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  QCD opportunities at FCC-ee

Flavour

Higgs

Top quark
The FCC programme ambitiously defines the 

roadmap for the exploration of the fundamental 
laws of nature for several decades.  

Its first ee phase will offer remarkable 
opportunities to stress-test the SM,  

including an array of key QCD measurements EW

QCD

BSM
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Fig. 2: Baseline operation model for FCC-ee with four interaction points, showing the integrated luminosity at the
Z pole (green), the WW threshold (blue), the Higgs factory (red), and the tt threshold (orange) as a function of
time. In this baseline model, the sequence of events follows the increase in collision energy, but there is quasi-total
flexibility in the sequence all the way to 240 GeV (see inset). The integrated luminosities delivered during the first
two years at the Z pole and the first year at the tt threshold are half of the annual design value. The hatched area
indicates the shutdown time needed to prepare for the higher energy runs at the tt threshold and beyond.

A quasi-total flexibility

In Ref. [17] it was deemed essential to establish the technical and financial feasibility of scheduling a Z pole run
after the ZH run or the WW threshold run, ideally with a first Z pole run during the initial period of FCC-ee opera-
tion. Indeed, the Z pole run, while extremely fertile in physics opportunities, is undoubtedly the most ambitious and
demanding part of the programme from all perspectives (accelerator, energy calibration, detectors systematic biases,
theory calculations). It will be extremely challenging to achieve all the goals of the Z pole run during the first four
years of the collider operation.

This requirement from physics was compounded by a recommendation from the mid-term review committees to con-
solidate (and ideally simplify) the design of the RF system to allow efficient energy-staging, as well as to reduce
complexity, risk, and cost; and to study options to avoid the 1-cell/2-cell RF cavity reconfiguration between Z and
ZH /WW running, in order to simplify the SRF system implementation and to improve flexibility in the physics pro-
gramme. The new versatile RF system designed accordingly (see Ref. [18]) enables a quasi-total flexibility to choose
the running sequence. For example, it would allow for short (few weeks) initial Z pole and WW threshold runs, to
commission the collider and the detectors, to establish the resonant depolarisation procedures for centre-of-mass en-
ergy calibration, etc. The ZH run could then proceed early, before going back to the Z pole and the WW threshold,
both now at full luminosity, with fully functional resonant depolarisation and a complete understanding of the collider.

It will ultimately be up to the experimental collaborations and the relevant scientific committees to
optimise the time flexibility and to tailor the FCC-ee operation scenario according to a number of factors
that cannot be mastered today. For example, external events such as the FCC-hh magnet readiness or
the CERN financial situation may call for a change in the overall duration of the FCC-ee running time.
Meanwhile, new avenues will be explored during the next phase of the FCC study, between April 2025
and the end of 2027, towards increasing the luminosities at all energies, as it would be highly beneficial
across the whole programme and would make a qualitative difference in a number of cases.

The original motivation for an e
+
e
→ circular collider was to create a high-luminosity Higgs Fac-

tory, operating at
→

s = 240 GeV in the LEP/LHC tunnel [19–21]. Choosing to build it in the 80–100 km
tunnel that would ultimately be hosting a 100 TeV hadron collider was cardinal in making this machine
unique on the Higgs factory market. To start with, such a tunnel enables a highly versatile Higgs Factory
that extends much beyond the study of the Higgs boson alone, for three main reasons:
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Integrated luminosity at different stages of ee phase

Vast swathes of QCD data, collected at different hadronic 
energies from all the stages of the e+e- phase, offer a unique 
opportunity to study the fine structure of QCD events. Many 
of these measurements (e.g. fragmentation, NP QCD, , …) 

are critical to the success of the FCC-ee programme
αsTable 1: Characteristics of the physics runs in the baseline FCC-ee programme: CM energy, running

time, integrated luminosity Lint, total number of Z, WW (including all
→
s values from 157.5 GeV up),

ZH, and tt events expected (as well as in hadronic decay modes, indicating the number of partons
produced and their maximum jet energies). The lower rows list the corresponding e

+
e
→

↑ qq cross
section (with ISR) and expected number of HFS events, and the maximum jet energies, for each

→
s.

