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Future Directions 
Improved Precision and Energy

Ø Exploring the nature of the Higgs boson has been central to the discussion of future 
colliders, because of its intrinsic relation to the most fundamental open questions that may 
lead us to new physics beyond the Standard Model.

Ø Exploring it further will take higher precision and higher energy.
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Future directions: precision and energy
EF
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pCM ~ 1 TeV

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

The extreme precision achievable at an e+e- collider 
will be crucial to identify small deviations from SM 
predictions and point to the scale of new physics.

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

The energies available at a multi-TeV collider will 
complement the precision program of a Higgs 
Factory and directly probe multi-TeV new physics.

Higgs Factory (HF)
FCC-ee

multi-TeV collider
FCC-hh



This is what the FCC project will realize in a synergistic way over the span of 40+ years.

Based on the LHC legacy, which is where the roadmap to the FCC starts …

Ø Run 1: Higgs discovery
Ø Run 2: Higgs couplings

Ø outperformed expectations
Ø Run 3 to HL-LHC

Ø  Higgs precision program

We are here
Many years of HL running 
ahead of us

20-fold increase in statistics 
by the end of HL-LHC!



The LHC legacy
From Higgs discovery to Higgs precision physics 
and much more

ØConsolidating the SM consistency at the quantum level.
ØExploring Higgs couplings beyond expected accuracy.
ØDelivering a broad program of collider precision phenomenology.
Ø For the first time exploring new physics structures in various kinematic regimes.



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, 

L.R., L. Silvestrini 2511.16534 (update)

Consolidating the SM consistency at the quantum level
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Exploring Higgs couplings

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

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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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.

See all talks at this meeting!



INDIRECT SEARCHES

S. Dawson 48
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Precision and future colliders
Rising 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 anomalies/deviations exploring new-physics patterns (model specific/agnostic)

All need to be controlled to reach (sub)percent level precision and enable a future collider 
precision program.



Table 2: Experimental (statistical and systematic) precision expected for a selection of measurements accessible
at FCC-ee, compared with the present world-average precision [35]. Some of the FCC-ee experimental systematic
uncertainties (4th column) are initial estimates from early 2021 [36] and others have been improved and consol-
idated during the Feasibility Study. A goal of further studies will be to improve them down to the level of the
statistical uncertainties (3rd column) with new ideas and innovative methods. This set of measurements, together
with those of the Higgs boson properties, achieves indirect sensitivity to new physics up to a scale ! of 100 TeV in
an Effective Field Theory (EFT) description with dimension-6 operators (Chapter 2) and possibly much higher in
specific new physics (non-decoupling) models.

Observable present FCC-ee FCC-ee Comment and
value ± uncertainty Stat. Syst. leading uncertainty

mZ (keV) 91 187 600 ± 2000 4 100 From Z line shape scan
Beam energy calibration

”Z (keV) 2 495 500 ± 2300 4 12 From Z line shape scan
Beam energy calibration

sin
2 ωeff

W
(→10

6
) 231,480 ± 160 1.2 1.2 From A

µµ
FB at Z peak

Beam energy calibration

1/εQED(m2

Z
) (→10

3
) 128 952 ± 14 3.9 small From A

µµ
FB off peak

0.8 tbc From A
µµ
FB on peak

QED&EW uncert. dominate

R
Z

ω (→10
3
) 20 767 ± 25 0.05 0.05 Ratio of hadrons to leptons

Acceptance for leptons

εS(m2

Z
) (→10

4
) 1 196 ± 30 0.1 1 Combined R

Z

ω , ”
Z

tot, ϑ0

had fit

ϑ0

had (→10
3
) (nb) 41 480.2 ± 32.5 0.03 0.8 Peak hadronic cross section

Luminosity measurement

N!(→10
3
) 2 996.3 ± 7.4 0.09 0.12 Z peak cross sections

Luminosity measurement

Rb (→10
6
) 216 290 ± 660 0.25 0.3 Ratio of bb to hadrons

A
b,0
FB (→10

4
) 992 ± 16 0.04 0.04 b-quark asymmetry at Z pole

From jet charge

Apol,ε
FB (→10

4
) 1 498 ± 49 0.07 0.2 ϖ polarisation asymmetry

ϖ decay physics
ϖ lifetime (fs) 290.3 ± 0.5 0.001 0.005 ISR, ϖ mass
ϖ mass (MeV) 1 776.93 ± 0.09 0.002 0.02 estimator bias, ISR, FSR

