs, the relative gain of the FCC-ee is smaller, at
the level of a factor 5, as illustrated in the table.

Table 3.1: Current and projected uncertainties on a selection of EWPOs at the FCC-ee, the
LCF and LEP3. The current uncertainties are taken from Ref. [13, 15]. When a single num-
ber is quoted, it refers to the total uncertainty, otherwise the statistical error is quoted and the
experimental systematic error is given in the parentheses. ! (∀ ) stands for absolute (relative)
uncertainty.

Observable Current FCC-ee LCF LEP3
!mZ (keV) 2000 4 (100) 200 7.5 (100)
!∀Z (keV) 2300 4 (12) 125 7.5 (23)

∀Rµ (→10↑6) Rµ ↓ ∀had
∀µ

1600 2.4 (2.3) 90 (90) 4.5 (2.3)

∀Rb (→10↑6) Rb ↓ ∀b
∀had

3300 1.2 (1.6) 70 (60) 2.2 (3.0)
!sin2 !W (→106) 130 0.4 (0.5) 2.7 (2.3) 0.75 (0.95)

!#(mZ)↑1 (→103) 14 0.8, 3.8 – 1.4, 7.3
!mW (keV) 9900 180 (160) 500 (1600) 430 (700)
!∀W (keV) 42000 270 (200) 2000 650 (500)

Running at the Z-pole energy, the Z boson mass and width and its couplings to fermions
can be determined. For the Z mass, the dominant systematic uncertainties are the absolute
beam energy calibration (with resonant depolarization) for FCC-ee and LEP3 and the absolute
momentum scale for linear colliders. For the linear collider estimates [ID140], the proposed
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from hadronisation by a factor 5–10 and 50, respectively. The current and projected uncertain-
ties are listed in Table 3.2.

Table 3.2: Current and projected theory uncertainties for the extraction of Z-Pole POs at
e+e→colliders, due to background subtraction and ISR/FSR. A dash indicates that projections
for the aggressive scenario are currently not available and the uncertainly will be considered
negligible for the fits in section 3.5.

Observable Current Conservative Aggressive
!Z (MeV) 0.23 0.035 —
mZ (MeV) 0.3 0.03 —
Rω (10→3) 12 0.4 —
Rb (10→4) 4.4 0.44 0.09
Rc (10→4) 17 1.7 0.34
!had (pb) 25 1.7 —

Aω
FB (10→4) 6 0.43 —

Ab
FB (10→4) 1.5 0.32 0.028

Ac
FB (10→4) 1.1 0.23 0.021

Predictions for pseudo-observables
Accurate SM predictions for POs are needed for global fits and the derivation of limits on BSM
physics. We describe next the projections for the uncertainties of the different types of observ-
ables due to missing higher-order calculations. There are also parametric uncertainties from the
uncertainty of direct measurements of the SM input parameters. These can also be affected by
the precision of theory calculations, e.g., for the top-quark mass and the electromagnetic and
strong coupling constant. All these parametric uncertainties are taken into account in the fits
presented in the next section.

Higgs boson decays: The uncertainties for Higgs boson decay calculations are evaluated
using the methodology of Refs. [31, 38]. The current state-of-the-art includes NLO calcula-
tions for all decay channels, higher-order QCD calculations for hadronic final states, and partial
NNLO corrections enhanced by powers of mt for the tree-level decays (bb̄, cc̄, ∀+∀→, µ+µ→,
W+W→ and ZZ). The conservative scenario assumes full NNLO corrections for the tree-level
decays and O(#4

s ) QCD corrections for H ↑ gg, while the aggressive scenario considers O(#5
s )

corrections for H ↑ bb/cc/gg and also mixed EW-QCD NNLO (3-loop) corrections for the
H ↑ gg/∃∃ . The resulting projected uncertainties are listed in Table 3.3. For several decay
channels, the conservative scenario projections are already subdominant compared to the fore-
seen experimental uncertainties at e+e→colliders.

Higgs boson production: For e+e→ ↑ ZH production, NLO and partial NNLO SM
corrections with closed fermion loops are known, whereas the VBF channel, e+e→ ↑ %%̄H, is
limited to NLO. For the conservative future scenario, full NNLO corrections are assumed for
both processes. Since the estimated uncertainties (see Table 3.3) of this scenario are already
subdominant compared to the experimental precision goals, no aggressive scenario estimates
are needed.

Z pole: The current state-of-the-art SM predictions include full NNLO corrections and
partial higher-order corrections enhanced by powers of mt . For the conservative (aggressive)
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Table 3.3: Current and projected theory uncertainties (in percent) for the SM predictions of
partial Higgs boson decay widths and production cross-sections. A dash indicates that there is
no projection for this uncertainty and it will be considered negligible.

Process Current Conservative Aggressive
H → bb/cc (%) < 0.4 0.2 0.1
H → !!/µµ (%) < 0.3 < 0.1 —
H → WW ↑/ZZ↑ (%) 0.5 0.3 —
H → gg (%) 3.2 1.0 0.5
H → ∀∀ (%) < 1.0 < 1.0 0.4
H → Z∀ (%) 1.5 1.5 —
e+e↓ → ZH (%) 0.3 < 0.1 —
e+e↓ → ##̄H (%) ↔ 1 ↔ 0.1 —

scenario we assume that these calculations are approximately extended by one (two) loop or-
der(s), but only considering contributions that are enhanced by gluons and/or multiple fermion
lines in the loop. The estimated uncertainties are listed in Table 3.4.

Figure 3.4 shows the effects of theory uncertainties on the oblique parameters S and T, for
the FCC-ee and the LCF. In both cases, the precision on the parameters is significantly affected
by the assumptions on the size of theory uncertainties, and even the most aggressive scenario
may not be sufficient to fully exploit the precision of the experimental data. The impact of these
uncertainties is more prominent in the case of the FCC-ee, due to the much higher experimental
precision on EWPO.

Table 3.4: Current and projected theory uncertainties for the SM predictions of Z-pole POs.

Observable Current Conservative Aggressive
!Z (MeV) 0.4 0.08 0.016
Rω (10↓3) 6.0 1.2 0.2
Rb (10↓4) 1.0 0.2 0.035
Rc (10↓4) 0.5 0.1 0.02
∃had (pb) 6 1.6 0.3

sin2 %eff (10↓5) 4.5 0.7 0.06
mW (MeV) 4.0 1.0 0.1

W-boson physics: The cross-section for e+e↓ → W+W↓ and the W decay widths to leptons
and hadrons are currently known to NLO and including higher-order final-state corrections. The
estimated uncertainties are small, but are assumed to be further reducible with future NNLO and
dominant 3rd order corrections, which would render them negligible compared to the achievable
experimental precision, see Table 3.5.

Mass and gauge-coupling parameters
The extraction of the masses of the top-quark and the W boson from pair production near thresh-
old require predictions of the production and decay processes in an integrated effective field the-
ory framework. The estimates in Table 3.6 are based on Ref. [31]. Estimates for the aggressive
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Fig. 3.3: Top: Comparison of the indirect and direct mass determination of the W and top
quark for different collider options. (For the EW fit results, the dashed lines indicate the results
assuming the conservative scenario for the theory uncertainties discussed in the next section.)
Bottom: Comparison of the S and T oblique parameters.

Ideally, theory uncertainties should be reduced to a level where they are sub-dominant
to statistical or experimental systematic uncertainties. However, achieving this goal requires
significant theory development.