Run Z WW ZH tt
→
s (GeV) 88, 91, 94 157, 163 240 340–350 365

time (years) 4 2 3 1 4
Lint (ab→1) 205 19.2 10.8 0.42 2.70
e
+
e
→
↑ Z, WW, ZH, tt

Nevts (Z, W, H, top) 6↓ 10
12

Z 2.4↓ 10
8
WW 2.2↓ 10

6
ZH 2↓ 10

6
tt

Nevts (HFS decays) 4.2↓ 10
12

1.1↓ 10
8

1.2↓ 10
6

0.9↓ 10
6

Npartons (HFS decays) ↔ 2 ↔ 4 ↔ 4 ↔ 6

Ej (max. jet scale probed) 45GeV 40GeV 45, 65GeV 125GeV

e
+
e
→
↑ Z

(↑)
↑ qq

ω 32.5 nb 40 pb 13.5 pb 5.3 pb
Nevts (HFS) 4.2↓ 10

12
7.7↓ 10

8
1.5↓ 10

8
1.7↓ 10

7

Ej (max. jet scale probed) 45GeV 80GeV 120GeV 180GeV

run, and/or in dedicated short (about 1-month-long) e
+
e
→ runs at CM energies

→
s ↗ 40GeV and51

60GeV [7]. Data samples with O(10
9
) hadronic events can be collected at those low

→
shad points52

(Table 2, middle columns) that will provide valuable information, in particular, on NP and heavy-quark53

mass effects. In addition, a potential run at the Higgs mass pole,
→
s = 125GeV, has been proposed as a54

means to measure the electron Yukawa coupling [8]. This latter run, if ever realised, would also provide55

an additional O(10
10
) hadronic events for QCD studies (Table 2, rightmost column).56

Table 2: Characteristics of the HFS samples to be collected in ISR events at the Z pole, in two potential
(1 month long) low-energy runs at

→
s = 40, 60GeV [7], and in a proposed Higgs-mass run at

→
s =

125GeV [8]. For each run, the
→
shad probed, the e

+
e
→

↑ qq cross section, the expected number of
events, and the maximum jet energies reached are listed.

Run Z pole (ISR events) 40-GeV 60-GeV e
+
e
→
↑ H

→
s 88, 91, 94GeV 40GeV 60GeV 125GeV

time 4 years 1 month 1 month 3 years
Lint (ab→1) 205 3.5 6.2 ↗100

ω(e
+
e
→
↑ qq) Depending on ISR selection criteria [7] 289 pb 162 pb 104 pb

→
shad 20–80GeV 40GeV 60GeV 125GeV

Nevts (HFS) O(10
9
) O(10

9
) O(10

9
) O(10

10
)

Ej (max. jet scale probed) 10–40GeV 20GeV 30GeV 62GeV

The exceptional number of EW bosons to be collected, as well as the exquisite control of the beam57

energy, and the possibility to run at the tt threshold, allow carrying out measurements of fundamental SM58

quantities with statistical uncertainties improved by factors of 50–1000 compared to their current world59

averages. Table 3 lists the present precision and expected FCC-ee statistical and systematic uncertainties60

for key Z, W, top, and tau observables that can be used to extract fundamental QCD parameters, such as61

εS(m
2

Z
), and/or that are affected by QCD effects that need to be much better understood theoretically.62

The detectors specifications needed to achieve experimental systematic uncertainties approaching63

the statistical precision will translate into unprecedented performance for jet flavour identification and64

energy resolution, aiming at precisely measuring the Z, W, H and top quark hadronic decays. Jets are65

  QCD opportunities at FCC-ee

[FCC feasibility study report ’25]

[FCC: QCD physics ’25]
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This talk summarises a selection of key QCD measurements at  
FCC-ee, as outlined in the recent input (link) to the ESPP

Many more opportunities are waiting to be explored

https://inspirehep.net/files/1af20e3b0e2ec0fe68d424a11ca86e19
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  The strong coupling constant at FCC-ee

Projected reduction of fit uncertainty from Z data (RZ, σhad, ΓZ) Projected reduction of fit uncertainty from W data (RW, ΓW)
assume N3LO theory

Total unc.:  
exp+th+param. in 
quadrature (outer) 
exp (inner)

assume N3LO theory

[D. d’Enterria 2203.08271]
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Table 4: Representative jet-flavour tagging working points, obtained with ParticleTransformer [13] and
realistic FCC-ee detector simulations [14], for a fixed 80% efficiency for any given parton flavour. The
ω
q

j
symbol indicates the probability to tag a jet of flavour j as a jet of flavour q, with j, q = b, c, s, u, d, g.