ϖ leptonic (µ!µ!∀) BR (%) 17.38 ± 0.04 0.00007 0.003 PID, ϱ0 efficiency

mW (MeV) 80 360.2 ± 9.9 0.18 0.16 From WW threshold scan
Beam energy calibration

”W (MeV) 2 085 ± 42 0.27 0.2 From WW threshold scan
Beam energy calibration

εS(m2

W
) (→10

4
) 1 010 ± 270 2 2 Combined R

W

ω , ”
W

tot fit

N! (→10
3
) 2 920 ± 50 0.5 small Ratio of invis. to leptonic

in radiative Z returns

mtop (MeV) 172 570 ± 290 4.2 4.9 From tt threshold scan
QCD uncert. dominate

”top (MeV) 1 420 ± 190 10 6 From tt threshold scan
QCD uncert. dominate

ςtop/ςSM
top 1.2 ± 0.3 0.015 0.015 From tt threshold scan

QCD uncert. dominate

ttZ couplings ± 30% 0.5–1.5 % small From
↑

s = 365 GeV run
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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

24
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prospects for theoretical improvements of relevance to EW, Higgs, jets, and top quark measurements,
including the MC event-generator perspective, and the actions under way to support and coordinate such
efforts.

3.1 Electroweak corrections
To meet the precision goals of FCC-ee, significant advances in calculations of higher-order radiative cor-
rections and in MC generators will be needed [38,40,316]. For instance, electroweak NNLO corrections
for various pair production processes (e+

e
→ → f f̄ , e

+
e
→ → !! , e

+
e
→ → W

+
W

→, e
+
e
→ → ZH) are

needed, as well as MC tools for the simulation of multiple photon radiation beyond leading-logarithmic
(LL) approximation. Even higher perturbative orders, including three-loop corrections in the full SM and
leading four-loop corrections, are required to interpret precision measurements at the Z pole. Table 10
provides a few illustrative examples of precision quantities and the theory calculations required to extract
them from data.

Table 10: A few sample precision quantities of interest for the FCC-ee programme, their current and projected
experimental uncertainties, and the required theory input for their extraction from the data. The last two columns
show the current state of the art for calculations of this theory input and higher-order calculations needed to reach
the FCC-ee precision target. More details can be found in Ref. [40].

Quantity Current
precision

FCC-ee stat.
(syst.) precision

Required
theory input

Theory status
as of today

Needed theory
improvement†

mZ (MeV) 2.0 0.004 (0.1) non-resonant
e
+
e
→ → f f̄ ,

initial-state
radiation (ISR)

NLO,
ISR logarithms
up to 6th order

NNLO for
e
+
e
→ → f f̄!Z (MeV) 2.3 0.004 (0.012)

sin
2 ωωeff 1.6↑10

→4 1.2 (1.2) ↑ 10
→6

mW (MeV) 9.9 0.18 (0.16) lineshape of
e
+
e
→ → WW

near threshold

NLO
(e+

e
→ → 4f

or EFT
framework)

NNLO for
e
+
e
→ → WW,

W → f f̄
↑

in EFT setup

HZZ

coupling
– ↓ 0.1% cross section for

e
+
e
→ → ZH

NLO EW plus
partial NNLO
QCD/EW

full NNLO EW

mtop (MeV) 290 4.2 (4.9) threshold scan
e
+
e
→ → tt

N3LO QCD,
NNLO EW,
resummations
up to NNLL,
O(30 MeV)
scale uncert.

Matching fixed
orders with
resummations,
merging with
MC, εS (input)

† The necessary theory calculations mentioned are a minimum baseline; additional partial higher-order contributions may also
be required.
→ No absolute value for the HZZ coupling can be extracted from the LHC data without additional assumptions.

Additional theory input is necessary for the interpretation of the experimentally determined values
of these quantities, i.e., to test the validity of the SM and probe possible physics beyond the SM, as
illustrated in Table 11 for some of the same examples as above. In this context, the three-loop ε3

S

corrections to the semileptonic b → c decay [317] and the three-loop QED corrections to the muon
decay [317, 318] were recently calculated in the Fermi approximation. These results are a milestone in
perturbative calculations and an important step towards precision calculations for FCC-ee. In particular,

64

Table 11: Required theory calculations for the prediction of the listed precision quantities within the SM. These
predictions are needed for comparison with the quantities extracted from data (Table 10), for the purpose of testing
the validity of the SM and probing BSM physics. More details in Ref. [40].