In this section, theory uncertainties estimates from Refs. [31, 32] are reviewed, updated
and extended to account for recent developments. The focus is on e+e→colliders, but some dis-
cussion of hadron and muon collider physics is also given. The aim is to estimate what improve-
ments are needed to reach a certain precision, and not to forecast what theory improvements are
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Fig. 4.1: Schematic representation of the status and projections relative to the strong coupling
determination benchmark. Current precision of the world-average !s(m

2
Z) value (leftmost entry)

compared to the expected uncertainties at different future facilities from various observables,
and expected statistical uncertainty from lattice-QCD in 20 years from now (rightmost entry).

tiple observables can be used for precise !s(m
2
Z) extractions [ID209], including low-energy

collisions at
→

s ↑ 20–80 GeV [57]. Also, per mille precision on !s(m
2
Z) can be reached by

exploiting hadronic Z- and W -boson decays, thanks to the very large integrated luminosities
at the Z pole and W+W↓ threshold and the very small systematic and parametric uncertainties
expected [58]. Beyond the Z pole, event shapes and jet-rates at high-energy e+e↓ machines
can provide a complementary and theoretically-accurate test of the !s running. The FCC-hh
stands out for its ability to measure the running of !s at scales of up to ↔40 TeV from jet events
[ID209, ID227]. This represents an order-of-magnitude larger energy scale than probed today.
QCD effects on the W boson mass. At hadron colliders, the W boson mass is extracted using
the leptonic decays W ↗ ω∀ via fits of the transverse momentum pω

T (and transverse mass mω∀
T ,

at low pileup) distributions. The present uncertainty on mW at the LHC is about ±10 MeV [13],
of which about half is due to QCD-related effects: knowledge of PDFs and of the low-pT boson
distribution (dominated by intrinsic parton kT and soft gluon dynamics). Such uncertainty is
expected to decrease to ±5 MeV at the end of the HL-LHC phase [ID170], with QCD-related
uncertainties amounting to ±3 MeV (accounting for PDFs uncertainties alone, and assuming
that the low-pT W boson distribution is described with much higher precision). At the LHeC,
with improved determinations of PDFs and !s(m

2
Z), an overall !mW ↑ 3 MeV precision could

be achieved [ID214]. The hadron collider mW uncertainties, including the QCD-related ones,
are shown in the lower part of Fig. 4.2 (left). At future e+e↓facilities, the W boson mass and
width (∀W ) can be measured through different methods. First, a threshold scan over

→
s = 157–

163 GeV produces WW pairs (nearly) at rest, and a fit of the #WW (
→

s) theory predictions to
the measured lineshape provides a precise extraction of mW and ∀W [59]. In addition to ac-
curate theory predictions, this method requires an excellent control of the

→
s value (in the

hundreds of keV range, reachable via resonant depolarization at FCC-ee). The leptonic final
state, e+e↓ ↗ W+W↓ ↗ ω+∀ ω↓∀ , provides the most precise measurement thanks to lower
backgrounds and absence of hadronic uncertainties. The forecast experimental uncertainty
amounts to ±0.3 MeV at FCC-ee, while the present theory prediction precision for #WW (

→
s)

is 3–5 MeV [60, 61]. Improving the theory prediction by more than an order of magnitude is a
major challenge [ID209] that requires calculations with N2LO EW accuracy, mixed EW-QCD
corrections [62] and significantly improved MC modeling of QED initial-state radiation.

Second, the kinematic reconstruction of the invariant mass distribution of W ↗ j j dijet
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the 10 TeV muon collider has a stronger reach. However, the obtainable precision from EWPOs
depends strongly on the assumptions taken for the theory uncertainties. This is illustrated in
the bottom panel of Fig. 3.5, which shows the ratio !A,C

T H = !gA,C
i /!g0

i , where !gA,C are the
precisions obtained under the aggressive (A) and conservative (C) assumptions, and !g0 those
from the ideal scenario where theory uncertainties are neglected. The FCC-ee is most strongly
affected by theory uncertainties as its results are the most precise, although its overall precision
is still the best even when considered different theory uncertainty scenarios.

68% probability sensitivity - All scenarios combined with HL-LHC
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Fig. 3.5: (Top panel) 68% probability sensitivity to the combinations of operators modifying the
EW couplings in the dimension-six U(2)5-symmetric SMEFT framework. (Middle panel) 68%
probability reach to the interaction scale associated to operators modifying each EW fermion
coupling. The last two operators induce fermion-universal effects in EWPO. In these two pan-
els, the empty boxes and "T" bars indicate the results from a combination of some of the col-
liders with the 10 TeV Muon Collider and FCC-hh, respectively. (Bottom panel) Differences in
the bound obtained using the aggressive (bars) and conservative (triangles) theory scenarios.

Electroweak precision tests in diboson processes provide additional constraints. At en-
ergies above the W+W→ production threshold, diboson measurements test for the presence of
anomalous triple gauge couplings (aTGC): !g1,Z , !∀# and ∃Z [49]. In the SMEFT approach,
the first two are induced by operators that also modify the Higgs boson couplings to vectors
bosons and are discussed together with the Higgs boson interactions. At high energies, diboson
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Fig. 3.4: The oblique parameters S and T shown with various theory comparisons for the LCF
(left panel) and FCC-ee (right panel).

Table 3.5: Current and projected theory uncertainties (in percent) for the SM predictions of
partial W -boson decay widths, ratios, and production cross-sections. A dash indicates that there
is no projection for this uncertainty and it will be considered negligible.

Quantity Current Conservative Aggressive

!lep
W (%) 0.1 0.013 —

!had
W (%) 0.1 0.015 —

!had
W /!lep

W (%) 0.015 < 0.01 —
! [e+e→ ↑ W+W→] (%) 0.4 0.07 —

future theory scenario are currently not available, but further progress will require fundamen-
tal advances in computational techniques. The strong and electromagnetic couplings at the mZ
scale are mostly affected by non-perturbative QCD uncertainties, which could be reduced with
advances in lattice calculations (see also Sect. 4.1.2). The electromagnetic coupling could also
be directly determined at a circular e+e→collider [18,19], though more studies are needed for the
evaluation of theory uncertainties. More discussions of these issues can be found in Ref. [33].

Table 3.6: Impact of theory uncertainties on the determination of various SM parameters. A
dash indicates that there is no projection for this uncertainty and it will be considered negligible.

Quantity Current Conservative Aggressive
mt (MeV) 35 30 —
mW (MeV) 3 0.6 —
∀s(mZ) (10→3) 1 0.3 0.1
∀(mZ)/∀(0) (10→4) < 1 < 0.5 0.1 - 0.3

3.4.2 Hadron colliders
Future projections for HL-LHC assume a reduction of theory uncertainties by a factor two for
most precision measurements [30,39]. This goal, while relatively modest, will require improve-
ments on many fronts, including perturbative calculations, MC simulations, non-perturbative
modelling and PDFs. There are unique theory challenges for the determination of the W mass
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“conservative”: assuming theory improvements likely to be achieved 
building on and extending existing computational methods.
“aggressive”: requires more fundamental advances in techniques and 
tools.

Precision reach on EW couplings

Assuming theory errors improve as follows

The interpretabon is a 
case by case choice

The obtainable precision from EWPO 
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uncertainHes.