Jet flavour tagg. probab. b quark c quark s quark u quark d quark gluon
ω
b

j
0.8 1.2→ 10

→3
1.0→ 10

→4
1.6→ 10

→4
1.8→ 10

→4
5.5→ 10

→3

ω
c

j
0.014 0.8 1.6→ 10

→3
1.5→ 10

→3
1.6→ 10

→3
0.015

ω
s

j
2.4→ 10

→3
4.5→ 10

→3
0.8 0.21 0.24 0.12

ω
u

j
3.0→ 10

→3
0.029 0.21 0.8 0.67 0.18

ω
d

j
3.1→ 10

→3
0.030 0.24 0.67 0.8 0.18

ω
g

j
0.012 0.041 0.12 0.18 0.18 0.8

and multiquark or other rare/exotic states [18–21]; exclusive hadronic decays of the H, Z, W bosons,86

and top quark [22]; running of quark masses [23]; among others, are not covered for lack of space.87

The document ends with a summary of QCD physics opportunities at FCC-hh [24], in particular with88

heavy-ions and far-forward detectors.89

2 Determinations of the strong coupling constant90

The very large FCC-ee integrated luminosities at the Z pole and WW thresholds provide multiple observ-91

ables for precise determinations of the strong coupling constant εS(m
2

Z
) [25,26]. An obvious motivation92

for higher precision in εS(m
2

Z
) is the associated reduction in parametric uncertainties that it brings in93

theoretical calculations for FCC-ee, of which the error in the QCD coupling often constitutes a source of94

uncertainty (e.g. the e
+
e
→
↑ tt cross section at threshold, or the H ↑ gg partial width). The current95

world average [27] reaches a 0.8% uncertainty, εS(m
2

Z
) = 0.1180 ± 0.0009, through a combination of96

several determinations from a range of datasets and observables. Its value and uncertainty are largely97

driven by highly precise extractions from lattice calculations [28], expected to be further improved by a98

factor of two in the next decade [29,30]. At FCC-ee, many observables can be used for precise extractions99

of εS, among which the four highlighted in Table 5 are discussed next.100

Table 5: Foreseen εS extractions from e
+
e
→ data at FCC-ee: Present world-average and extraction

method [27], expected FCC-ee statistical and systematic uncertainties (the two bottom categories need
dedicated studies), and theory developments required to match the experimental precision.

Category present εS(m
2

Z
) (→10

4
) FCC-ee Extraction method

value ± uncertainty Stat. Syst. Theory developments needed

Z hadronic decays 1 208 ± 28 0.1 1 Combined R
Z

ω , !Z, ϑ
0

had fit
O(ε

5

S
), O(ε

3
), O(εS,ε

3
), O(ε

2

S
,ε

2
) corrs.

W hadronic decays 1 070 ± 350 2 2 Combined R
W

ω , !W fit
O(ε

5

S
), O(ε

2
), O(ε

3
), O(εS,ε

3
), O(ε

2

S
,ε

2
) corrs.

ϖ hadronic decays 1 178 ± 19 ↓1 <10 Combined !
!,had and ! lifetime fit

O(ε
5

S
), hadronisation corrections

Event shapes & jet rates 1 171 ± 31 ↓1 <10 Combination of event shapes and jet rates
O(ε

4

S
), hadronisation corrections

Inclusive hadronic Z and W decays101

The most precise determination at FCC-ee can be achieved from a combined fit of three inclusive pseudo-102

observables at the Z pole: the Z boson total width (!Z, dominated by !Z,had), the total hadronic cross103

section at the resonance peak (ϑ0

had), and the ratio of hadronic-to-leptonic branching fractions (RZ

ω ).104

These three pseudo-observables will be measured with 10
→6–10→5 experimental precision (Table 3), and105

are very suitable to extract εS given their small sensitivity to hadronisation corrections, which scale106

Target (~‰) accuracy for POs reachable with perturbation theory 
(hadronization corrections suppressed as ~Λ6/Q6) - demands dedicated 

programme of challenging multi-loop computations 

Large samples of τ decays (4x1011) allows for x(50-500) improvements over the 
stat. uncertainty in extractions of . On the theory side, this offers an 

opportunity to shed light on long-standing discrepancies between CIPT-FOPT 
extractions and on the treatment of hadronization corrections