Quantity Required theory input Theory status
as of today

Needed theory
improvement‡

!Z vertex corrections for
Z → f f̄

NNLO + partial
higher orders

N3LO EW + partial
higher orderssin

2 ωωeff

mW SM corrections to the
muon decay rate

NNLO + partial
higher orders

N3LO EW + partial
higher orders

‡ The mentioned needed theory calculations are a minimum baseline;
additional partial higher-order contributions may also be required.

the ε3 QED contribution translates to a shift of the muon lifetime of (↑9 ± 1) ↓ 10
→8 µs. With the

current measurement of ϑµ = 2.1969811 ± 0.0000022 µs, the new correction terms are almost two
orders of magnitude smaller than the experimental uncertainty. Thus, an updated value of GF can only
be extracted once the latter has been improved.

The Fermi constant GF is one of several fundamental parameters that need to be precisely deter-
mined in order to make quantitative predictions for electroweak precision observables (EWPOs) within
the SM or concrete BSM realisations through data-theory comparisons. Other examples of such quan-
tities include the strong coupling εS and the top-quark mass mtop. Many of these parameters can be
obtained from FCC-ee data with much reduced uncertainty compared to today (Table 2), but their extrac-
tion from the experimental measurements requires significant theory input (as shown in Section 3.2 for
εS and in the last row of Table 10 for mtop).

Similarly, the interpretation of cross section measurements requires the precise determination of
the luminosity through measurements of small-angle Bhabha scattering and/or large-angle photon-pair
production (Section 6.13). For this purpose, the rates for these processes need to be computed at least
with NNLO QED corrections, logarithmically enhanced higher-order effects, and a careful treatment of
virtual hadronic corrections (which appear at NLO for Bhabha scattering and NNLO for two-photon
production) [319, 320].

To achieve the precision goals outlined in Tables 10 and 11, significant improvements in calcula-
tion techniques for higher-order radiative corrections are required, including full two-loop corrections for
2 → 2 scattering processes, as well as decay processes with full three-loop corrections and approximate
four-loop contributions in a large-mass expansion.

Recently, significant progress has been achieved in semi-numerical multi-loop calculation tech-
niques based on dispersion relations [321, 322] and on series solutions of differential equations [323–
328]. These techniques have enabled the first calculations of electroweak two-loop corrections for the
main Higgs boson production process at FCC-ee, e

+
e
→ → ZH [322, 329], and they are expected to be

useful for calculations of NNLO corrections for other pair production processes as well.
The approach of Refs. [321,322] exploits dispersion relations and Feynman parameters to express

one subloop of a two-loop diagram in terms of integrals with up to three variables. Then the second
subloop becomes a simple one-loop integral, with well-known analytical results. For divergent diagrams,
the singularities can be removed with systematically constructed subtraction terms, which can also be
evaluated analytically. These procedures lead to two- or three-dimensional finite numerical integrals that
can be evaluated with good precision within minutes on a single CPU core for a single diagram class.
The method does not use any reduction to master integrals, which saves computing resources.

Another powerful method for multi-loop integrals is the method of differential equations [330–
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What does this require from theory
Precision for extraction from data

Precision for prediction

FCC feasibility study report – 2505.00272

FCC feasibility study report – 2505.00272

Several building blocks:
Ø Initial state  soft+collinear (𝛾) radiation (ISR)
Ø EW+QCD corrections (h.o. + resummed)
Ø QCD at Z-pole: multijet xsec (𝛼!(𝑀"))
Ø Improved parton-shower event generators
Ø Non-perturbative hadronization effects

All need to be pushed beyond LEP experience
Lots of experience from LHC, but h.o. EW is new territory 

 threshold scanW+W≫

39

several delicate theory issues and great challenges to get to such uncertainty

ΛMW

Λ→W

[Azzurri 2107.04444]

[Actis et al hep-ph/0807.0102]

EFT approach for unstable particles, i.e. v2 ≳ α ≳ →W

MW
∼ 1

 uncertainty on XS: 
not enough for FCC-ee

⇒(0.3%)
mandatory
[Schwinn in 1905.05078]

missing relevant contributions:

≪ 0.1% ⊥ πBorn• residual uncert. on resonant part

• non-resonant effects and 
kinematic corrections ≪ 0.02% ⊥ πBorn must be under control

sub-MeV on mW

theory control on XS at 
threshold well below permille

in order to address both:

2-loop EW effects to WW production

extremely challenging

Electroweak Physics at the Z-pole

23

Delicate relation EWPOs ↔ real observables
[Table 11 of 2505.00272]

quantities of interest are defined in terms of a resonant 
(on-shell) Z boson

Higher-order EW and QCD x EW corrections to  vertex requiredZ ≫ ff̄

The complete  process receives also non-resonant contributions, eg.eΛe+ ≫ ff̄

Highly challenging 
multiloop-multiscale 

calculation

(need to be properly taken into account)

•  interference α* Λ Z

• box diagrams

beyond state-of-the-art 
technology required

❌ ❌

❌
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Delicate relation EWPOs ↔ real observables
[Table 11 of 2505.00272]

quantities of interest are defined in terms of a resonant 
(on-shell) Z boson

Higher-order EW and QCD x EW corrections to  vertex requiredZ ≫ ff̄

The complete  process receives also non-resonant contributions, eg.eΛe+ ≫ ff̄
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multiloop-multiscale 

calculation

(need to be properly taken into account)

•  interference α* Λ Z

• box diagrams

beyond state-of-the-art 
technology required

❌ ❌

❌

2nd order EW corrections 
↪ Extremely challenging 

Higgs factory: , cross sectione≫e+ Λ Z H
 events → XS measurement with expected  accuracy106 ZH →(0.2% ≫ 0.5%)
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Perturbative second-order EW corrections are definitely in this ball park: mandatory

Technically extremely 
challenging 

Great recent progress exploiting numerical approaches [Chen et al. 2209.14953, Freitas et al 2209.07612]

(multi-loop multi-scale 
problem)

Open (technical) issues:

• implementation for real-events simulation

• numerical reliability, efficiency

• large-scale deployment

Higgs physics at FCC-ee and NNLO EW

Federico Buccioni Ringberg 10/05/2024 15

Measurement of ZH cross-section with expected precision of 0.4%
NNLO electroweak corrections of commensurate size (although calculations are monstruos)

Complete two-loop amplitudes calculation a' la AMFlow: [Chen et al 2209.14953]

NNLO EW with nf-enhanced contributions [Freitas, Song 2209.07612]

Impact at cross section level for s ~ (240 GeV)2
increase NLO-EW prediction by 0.7%

Computed for fixed ratios of invariants/masses
Stil l hard: full-fledged NNLO EW implementation for real-events simulation

Numerical approaches to 
Higher-order EW corrections to ZH

numerical reliability, efficiency, large-scal usage, etc

Dreaming big (and crazy): H in VBF : e-e+ → Hνν

Two-loop electroweak
corrections to 5-point amplitude 
with one off-shell leg

possibly beyond current technology:

Bosonic contributions could be significantly harder• in fully decayed process also contribution from  e≫e+ Λ Hα≫α+ (π π̄)

Beyond current
state of the art



The theory community is rising to the challenge …

And more …



Table 3: Expected 68% CL relative precision of the ω parameters (Higgs couplings relative to the SM) and of
the Higgs boson total decay width !H, together with the corresponding 95% CL upper limits on the untagged
(undetected events), Bunt, and invisible, Binv, branching ratios at HL-LHC, FCC-ee (combined with HL-LHC), and
the FCC integrated programme. For the HL-LHC numbers, a |ωV | → 1 constraint is applied (denoted with an
asterisk), since no direct access to !H is possible at hadron colliders; this restriction is lifted in the combination
with FCC-ee. The ‘–’ indicates that a particular parameter has been fixed to the SM value, due to lack of sensitivity.
From Ref. [59], updated with 4 IPs, the baseline luminosities of Table 1, and the most recent versions of the data
analysis. For some of the entries, the ω precision starts being limited by the projected SM parametric uncertainties,
e.g. in mb [40]. For these entries, the precision obtained by neglecting such parametric uncertainties is also
reported (separated by a /).

Coupling HL-LHC FCC-ee FCC-ee + FCC-hh

ωZ (%) 1.3→ 0.10 0.10
ωW (%) 1.5→ 0.29 0.25
ωb (%) 2.5→ 0.38 / 0.49 0.33 / 0.45
ωg (%) 2→ 0.49 / 0.54 0.41 / 0.44
ω! (%) 1.6→ 0.46 0.40
ωc (%) – 0.70 / 0.87 0.68 / 0.85
ω∀ (%) 1.6→ 1.1 0.30
ωZ∀ (%) 10→ 4.3 0.67
ωt (%) 3.2→ 3.1 0.75
ωµ (%) 4.4→ 3.3 0.42
|ωs| (%) – +29

↑67

+29

↑67

!H (%) – 0.78 0.69
Binv (<, 95% CL) 1.9 ↑ 10

↑2 →
5 ↑ 10

↑4
2.3 ↑ 10

↑4

Bunt (<, 95% CL) 4 ↑ 10
↑2 →

6.8 ↑ 10
↑3

6.7 ↑ 10
↑3

cent precision is a clear necessary target to expose such deviations. As mentioned in Section 1.1, the
Higgs precision programme at 240 GeV (365 GeV) can be achieved within three (eight) years of opera-
tion with FCC-ee, while other colliders considered at CERN would need half a century to reach a similar
precision [14].