Crucial to test our understanding of 
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the ! parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limit on the branching fractions of the Higgs boson
into invisible (BSM) states and the precision on the indirect determination of the Higgs boson
width. The pp and ep scenarios are separated from the ones of lepton colliders to indicate
the difference in assumptions that go into the interpretation at the two types of colliders. The
combinations of the LHeC and LEP3 with the FCC-hh are indicated with the "T" bars, whereas
combinations of LCF and LEP3 with the 10 TeV Muon Collider are show with the empty bars.
For the FCC-hh only scenario, the results are shown assuming the theory uncertainties stay as
in the HL-LHC (in grey) or improve by a factor of two (dark blue).

(µ+µ→ ↑ µ+µ→H) interactions with forward muon tagging at a muon collider.
All e+e→and high-energy colliders yield significant improvements in precision of the cou-

pling modifiers compared to the HL-LHC. For e+e→energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ↑ µ+µ→ and H ↑ Z∀ , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained
at e+e→colliders, yielding from the fits at 68% probability, |!s| ↓ [0.4,1.3] for the FCC-ee, and
|!s| < 1.2,1.3 at LCF 250 GeV and LEP3, respectively. Higher centre-of-mass energies, such as
e+e→colliders above 550 GeV, muon colliders or hadron colliders, bring strong improvements
to many parameters such as !W and !t . The LCF with energies up to 1 TeV combined with a
10 TeV muon collider yields comparative results to the FCC-ee +FCC-hh, apart from rare de-

1The FCC-hh only projection is not shown because the input data was not available.
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Table 3.3: Current and projected theory uncertainties (in percent) for the SM predictions of
partial Higgs boson decay widths and production cross-sections. A dash indicates that there is
no projection for this uncertainty and it will be considered negligible.

Process Current Conservative Aggressive
H → bb/cc (%) < 0.4 0.2 0.1
H → !!/µµ (%) < 0.3 < 0.1 —
H → WW ↑/ZZ↑ (%) 0.5 0.3 —
H → gg (%) 3.2 1.0 0.5
H → ∀∀ (%) < 1.0 < 1.0 0.4
H → Z∀ (%) 1.5 1.5 —
e+e↓ → ZH (%) 0.3 < 0.1 —
e+e↓ → ##̄H (%) ↔ 1 ↔ 0.1 —

scenario we assume that these calculations are approximately extended by one (two) loop or-
der(s), but only considering contributions that are enhanced by gluons and/or multiple fermion
lines in the loop. The estimated uncertainties are listed in Table 3.4.

Figure 3.4 shows the effects of theory uncertainties on the oblique parameters S and T, for
the FCC-ee and the LCF. In both cases, the precision on the parameters is significantly affected
by the assumptions on the size of theory uncertainties, and even the most aggressive scenario
may not be sufficient to fully exploit the precision of the experimental data. The impact of these
uncertainties is more prominent in the case of the FCC-ee, due to the much higher experimental
precision on EWPO.

Table 3.4: Current and projected theory uncertainties for the SM predictions of Z-pole POs.

Observable Current Conservative Aggressive
!Z (MeV) 0.4 0.08 0.016
Rω (10↓3) 6.0 1.2 0.2
Rb (10↓4) 1.0 0.2 0.035
Rc (10↓4) 0.5 0.1 0.02
∃had (pb) 6 1.6 0.3

sin2 %eff (10↓5) 4.5 0.7 0.06
mW (MeV) 4.0 1.0 0.1

W-boson physics: The cross-section for e+e↓ → W+W↓ and the W decay widths to leptons
and hadrons are currently known to NLO and including higher-order final-state corrections. The
estimated uncertainties are small, but are assumed to be further reducible with future NNLO and
dominant 3rd order corrections, which would render them negligible compared to the achievable
experimental precision, see Table 3.5.

Mass and gauge-coupling parameters
The extraction of the masses of the top-quark and the W boson from pair production near thresh-
old require predictions of the production and decay processes in an integrated effective field the-
ory framework. The estimates in Table 3.6 are based on Ref. [31]. Estimates for the aggressive
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Assuming theory errors improve as follows

Precision reach on Higgs-boson couplings

EWPOs. One or two permille precision can be obtained for all e+e→colliders when including
multiple energy stages. Running at only energies around 230 GeV as in the case of LEP3 yields
comparatively worse results. Similar conclusions can be drawn for other couplings, e.g. to b
quarks or tau leptons, where high-energy stages bring strong improvement to the precision. The
higher-energy stages of the LC are needed to match the high-statistical precision obtainable at
the FCC-ee. For the aTCGs, a strong improvement is seen in particular when adding in higher-
energy stages of the LC, due also in part to correlations with HWW and HZZ. The effect of
theory uncertainties is smaller here compared to EWPOs, as indicated in the lower panel of the
figure. High-energy lepton colliders, where measurements of VBF processes are used, are more
strongly affected by these uncertainties.

0 5 10 15 20 25 30
δλ3[%]

68% probability sensitivity - All scenarios combined with HL-LHC

HL-LHC

LHeC

LCFZ250
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CLIC380

CLIC38015003000

LEP3

FCC-eeZ/WW240

FCC-eeZ/WW240365

FCC-hh

MuC10

Fig. 3.7: 68% probability sensitivity to mod-
ifications of the Higgs trilinear coupling in
the dimension-six U(2)5-symmetric SMEFT
framework. (Note that a temporary uncer-
tainty band has been added to the estimate from
single-Higgs measurements.)

A high-statistics Z-pole run helps con-
strain operators that enter both in the EWPO
and in the ZH production, where the effect
on ZH production grows with increasing en-
ergy. For the FCC-ee, which projects to
have the most precise ZH measurement for all
e+e→options, a Z-pole run with several 109 Z
bosons, much less than the anticipated statis-
tics of the Tera-Z run, is needed to achieve
sufficient precision to constrain those oper-
ators more tightly than ZH production [50].
For the LC, polarisation is a valuable tool to
probe contributions from s-channel photon-
exchange diagrams, sensitive to SMEFT HZ!
interactions. As the same operators generat-
ing these effects also contribute to the Higgs
couplings to vector bosons, polarisation at en-
ergies of 250 GeV helps to improve the preci-
sion on HZZ with respect to the case of non-
polarised beams.

The HL-LHC expects to obtain a pre-
cision on the Higgs cubic interaction, ∀3,
of 27%. For e+e→projects running below a
centre-of-mass energy of roughly 450 GeV,
∀3 can be determined via single-Higgs bo-
son measurements, where it contributes via
loop-level corrections; at energies above this
threshold, it can be determined via HH pro-

duction threshold, where it contributes at tree level. The former method requires precision Higgs
bosons measurements obtained at two different centre-of-mass energies, to break degeneracies.
Furthermore, a wide range of measured observables, especially those involving top quarks, are
needed to constrain other, non-∀3, loop-level contributions. Being sensitive to different types
of effects aside from ∀3 brings an interesting complementarity between HH and single-Higgs
determinations, where a non-SM signal observed in one process and not confirmed by the other
would be evidence of additional BSM corrections.

Figure 3.7 shows the projected precision on ∀3 for the different collider options. As
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Fig. 8.8: Illustration of the effective understanding of the Higgs potential provided by the 95%
CL uncertainties on !3 obtained by the CMS experiment at the LHC and expected at the HL-
LHC [ID170], LCF [ID140], FCC-hh [ID227, ID247], and a 10-TeV muon collider [ID207].
Shaded regions show the 95% uncertainty on !3, interpreted as variations in the Higgs potential
within the SMEFT-6 parameterization, where trilinear coupling effects dominate. The solid
black line is the SM prediction, while the dashed grey line represents the effective potential of
a Z2-symmetric singlet scalar with quartic coupling a2 = 8 and mass µS = 4mt .