αs(mτ)

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

❌ ❌

❌

e.g. example of contributions required  
(diagrams from F. Buccioni’s talk @ FCCWeek 2025)

[FCC: QCD physics ’25]

  The strong coupling constant at FCC-ee

https://indico.cern.ch/event/1408515/contributions/6506649/attachments/3070262/5431879/buccioni_fcc-week-25.pdf
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  Non-perturbative power corrections & hadronization

Table 1: Characteristics of the physics runs in the baseline FCC-ee programme: CM energy, running
time, integrated luminosity Lint, total number of Z, WW (including all

→
s values from 157.5 GeV up),

ZH, and tt events expected (as well as in hadronic decay modes, indicating the number of partons
produced and their maximum jet energies). The lower rows list the corresponding e

+
e
→

↑ qq cross
section (with ISR) and expected number of HFS events, and the maximum jet energies, for each

→
s.

Run Z WW ZH tt
→
s (GeV) 88, 91, 94 157, 163 240 340–350 365

time (years) 4 2 3 1 4
Lint (ab→1) 205 19.2 10.8 0.42 2.70
e
+
e
→
↑ Z, WW, ZH, tt

Nevts (Z, W, H, top) 6↓ 10
12

Z 2.4↓ 10
8
WW 2.2↓ 10

6
ZH 2↓ 10

6
tt

Nevts (HFS decays) 4.2↓ 10
12

1.1↓ 10
8

1.2↓ 10
6

0.9↓ 10
6

Npartons (HFS decays) ↔ 2 ↔ 4 ↔ 4 ↔ 6

Ej (max. jet scale probed) 45GeV 40GeV 45, 65GeV 125GeV

e
+
e
→
↑ Z

(↑)
↑ qq

ω 32.5 nb 40 pb 13.5 pb 5.3 pb
Nevts (HFS) 4.2↓ 10

12
7.7↓ 10

8
1.5↓ 10

8
1.7↓ 10

7

Ej (max. jet scale probed) 45GeV 80GeV 120GeV 180GeV

run, and/or in dedicated short (about 1-month-long) e
+
e
→ runs at CM energies

→
s ↗ 40GeV and51

60GeV [7]. Data samples with O(10
9
) hadronic events can be collected at those low

→
shad points52

(Table 2, middle columns) that will provide valuable information, in particular, on NP and heavy-quark53

mass effects. In addition, a potential run at the Higgs mass pole,
→
s = 125GeV, has been proposed as a54

means to measure the electron Yukawa coupling [8]. This latter run, if ever realised, would also provide55

an additional O(10
10
) hadronic events for QCD studies (Table 2, rightmost column).56

Table 2: Characteristics of the HFS samples to be collected in ISR events at the Z pole, in two potential
(1 month long) low-energy runs at

→
s = 40, 60GeV [7], and in a proposed Higgs-mass run at

→
s =

125GeV [8]. For each run, the
→
shad probed, the e

+
e
→

↑ qq cross section, the expected number of
events, and the maximum jet energies reached are listed.

Run Z pole (ISR events) 40-GeV 60-GeV e
+
e
→
↑ H

→
s 88, 91, 94GeV 40GeV 60GeV 125GeV

time 4 years 1 month 1 month 3 years
Lint (ab→1) 205 3.5 6.2 ↗100

ω(e
+
e
→
↑ qq) Depending on ISR selection criteria [7] 289 pb 162 pb 104 pb

→
shad 20–80GeV 40GeV 60GeV 125GeV

Nevts (HFS) O(10
9
) O(10

9
) O(10

9
) O(10

10
)

Ej (max. jet scale probed) 10–40GeV 20GeV 30GeV 62GeV

The exceptional number of EW bosons to be collected, as well as the exquisite control of the beam57

energy, and the possibility to run at the tt threshold, allow carrying out measurements of fundamental SM58

quantities with statistical uncertainties improved by factors of 50–1000 compared to their current world59

averages. Table 3 lists the present precision and expected FCC-ee statistical and systematic uncertainties60

for key Z, W, top, and tau observables that can be used to extract fundamental QCD parameters, such as61

εS(m
2

Z
), and/or that are affected by QCD effects that need to be much better understood theoretically.62