These phenomenological projections are now being confirmed by independent experimental stud-
ies, with different detector set-ups [63–65]. Further directions in the Higgs precision programme also
need to be more systematically investigated beyond what was done so far, in particular in the context of
specific flavour scenarios or considering BSM sources of CP violation. This document, instead, empha-
sises the benefit of the interplay between Higgs and electroweak measurements, a specificity of FCC-ee
that was not discussed in detail in the FCC CDR [10, 11] and has been studied afterwards [60, 61].

The interpretation of current Higgs boson measurements at LHC is so far not hindered by the
limited precision of the electroweak measurements at LEP and SLC. With FCC-ee targeting an order-
of-magnitude improvement in the precision of Higgs boson properties in the main channels, the current
(experimental and theoretical) precision on electroweak quantities would become a limitation. The Z-
pole run of FCC-ee is instrumental in avoiding contamination from electroweak coupling uncertainties
in the Higgs boson characterisation. If the electroweak symmetry is linearly realised in the SM fields,
the interplay between the Higgs and electroweak sectors is even deeper [66]. Indeed, e

+
e
↑ ↓ W

+
W

↑

production is then sensitive to some of the same new-physics effects as Higgs boson production and
decay processes, making both types of measurements complementary.

The Standard Model Effective Field Theory (SMEFT) framework is adopted, truncated to opera-
tors of dimension six [67,68]. The SMEFT is an appropriate framework for enumerating and quantifying
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Higgs couplings to sub-percent level, with exceptions  
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Energy matters: 
ttH and HH, need >500 GeV
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To compare with FCC-ee sub-percent precision:
Ø 𝑒"𝑒# → 𝑍𝐻 at NNLO EW  
     [Chen et a. 2209.14953, Freitas et al. 2209.07612]
Ø differential hadronic Higgs decays at N3LO QCD

For top-quark Yukawa, and Higgs self-coupling, 𝜅$, 𝜅%, 𝜅&%: 
HL-LHC measurements will remain the state of the art till FCC-hh

Need to focus on 𝑡 ̅𝑡+X, HH, and
rare decays processes at the LHC.

[(∗) 	→ |𝜅!| < 1]



Global fits in EFT frameworks: synergies and correlations

Correlation between the different EW/aTGC/Higgs effective couplings from a 
fit to future projections at HL-LHC and FCC-ee within the SMEFT framework

Because of correlations, global fits of EW/aTGC/Higgs within 
a model-independent framework  (SMEFT/HEFT/OS-EFT) can 
reveal patterns of new physics, given comparable theoretical 
and experimental accuracy.

Outer bars: expected sensitivity in the determination 
of the corresponding effective coupling.

Inner lines: correlations between different classes of 
measurements/couplings.

Approach extensively studied with current LHC data: testing 
ground for theory interpretation of emerging patterns.

Adding top+flavour quite essential, 
as proven  by LHC studies.

See also talks in Thursday’s EFT session



In summary 

• After the HL-LHC, the FCC physics program will provide the 
next level of both precision and energy to explore new 
physics.

• Higgs-boson precision physics central to this exploration, 
given its relation to all fundamental open questions. Strong 
synergy with all FCC-ee measurements (Z-pole, 𝑊𝑊, 𝑡 ̅𝑡).

• The realization of the physics program of the FCC requires 
theory to match the experimental precision. The huge 
ongoing effort for the HL-LHC precision program will naturally 
lead us there.

• Sharpening strategies for interpretation of anomalies and 
their correlation will be equally important. Ongoing EFT 
studies for HL-LHC have been the backbone of future collider 
studies and will continue to play a major role.

• It will be crucial to enable precision for those measurements 
that will be unique to the HL-LHC till the FCC-hh comes on 
line (ex.: 𝑦!, 𝜆" but also flavour physics at LHC-b).