8.3.1 Electroweak phase transition
One of the most interesting consequences of an extended scalar sector is the possibility of fea-
turing a sufficiently discontinuous, i.e. strong, first-order electroweak phase transition (FOPT).
In the SM, a Higgs mass mh → 125 GeV implies that the electroweak phase transition is a smooth
crossover, but this can be altered by additional light degrees of freedom that modify the Higgs
potential. Scalar extensions of the Standard Model can lead to a first-order phase transition
consistent with current data. For instance, Ref. [ID140] studies generic and inert two-Higgs-
doublet models (2HDMs) that can induce a first-order electroweak phase transition by mod-
ifying the Higgs self-coupling, including unexpectedly large two-loop effects, while leaving
other couplings largely unchanged. A strong FOPT in the early Universe would have remark-
able implications, including potentially observable stochastic gravitational waves. Moreover,
it could provide the out-of-equilibrium conditions required for baryogenesis, which would ex-
plain the observed matter-antimatter asymmetry. This departure from equilibrium is one of the
three Sakharov conditions for baryogenesis, alongside baryon number violation and the viola-
tion of charge (C) and charge-parity (CP) symmetries—for constraints on CP violation from
low-energy observables, such as electric dipole moments (EDMs), see Chapter 5.
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The ultimate goal: the Higgs self-coupling (𝝀𝟑)

Ø Per-mille precision level for 𝜿𝑽

Ø But in other cases: 𝜿𝝁, 𝜿𝒁𝜸, 𝜿𝜸,or even 𝜿𝒕 
(if next 𝑒!𝑒"collider runs below the 𝑡 ̅𝑡𝐻	threshold)
It will be the HL-LHC legacy (until FCC-hh)

In the domain of the FCC-hh or 
a 10 TeV 𝜇!𝜇" collider



Message: the HL-LHC precision program should be 
our focus, and it is a complex task



Establishing theoretical uncertainties for percent-level phenomenology 

The future of precision physics relies on the ability of theoretical predictions to describe and interpret the 
complexity of LHC events with accuracy comparable (or smaller) than the experimental systematics.

Embracing the complexity of modelling and interpreting collider events at percent-level is a multi-prong task

Ø Push precision for standard candles and improve description of key processes.
Ø Higher-order perturbative QCD and EW corrections, at differential/fiducial level
Ø Consider signatures, i.e. consider off-shell instead of on-shell production
Ø Consistently match to PDF and Parton Shower event generators
Ø Estimate non-perturbative effects
Ø Remove approximations at all levels

Ø Use cutting edge techniques to study signal/background properties (AI/ML, …)

Ø Parametrize new physics effects in terms of more general effective interactions (EFT) and explore as many 
BSM directions as possible. New physics can be anywhere and give origin to correlated effects.

Shower Monte Carlo Event Generators

B
e
a
m

B
e
a
m

Hard
Scattering
Q ≈ 100GeV

Hadronization

Fixed-order calculations 

Parton shower

3

• Parton Showers are at the core of Shower Monte Carlo Generators, which contain all the ingredients 
to realistically describe complex collider events 

• Reproduce much of the data from LHC and its predecessors  
• Unknown or poor formal accuracy, especially of the Parton Shower component 

Herwig 

Sherpa 

3

To illustrate the point: a few recent examples from LHC precision phenomenology



SM global fits: the MW puzzle

DMW~10 Mev → 0.1% control 
on kinema@c distribu@ons

Mass measured by fitting template distributions 
of transverse momentum and mass

Template fi_ng is acceptable if theory 
describes data with high accuracy

ATLAS, 2403.15085 
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LEP Combination
Phys. Rep. 532 (2013) 119  

 33 MeV± = 80376 Wm

D0 (Run 2)
Phys. Rev. Lett. 108 (2012) 151804

 23 MeV± = 80375 Wm

CDF (Run 2)
Science 376 (2022) 6589

 9 MeV± = 80434 Wm

LHCb 2021
JHEP 01 (2022) 036

 32 MeV± = 80354 Wm

ATLAS 2017
Eur. Phys. J. C 78 (2018) 110 

 19 MeV± = 80370 Wm

ATLAS 2024
This work

 16 MeV± = 80367 Wm

Measurement
Stat. Unc.
Total Unc.
SM Prediction

ATLAS
-1 = 7 TeV, 4.6 fbs



DY at N3LO – input to PDF fits and MW measurement
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Duhr, Dulat, Mistlberger, 2001.07717

Duhr, Dulat, Mistlberger, 2007.13313

• Scale dependence: non-uniform behavior in all Q-regions
• Important input for PDFs (not yet included)
• Region around Q~MW: reconsider how to estimate 

theoretical uncertainty from scale variation 

MW

Recall from before: need 0.1% accuracy in template 
distributions in order to achieve DMW~10 MeV

NC-DY CC-DY



DY at N3LO+N3LL – differential 
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Chen, Gehrmann, Glover, Huss, Monni, 
Re, Rottoli, Torrielli, 2203.01565

Rottoli, Torrielli, Vicini, 2301.04059Challenging to control theoretical 
uncertainties below percent level!

Consider different observable?
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DMW
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ShiO in jacobian peak 
by DMW/2

DMW~±15 MeV
feasible



Higgs producQon via gg fusion at N3LO 
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ConWnuous progress on a crucial process  

• The leading Higgs production mode
• A benchmark test of QCD, and QCD+EW, including H+j production
• An excellent testing ground to probe theoretical accuracy

Anastasiou, Duhr, Dulat, 
Herzog, Mistlberger
1503.06056
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… crucial to map residual uncertainQes

0 20 40 60 80 100

0

2

4

6

8

10

12

Collider Energy / TeV

δ
i/δ

to
ta
l×
1
0
0
%

δ(scale)

δ(PDF-TH)

δ(EW)
δ(t,b,c)

δ(1/mt)

δ(PDF+αs)

[h!]

Figure 1: Relative cummulative contributions to the total cross section as a function of
the collider energy.

components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.

From a single run of iHixs we also obtain estimates for the residual
uncertainty on the cross section. iHixs provides detailed estimates for the
various sources of uncertainty

�(theory) = +0.13pb
�1.20pb

�
+0.28%
�2.50%

�
�(scale)

+ ±0.56pb (±1.16%) �(PDF-TH)
+ ±0.49pb (±1.00%) �(EWK)
+ ±0.41pb (±0.85%) �(t,b,c)
+ ±0.49pb (±1.00%) �(1/mt)
= +2.08pb

�3.16pb

�
+4.28%
�6.5%

�
,

�(PDF) = ±0.89pb (±1.85%) ,
�(↵S) = +1.25pb

�1.26pb

�
+2.59%
�2.62%

�
.

(38)

17

Dulat, Lazopoulos, Mistlberger
1802.00827 (iHixis)LHC @ 13 TeV

Uncertainty removed by calculabon 
of exact NNLO mt dependence

Czakon, Harlander, Klappert, 
Nieggetied, 2105.04436

Reduced uncertainty  to 0.26% by 
calculation of NLO mixed QCD+EW

Becchetti, Bonciani, Del Duca, Hirschi, 
Moriello, Schweitzer, 2010.09451

Future challenges:
• N3LO PDF!  → d(PDF-TH)
• Light-quark mass effects → d(b,c)
• More EW corrections
• Large logs resummation (fiducial)?