The detectors specifications needed to achieve experimental systematic uncertainties approaching63

the statistical precision will translate into unprecedented performance for jet flavour identification and64

energy resolution, aiming at precisely measuring the Z, W, H and top quark hadronic decays. Jets are65

Extractions from event shapes relies on accurate assessment of hadronization corrections 
(ubiquitous in FCC-ee programme, e.g. ZH threshold w/ Higgs hadronic decays). FCC-ee 

offers the opportunity to refine the modelling and stress-test our theoretical understanding 

Data at different hadronic energies be crucial to improve hadronization modelling

Improvements in analytic parametrisation of 
hadronization also essential, in particular 

exploration of 1) factorisation & universality 
across observables to extract NP corrns from data; 

2) simplified models (e.g. large nF) to design 
observables with reduced sensitivity Parton showering with higher perturbative accuracy, together with improved 

hadronization models (cf. recent work in ML hadronization, or improved 
cluster model), can rely on the rich datasets to perform high-precision 

tunings (as well as testing of treatment of heavy-quark masses)

1 INTRODUCTION

of lower-energy gluon jets can be also studied at the Z-pole run (via Z → bb g with double-tagged b jets), the
range of E j ↑ 5–40GeV jet energies, as well as the overall properties of hadronic final states in events with
total invariant mass

↓shad ↑ 20–80GeV, will remain poorly explored. This note presents the case for QCD
studies in e+e↔ collisions below the Z-pole at the FCC-ee, and assesses the means to perform the potential
collection of such sets of data.

From a theoretical viewpoint, the information encoded in data collected at different CM energies can be
used to disentangle more effectively the effect of hadronization corrections to collider observables in ways
that cannot be achieved with data at a single CM energy. In order to make this point more concrete, let us
focus on classes of key observables such as global event shapes or jet rates, generically denoted by the
dimensionless variable v, measured in e+e↔ → Z↗/!↗ → jets. In the perturbative regime, v ↘ !QCD/

↓shad
where !QCD is a typical hadronic scale and

↓shad is the scale of the hadronic final state (which can be smaller
than

↓
s in the presence of initial- and/or final-state QED radiation), the differential cross section d∀ ≃ d∀/dv

can be schematically parametrized as,
d∀ ⇐ d∀ (P)

+d∀ (NP) . (1)

Here, d∀ (P) denotes the perturbative part of the theoretical prediction, which depends on the observable v as
well as on ratios of scales characteristic of the scattering process, such as

↓shad and heavy-quark masses
mQ (e.g., that of the charm or bottom quarks). The quantity d∀ (NP) denotes the nonperturbative correction
to the cross section due to hadronization that, in the limit v ↘ !QCD/

↓shad, can be expanded in powers of
!QCD/

↓shad, typically starting with a linear term, i.e.

d∀ (NP) ⇐ ∀(v)
(

! QCD↓shad

)
+O

(
!2

QCD

shad

)
, (2)

with a coefficient ∀(v) that depends on the observable itself. Due to this scaling, measurements at different
hadronic energies help disentangle these effects from the perturbative contribution to an observable’s theoret-
ical prediction, which can be exploited to gain valuable insight into their field-theoretical description. Moreover,
low-energy measurements are crucial to improve models of hadronization dynamics and their tuning in Monte
Carlo (MC) event generators, which will be essential in analyzing high-precision measurements for Z and H
decays, as well as for simulations at the WW and tt thresholds. A second aspect that will be possible to study
with runs at different CM energies is the impact of mQ effects, e.g. the dead cone [29], on collider observables,
which commonly scale as O(m2

Q/shad) in d∀ (P). One can use these data to test and improve the theoret-
ical description of charm and bottom quarks and their hadronization in theoretical calculations as well as in
event generators, which will be instrumental in the study of the properties of heavy-quark jets. Finally, data at
different CM energies allows for alternative extractions of the strong coupling #S using e.g. event-shape ob-
servables. Although these extractions would arguably not be competitive with the one foreseen at the Z-boson
resonance via inclusive Z decays into hadrons [30], they can be used to shed new light on a long-standing
discrepancy between different #S fits from event shapes (we refer the reader to the discussion in Ref. [17]).