4-loop spliong funcbons (low moments) – Moch, Ruijl, Ueda, Vermaseren, Vogt, 2111.15561 
DY@N3LO QCD – Duhr, Dulat, Mistlberger, 2001.07717, 2007.13313



NNLO for 2→3 processes at the core of the LHC program 

• Several recent results for pp → 𝛾𝛾𝛾, 𝛾𝛾𝑗, 𝛾𝑗𝑗, 𝑗𝑗𝑗

• Most recently first NNLO results for mul7-scale processes: 𝑏"𝑏𝑊, 𝑡 ̅𝑡𝑊, 𝑡 ̅𝑡𝐻, …
Chawdry, Czakon, Mitov, Poncelet; Kallweit, Sotnikov, Wiesemann; Badger, Gerhmann, Marcoli, Moodie; 

1 massive final-state 
particle (b massless) 3 massive final-state 

particles
Hartanto, Poncelet, Popescu, Zoia
2205.01687 Buonocore,  Devoto, Grazzini, Kallweit, 

Mazzitelli, Rotoli, Savoini , 2306.16311
Catani, Devoto, Grazzini, Kallweit, 
Mazzitelli, Savoini , 2210.07846

Major bottle neck: 2-loop 5-point amplitudes
Evaluated in 𝑡 ̅𝑡𝑊, 𝑡 ̅𝑡𝐻 calculation by soft-W/H approximation

Major impact on LHC 
phenomenology

Very recently first results 
for 2-loop amplitudes 

Febres Cordero, Figueiredo, Krauss, Page, Reina, 2312.08131
Buccioni, Kreer, Liu, Tancredi, 2312.10015
Agarwal, Heinrich, Jones, Kerner, Klein, 2402.03301



𝑡 ̅𝑡𝑊 and 𝑡 ̅𝑡𝐻	at (a)NNLO
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p
s = 100TeV

�LO 0.3910+31.3%
�22.2% 25.38+21.1%

�16.0%

�NLO 0.4875+5.6%
�9.1% 36.43+9.4%

�8.7%

�NNLO 0.5070 (31)+0.9%
�3.0% 37.20(25)+0.1%

�2.2%

TABLE II: LO, NLO and NNLO cross sections at
p
s = 13TeV andp

s = 100TeV. The errors stated in brackets at NNLO combine
numerical errors with the uncertainty due to the soft Higgs boson

approximation.

expected to be smaller than these values. We multiply
this uncertainty by a tolerance factor that is chosen to
be 3 for both the gg and the qq̄ channels, taking into
account the overall quality of the approximation and the
e↵ect of the µIR variations discussed above. To obtain
the final uncertainty on the full NNLO cross section, we
linearly combine the ensuing uncertainties from the gg

and qq̄ channels. As we will see, the overall uncertainty
on the NNLO cross section estimated in this way is still
significantly smaller than the residual perturbative un-
certainties.

Results. We are now ready to present our results for
the inclusive tt̄H cross section. In Table II we report
LO, NLO and NNLO cross sections. The scale uncer-
tainties are obtained through the customary procedure of
independently varying the renormalisation (µR) and fac-
torisation (µF) scales by a factor of 2 around their cen-
tral value with the constraint 0.5  µR/µF  2. Since,
as can be seen from Table II, such scale uncertainties
are highly asymmetric, especially at NNLO, in the fol-
lowing we will conservatively consider their symmetrised
version as our estimate of perturbative uncertainty. More
precisely, we take the maximum among the upward and
downward variations, assign it symmetrically and leave
the nominal prediction unchanged.

The errors stated in brackets at NNLO are obtained
by combining the uncertainty from the soft Higgs bo-
son approximation, estimated as discussed above, with
the (much smaller) systematic uncertainty from the sub-
traction procedure. Comparing NLO and LO results
we see that NLO corrections increase the LO result by
25% at

p
s = 13TeV and by 44% at

p
s = 100TeV. The

impact of NNLO corrections is much smaller: they in-
crease the NLO result by 4% at

p
s = 13TeV and by

2% at
p
s = 100TeV. The NNLO contribution of the

o↵-diagonal channels [43] is below the permille level atp
s = 13TeV, while it amounts to about half of the com-

puted correction at
p
s = 100TeV. Perturbative uncer-

tainties are reduced down to the few-percent level. The
uncertainty from the soft Higgs boson approximation
amounts to about ±0.6% at both values of

p
s. We point

out that this uncertainty, although not negligible, is still
significantly smaller than the remaining perturbative un-
certainties.

FIG. 1: LO, NLO and NNLO cross sections with their perturbative
uncertainties as functions of the centre-of-mass energy. The

experimental results from ATLAS [3] and CMS [4] at
p
s = 13TeV are

also shown. The lower panel illustrates the impact of NNLO
corrections with respect to the NLO result. The inner NNLO band
denotes the uncertainty from the soft approximation combined with

the systematic uncertainty from the subtraction procedure.

In Fig. 1 we show the LO, NLO and NNLO cross sec-
tions and their perturbative uncertainties as functions
of the centre-of-mass energy

p
s. The lower panel illus-

trates the relative impact of the NNLO corrections with
respect to the NLO result. The inner NNLO band de-
notes the combination of the uncertainty from the soft
approximation with the systematic uncertainty from the
subtraction procedure. We see that NNLO corrections
range from about +4% at low

p
s to about +2% atp

s = 100TeV. The perturbative uncertainty is reduced
from ±9% at NLO in the entire range of

p
s to ±3%

(±2%) at
p
s = 8TeV (

p
s = 100TeV). We observe that

the NNLO band is fully contained within the NLO band.
The experimental results by ATLAS (Fig. 04a in the aux-
iliary material of Ref. [3]) and CMS [4] at

p
s = 13TeV

are also shown for reference in Fig. 1. We point out
that for a sensible comparison with experimental data
NLO EW corrections should be considered as well. Atp
s = 13TeV, NLO EW corrections increase the cross

section by 1.7% with respect to the NLO result [28].

Summary. The associated production of a Higgs bo-
son with a top–antitop quark pair is a crucial process
at hadron colliders since it allows for a direct measure-
ment of the top-quark Yukawa coupling. In this Letter
we have presented first NNLO QCD results for the tt̄H

cross section in proton collisions. The calculation is com-
plete except for the finite part of the two-loop virtual
amplitude that is computed by using a soft Higgs bo-

Catani et al., 2210.07846

Buonocore et al., 2306.16311

Theorebcal uncertainty 
reduced to 3% level

NNO QCD+NLO EW within at 
most 2s of exp. measurement. 

Rabo ⁄𝜎3 ̅35! 𝜎3 ̅35" in very 
good agreement with ATLAS 
measurement

Comparison in fiducial volumes 
may give further insight



NLO: push the multiplicity challenge
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Beyond on-shell production to match fiducial measurements

Bevilacqua, Bi, Hartanto, 
Kraus, Worek, 2005.09427 

Bevilacqua, Bi, Febres Cordero, Hartanto, 
Kraus, Nasufi, LR, Worek, 2109.15181 
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Off-shell effects most relevant in tails 
and end-points of distribubons, where 
new physics effects can be hidden

Modelling full process crucial to 
match experimental fiducial cuts 
and estimate theoretical systematic
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McGowan, Cridge, Harkland-Lang, Thorne, 2207.04739 (MSHT); NNPDF 2402.18635; MSHT+NNPDF 2411.05373 

Ø Gluon fusion to H: the increase in the cross-section prediction at N3LO is compensated 
by the N3LO PDF, suggesting a cancellation between terms in the PDF and cross section 
theory at N3LO → matching orders matters!

Ø Vector Boson Fusion: no relevant change in going from N2LO to N3LO PDF, due to 
different partonic channel involved.

• Based on N3LO approximation to 
structure functions and DGLAP 
evolution

• Making use of all available knowledge to 
constrain PDF parametrizaeon, including 
both exact, resummed, and approximate 
esemates of N3LO results

• Including PDF uncertainty from missing 
higher-orders (MHOU) as theoretical 
uncertainty in the fit

4-loop splifng funceons (low moments) 
Moch, Ruijl, Ueda, Vermaseren, Vogt, 2111.15561 



… deploying new techniques to interpret complex signatures

ratios �(y
2

b )

�(y2b )+�(2

Z)
⌘

�NLOQCD+EW

�NLOall

�(y
2

b )

�(y2b )+�(y2t )+�(ybyt)

�(y
2

b )

�(y2b )+�(y2t )+�(ybyt)+�(2

Z)

(yb vs. Z) (yb vs. yt) (yb vs. Z and yt)

NO CUT 0.69 0.32 0.28
Njb � 1 0.37 (0.48) 0.19 0.14
Njb = 1 0.46 (0.60) 0.20 0.16
Njb � 2 0.11 0.11 0.06

Table 4: Fraction of the cross section scaling as y
2

b
for different phase-space cuts. The first

column is based on the results from our calculation in Tab. 2. The second column is based
on results from Ref. [55]. The third column is based on the numbers in the first and second
column. Details are explained in the text.

to specific Higgs couplings:

LOQCD =) O(y2
b
) , (16)

NLOMS

1
|yt=0 =) O(y2

b
) , (17)

NLOMS

2
=) O(y2

b
) , (18)

LO3 =) O(2

Z
) , (19)

NLO3 =) O(2

Z
) , (20)

NLO4 =) O(2

Z
) , (21)

where adopting the -framework notation [101] we denote the HZZ interaction as Z . Relations
(16)–(21) also imply

NLOQCD =) O(y2
b
) , (22)

NLOQCD+EW =) O(y2
b
) , (23)

NLOall � NLOQCD+EW =) O(2

Z
) . (24)

Clearly, as also pointed out in Sec. 2.2, the NLOMS

2
and NLO4 terms involve contributions

that depend on additional couplings and that can even not depend at all on yb and Z , respec-
tively. However, one can understand from the discussion of Sec. 3.2.1 that the numerical impact
of NLOMS

2
and NLO4 terms, and therefore of such contributions, is negligible w.r.t. the other

perturbative orders involved in the calculation. Moreover, as it will become more clear in the
following, taking into account a more realistic and more complex coupling structure in a given
perturbative order would make our argument even stronger. In other words, relations (16)–(24)
are devised for simplifying the discussion, but our conclusions do not depend on them.

For the same Njb
categories of Tabs. 2 and 3, in the first column of Tab. 4 we report the ratio

of the NLOQCD+EW and NLOall predictions, here denoted as �NLOQCD+EW
and �NLOall

. Both of
them are our best predictions for respectively the O(y2

b
) cross section, denoted in the following

also as �(y2
b
), and the sum of it with the O(2

Z
) cross section, denoted in the following also

as �(2

Z
). Via the ratio �NLOQCD+EW

/�NLOall
we can determine the fraction of the measured

cross section that actually depends on yb. Once again, we remind the reader that the case
“NO CUT” is purely academic, since the signal from inclusive ggF Higgs production exceeds
the one of Hbb̄ production by a factor of 100. Thus, one needs to tag at least one b-jet and
we already know that also after that the ggF+bb̄ contribution is large, so we should at least
suppress the ZH and VBF topologies, which yield �(2

Z
). The category Njb

� 2 has very small
rates (see Tab. 2) and the lowest �NLOQCD+EW

/�NLOall
ratio, due to the large contribution of the

ZH topology, therefore it is not expected to be the best option in order to gain sensitivity on

16

The case of bbH production including QCD+EW corrections 
The extraction of yb seems lost
``RIP Hbb’’  [Pagani et al., arXiv:2005.10277]

A kinematic-shape based analysis based on game theory 
(Shapley values) and BDT techniques opened new possibilities
“Resurrecting Hbb with kinematic shapes”
[Grojean et al., arXiv:2011.13945]

New techniques will open the possibility of turning problematic  
processes into powerful probes of the quantum structure of the SM 



Parton-shower event generators

Radcor, backup slidesSilvia Ferrario Ravasio

It’s time for better Parton Showers!

44

DGLAP splitting functions
LO NLO NNLO [parts of N3LO]

1980 1990 2000 2010 20201970

Drell-Yan (γ/Ζ) & Higgs production at hadron colliders
NLOLO NNLO[……………….] N3LO

transverse-momentum resummation (DY&Higgs)
NLL[……]LL NNLL[…] N3LL

fixed-order matching of parton showers
LO NLO NNLO […….] [N3LO]

parton showers
[parts of NLL…………………………………………..]LL

(many of today’s widely-used showers only LL@leading-colour)

Slide from G. Salam

From S. Ferrario Ravasio, RADCOR 2023

Crucial ingredient to reproduce 
the complexity of collider events

Ouen unknown or with poor formal 
accuracy (built in approx., tunings, etc.)

Ø Standard PS are Leading Logarithmic (LL) → becoming a limita@on
Ø Several groups aiming for NLL hadron-collider PS  
Nagy&Soper, PanScales, Holguin- Forshaw-Platzer, Herren-Höche-Krauss- Reichelt-Schönherr 

Shower Monte Carlo Event Generators

B
e
a
m

B
e
a
m

Hard
Scattering
Q ≈ 100GeV

Hadronization

Fixed-order calculations 

Parton shower

3

• Parton Showers are at the core of Shower Monte Carlo Generators, which contain all the ingredients 
to realistically describe complex collider events 

• Reproduce much of the data from LHC and its predecessors  
• Unknown or poor formal accuracy, especially of the Parton Shower component 

Herwig 

Sherpa 

3



More challenges: non-perturbative effects O((Λ!"#/Q)p) 

Estimate of “p” for all relevant processes crucial to LHC precision program

Ferrario Ravasio, Limatola, Nason, 2011.14114

Caola, Ferrario Ravasio, Limatola, Melnikov, Nason, 2108.08897, same+Ozcelik 2204.02247

A few tens GeV < Q < a few hundreds GeV ⟶	 ( ⁄ΛCDE 𝑄)F~(0.01)F−(0.001)F 

PerturbaWve predicWons at percent level will have to be supplemented with non-
perturbaWve effects if p = 1 for a parWcular process or observable.

No general theory. Direct calculaWons have shown that there are no linear non-pert 
power correcWons in:

Ø Z transverse-momentum distribu@ons

Ø Observables that are inclusive with respect to QCD radiation

The pT of the Z: a kinematic argument

The soft radiation pattern is not azimuthally symmetric

A IR linear renormalon is strictly related to soft emissions

If we model a IR linear renormalon as due to the emission of a soft particle with
transverse momentum ⇠ ⇤QCD, we may assume that it can also a↵ect the p

Z

T
by

recoil!

Giovanni Limatola — July 7th, 2022 Linear Power Corrections in Collider Processes 8/17



Message: we need to embrace the complexity of LHC 
events and improve their modelling at multiple levels



Beyond EW precision fits: global precision fits 

• EW precision observables
§ Z-pole observables (LEP/SLD): GZ, sin2qeff, Al, AFB, …
§ W observables (LEP II, Tevatron, LHC): MW, GW
§ mt, MH, sin2qeff (Tevatron/LHC)

• Higgs boson observables
• ProducFon and decay rates
• Simplified Template Cross SecFons (STXS)

• Top quark observables
• 𝑝𝑝 → 𝑡 ̅𝑡, 𝑡 ̅𝑡𝑍, 𝑡 ̅𝑡𝑊, 𝑡 )𝑡𝛾,𝑡𝑍𝑞, 𝑡𝛾𝑞, 𝑡𝑊,…

• Drell-Yan, Di-boson measurements
• 𝑝𝑝 → 𝑊, 𝑍 → 𝑓#)𝑓$
• 𝑝𝑝 → 𝑊𝑍,𝑊𝑊, 𝑍𝑍, 𝑍𝛾

• Flavour observables 
• DF=2: Δ𝑚'%,) , 𝐴()

(,% , 𝐷+ − '𝐷+(𝜙,-. ), 𝜀/
• Leptonic decays: 𝐵( → 𝜇0𝜇1, 𝐵 → 𝜏𝜈, 𝐾 → ℓ𝜈, 𝜋 → ℓ𝜈
• Semi-leptonic decays: 𝐵 → 𝐷(∗)𝑙𝜈, 𝐵 → 𝜋ℓ𝜈, 𝐾 → 𝜋ℓ𝜈	
• Radia5ve B decays: 𝐵 → 𝑋(,%𝛾

Constraining new physics through a broad spectrum of collider and flavour observables

Exp: PDG, HFLAV
Th: best available predic@ons 

GGI - Tea Breaks - 9 June - On Line                                                             Fabio Maltoni 

Global fits: EWPO+H+EW+Top
Global fits

• Already now and without a dedicated experimental effort there 
is considerable information that can be used to set limits:


•Fitmaker [Ellis et al. 2012.02779]

•SMEFiT  [Either et al. 2105.00006]

•SFitter [Biekötter, Corbett, Plehn, 2018] +  [Brivio et al., 1910.03606]  (separated)

•HEPfit [de Blas, et al. 2019]

•  30+ operators, linear and/or quadratic fits, Higgs/Top/EW at 
LHC, WW at LEP and EWPO.

44

ATLAS and CMS
Run 1+2 results

Including recent LHC 
measurements of 𝑚3	and 𝑀5

Flavor involves almost all of them 
either directly or through RGE



Connecting far apart scales: the EFT picture 

(SM)EFT
(UV)

LEFT
(t,H,W,Z)

LUV

LEW
(t,H,W,Z)

Lb (B)

Lc (D)

Ls (K)

Heavy physics decouples and leaves  
effective contact interactions of  dim > 4

RGE

RGE

Calculate physical processes at each scale and 
derive constraints on the UV theory

EFT operators in
terms of SM fields

WC depend on 
mt, MW,MZ,MH, …MX

b

c

BSM UV extensions

Lighter (B)SM particles

ℒ./012 = ℒ./ +%
3,4

𝐶3,4./012

Λ456
𝑂3,4./012

ℒ7012 = ℒ809:8;9 +%
3,4

𝐶3,47012

Λ0<456
𝑂3,47012
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The HEPfit framework
Open-source tool

Sta@s@cal framework based on a Bayesian MCMC analysis 
as implemented in 
BAT (Bayesian Analysis Toolkit)
Caldwell et al., arXiv:0808.2552 

Supports SM (fully implemented) and BSM models, in 
par@cular the dim-6 SMEFT 

Used for several global fits and future collider projec@ons

New release includes EW, Higgs, top, and flavour 
observables in the SM and the SMEFT with
q SM predic@ons at NLO or higher
q SMEFT at tree level (dim-6 operators only)
q Linear (and quadra@c) effects from dim-6 operators
q RGE running of the SMEFT Wilson Coefficients

http://hepfit.roma1.infn.it 

J. De Blas et al., 1910.14012

Other existing frameworks for SMEFT global fits:
SMEFiT, Celada et al. 2105.00006, 2302.06660, 2404.12809
Fitmaker, Ellis et al. 2012.02779
Aebischer et al., 1810.07698
Allwicher et al, 2311.00020 
Cirigliano et al. 2311.00021
Bartocci et al. 2311.04963

http://hepfit.roma1.infn.it/


Beyond EW fits – Higgs, top, flavour observables 

SMEFT
(UV)

LEFT
(t,H,W,Z)

LUV

LEW
(t,H,W,Z)

Lb (B)
Lc (D)

Ls (K)

ConnecWng far apart scales naturally lends itself to the EFT framework

𝑪𝒊,𝒅𝑺𝑴𝑬𝑭𝑻(𝜦𝑼𝑽) (from matching to UV theory)

Evolved to 𝑪𝒊,𝒅𝑺𝑴𝑬𝑭𝑻 𝜦𝑬𝑾  
using RGEsolver++

Match to LEFT operators to 
calculate flavor observables
In terms of 𝐶,8JKL(ΛM,N,..)

Based on 1-loop SMEFT 
anomalous dimension

Notice that LO evolution is only consistent with  tree-level  
initial conditions at ΛPQ  and tree-level matrix elements at ΛJ5.

Jenkins, Manohar, and Trott, 
1308.2627, 1310.4838,1312.2014Di Noi and Silvestrini, 2210.06838

Jenkins, Manohar, Stoffer, 
1709.04486, 1711.05270

Imposing flavour symmetry

Constrained by the fit 
together with SM 

parameters

At ΛJ5 observables are calculated in terms of 𝐶,,/;RJKL(ΛJ5)

Evolved to 𝑪𝒊𝑳𝑬𝑭𝑻 𝜦𝒃,𝒄,..



with covariant derivative:

“Warsaw” basis

The SMEFT framework for this study

.
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Grzadkowski, Iskrzynski,  
Misiak, Rosiek, 1008.4884

Ø Dim-6 operators only, including linear (and quadrabc effects)
Ø Obeying SM gauge symmetry
Ø One Higgs doublet of SU(2)L, SSB linearly realized.
Ø Assuming different flavor symmetries: U(3)5, U(2)5 …; no CPV

Higgs field and Mh
Yukawa couplings

gauge fields 
and masses, 
HVV, VVV

Vff, Hff

4-fermion interaceons: k, kH, DY, flavour

X3 ω6 and ω4D2 ε2ω3

OG = fABCGAω
µ GBε

ω GCµ
ε Oϑ = (ω†ω)3 O

[pr]
eϑ = (ω†ω)(l̄pωer)

OW = ϑIJKW Iω
µ W Jε

ω WKµ
ε Oϑ↭ = (ω†ω)↭(ω†ω) O

[pr]
uϑ = (ω†ω)(q̄pω̃ur)

OϑD =
(
ω†Dµω

)ϖ (
ω†Dµω

)
O

[pr]
dϑ = (ω†ω)(q̄pωdr)

X2ω2 ε2Xω ε2ω2D

OϑG = ω†ωGA
µωG

Aµω
O

[pr]
eW = (l̄pϖµωer)ϱ IωW I

µω O
(1)[pr]
ϑl = (ω†i

→
Dµ ω)(l̄pςµlr)

OϑW = ω†ωW I
µωW

Iµω
O

[pr]
eB = (l̄pϖµωer)ωBµω O

(3)[pr]
ϑl = (ω†i

→
DI

µ ω)(l̄pϱ Iςµlr)

OϑB = ω†ωBµωBµω
O

[pr]
uG = (q̄pϖµωTAur)ω̃GA

µω O
[pr]
ϑe = (ω†i

→
Dµ ω)(ēpςµer)

OϑWB = ω†ϱ IωW I
µωB

µω
O

[pr]
uW = (q̄pϖµωur)ϱ I ω̃W I

µω O
(1)[pr]
ϑq = (ω†i

→
Dµ ω)(q̄pςµqr)

O
[pr]
uB = (q̄pϖµωur)ω̃Bµω O

(3)[pr]
ϑq = (ω†i

→
DI

µ ω)(q̄pϱ Iςµqr)

O
[pr]
dG = (q̄pϖµωTAdr)ωGA

µω O
[pr]
ϑu = (ω†i

→
Dµ ω)(ūpςµur)

O
[pr]
dW = (q̄pϖµωdr)ϱ IωW I

µω O
[pr]
ϑd = (ω†i

→
Dµ ω)(d̄pςµdr)

O
[pr]
dB = (q̄pϖµωdr)ωBµω O

[pr]
ϑud = (ω̃†iDµω)(ūpςµdr)

(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

O
[prst]
ll = (l̄pςµlr)(l̄sςµlt) O

[prst]
ee = (ēpςµer)(ēsςµet) O

[prst]
le = (l̄pςµlr)(ēsςµet)

O
(1)[prst]
qq = (q̄pςµqr)(q̄sςµqt) O

[prst]
uu = (ūpςµur)(ūsςµut) O

[prst]
lu = (l̄pςµlr)(ūsςµut)

O
(3)[prst]
qq = (q̄pςµϱ Iqr)(q̄sςµϱ Iqt) O

[prst]
dd = (d̄pςµdr)(d̄sςµdt) O

[prst]
ld = (l̄pςµlr)(d̄sςµdt)

O
(1)[prst]
lq = (l̄pςµlr)(q̄sςµqt) O

[prst]
eu = (ēpςµer)(ūsςµut) O

[prst]
qe = (q̄pςµqr)(ēsςµet)

O
(3)[prst]
lq = (l̄pςµϱ I lr)(q̄sςµϱ Iqt) O

[prst]
ed = (ēpςµer)(d̄sςµdt) O

(1)[prst]
qu = (q̄pςµqr)(ūsςµut)

O
(1)[prst]
ud = (ūpςµur)(d̄sςµdt) O

(8)[prst]
qu = (q̄pςµTAqr)(ūsςµTAut)

O
(8)[prst]
ud = (ūpςµTAur)(d̄sςµTAdt) O

(1)[prst]
qd = (q̄pςµqr)(d̄sςµdt)

O
(8)[prst]
qd = (q̄pςµTAqr)(d̄sςµTAdt)

(L̄R)(L̄R) (L̄R)(R̄L)

O
(1)[prst]
quqd = (q̄ipur)φij(q̄jsdt) O

[prst]
ledq = (l̄iper)(d̄sqti)

O
(8)[prst]
quqd = (q̄ipT

Aur)φij(q̄jsT
Adt)

O
(1)[prst]
lequ = (l̄iper)φij(q̄

j
sut)

O
(3)[prst]
lequ = (l̄ipϖµωer)φij(q̄jsϖ

µωut)

Table 1. Dimension-6 operators in the Warsaw basis, adapted from Ref. [1]. We denote by X the
field strength tensors for the SM gauge group.

the evolutor U(µW ,!) for each given value of the SM parameters in the Monte Carlo

integration. However, as stated above, at linear order we can neglect the e”ect of the

SMEFT in the extraction of the SM parameters from experimental measurements when

computing U(µW ,!). This further justifies neglecting also the small uncertainties on SM

parameters in the computation of U(µW ,!), so that the evolutor becomes a constant

matrix for fixed µW and !, allowing for a dramatic increase in the speed of the numerical

computation of the Wilson coe#cients at the scale µW .
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UV theory flavor symmetry: 𝑈(3)5	(𝑄𝐿, 𝑢𝑅 , 𝑑𝑅 , 𝐿𝐿, 𝑒𝑅) 
Studying the constraining power of different sets of observables and the effect of RGE

Ø Fit individual operators (one 𝐶, Λ ≠ 0 at a 
bme, mulbple 𝐶,(𝜇) induced by RGE)

Ø Choose scales such that LO RGE effects can be 
relevant (log ⁄(𝜇VW 𝜇WW) ≥ 2)

Ø Λ = 1, 3, 10 TeV → reach of current/future 
colliders 

Ø Between different 𝜦: not a simple rescaling 
because of RGE effects 

De Blas, Goncalves, Miralles, 
L.R., Silvestrini, Valli, 
2507.06191

Lower half: uncertainty on ⁄𝐶, Λ reported as half of the 95% HPDI (high posterior density interval)
Upper half: lower bound on ⁄Λ 𝐶,  from the maximum of the 95% HPDI of 𝐶,  
                     (since no interval is driven away from zero at 95% probability, we can only put a lower bound)
Dashed lines: perturbativity bounds ( 𝐶, ~4𝜋)
Red shades: posteriors touches the edges of the prior (truncated) → need better measurements
White shades: posterior completely flat → need more observables

https://arxiv.org/abs/2507.06191
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𝑈(3)5case: individual vs global fit

Ø In general (both individual and global): adding more observables lift degeneracies but leaves strong correlations
Ø Although bounds get diluted in the global fit, both with and without RGE, some cases still very well constrained, 

giving strong lower bounds: 

Ø Global fits, if really global, are numerically massive. Adding all existing measurements may prevent the fit from 
converging or take a lot of educated choices: fine balance between higher information and better convergence.

This is already relevant 
input to model building!
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UV theory flavor symmetry: 𝑈(2)5, testing third family
The impact of a non flavour-blind choice. More scenarios can be explored.

Main flavour constraints 
coming from:

Ø 𝐵 → 𝑋>𝛾 (𝑂/X , 𝑂/5 , 𝑂/Y)
Ø 𝐵> → 𝜇!𝜇" (𝑂Z?

[,\@]])

Ø  meson mixing (𝑂ZZ
(V,`))

124 operators (123 if not 
considering	𝑂b= 𝜙c𝜙 `

)



Message: Precision tests of the SM have grown to much 
more global fits of lots of observables. We are just exploring 

how to use the precision that will come from the HL-LHC.



Message: (SM)EFT characterizes general SM deformations 
and offers a systematic way to explore new physics that 

could affect SM predictions in multiple ways



● Collider physics remains as a unique and necessary test of any BSM hypotheses, and in this 
context precision phenomenology will play a crucial role at future colliders.

Ø The most important first goal is to enable the physics program of the HL-LHC

● Increasing the theoretical accuracy on SM observables (Higgs, top, EW, flavour) by one order 
of magnitude can be crucial

● Reaching this level of theoretical accuracy has multiple components, all of which have been 
the focus of intense theoretical work and should continue to be.

● The amount of precision observables now available gives us the possibility for the first time to 
explore new physics via global precision fits. 

● Using an EFT approach seems a natural option (given the different scales involved) and will 
become more constraining of BSM physics with more data and higher precision. 

Ø Initially bottom- up → Exploration

Ø Eventually top-down → Precision

Summary and discussion 