In summary, a comprehensive set of QCD measurements performed at the FCC-ee across a broad range
of CM energies will provide unique insights into nonperturbative phenomena and enhance the understanding
of heavy-quark mass effects on a range of key collider observables. A machine such as FCC-ee offers two
possible strategies to access lower hadronic energies. The simplest and most straightforward solution is to
make use of events with initial- or final-state (ISR/FSR) hard QED radiation during the

↓
s = mZ run, and

exploiting a fraction of the enormous, O(6⇒10
12
) events, sample to be collected (Section 2). ISR/FSR events

are characterized by the emission of one (or more) hard photon(s), mostly collinear to the e± beam, thereby
reducing the effective CM energy

↓
s⇑ of the colliding e+e↔ pair, and boosting the hadronic final state relative

to the LAB frame. A complementary option is to set up and perform dedicated runs at individual e+e↔ collision
energies below mZ. Given the very large instantaneous luminosities available above the injection beam energy
of Ebeam = 20GeV from the top-up booster, such runs could presumably be done within a short running time,
about one month at each energy point, as estimated in Section 3.
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[FCC: QCD physics ’25; Verbitskyi, d’Enterria, Monni, Skands ’25]



[Azzurri ’21]

W mass and width are best extracted from fit of line threshold XS to 
theory calculations. Experimental uncertainty ~ 0.25-0.5 MeV obtained by 

fitting σWW and reconstructed invariant mass;  
Rule of thumb for TH uncertainty in σWW:  . 

Current state of the art relies on unstable particle EFT, i.e. 

, 

combined with NLO EW  ( )

δσWW = 0.1 % ↔ δmW = 1.5 MeV

δ ∼ v2 ∼ α ∼
ΓW

MW

→ δσWW ∼ 0.3 % δMW ∼ 5 − 6 MeV

8

  The W boson mass

NB: contains W BRs
[Denner, Dittmeier, Roth, Wieder ’05;  
Actis, Beneke, Falgari, Schwinn ’08; Schwinn ’19]

Experimental uncertainty ~ 0.25-0.5 MeV 
requires - demanding calcn of 

NNLO EW as well as NNLL QED ISR
δσWW ∼ 0.01 %



Theory systematic in invariant mass distributions in different 
final states (leptonic and hadronic) harder to reduce. These 
now also entail: 

๏  QCD corrections to W decays and non-factorising 
interference between hadronic decays 

๏  Effect of colour reconnection: improved modelling  
and tuning paramount

9

  The W boson mass

Impact of colour reconnection & uncertainty
[PhD thesis M. Béguin ’19]
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  Higgs hadronic decays

Fig. 4: Correlations between the determination of different EW/aTGC/Higgs interactions from a fit to future
projections at HL-LHC and FCC-ee within the SMEFT framework. The bars on the exterior of the circle indicate
the expected sensitivity in the determination of corresponding coupling (with different scales for the different
sectors). The light/dark blue lines in the interior of the circle show the results excluding/including the FCC-ee
programme of EW measurements at the Z pole. The Z-pole run is essential to isolate the Higgs measurements
(there is no dark blue line connecting the Higgs and EW sectors) and to ensure that the extraction of the Higgs
couplings is not hindered by the uncertainties on the EW coupling determination. Adapted from Refs. [60, 61].

measurements at HL-LHC but do not contribute to FCC-ee observables at tree level. So, in almost all
cases, the results of the linear fit are unchanged after the addition of quadratic effects. This observation
can be used as an indication that the uncertainty associated to effects of O(!

→4
) is well controlled by

FCC-ee precision measurements and is expected to be small. Another way to gauge the usefulness of
the SMEFT analysis is to compare the bound on the scale of new physics inferred from the fit of the
dimension-6 Wilson coefficients to the actual limits set in explicit BSM models, as will be reported in
the next section. Of course, this does not exclude that (non-decoupling) new physics could still exist at
much lower scales.
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Expected precision on several Higgs couplings below the % level. Kinematical 
distributions in Higgs hadronic decays provide an additional angle to access 
Higgs couplings to QCD particles & BSM scenarios ( ).  make 

up for 80% of the total rate, and to date only  observed at LHC 

Substantial progress required on theory calcns (EW corrections to prodn 
modes & QCD differential calcns for hadronic decays)
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Figure 4: Exclusion limits based on soft-drop groomed fractional energy correlations (from left to right)
F C1.5, FC1, FC0.5.
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Figure 5: Exclusion limits based on fractional energy correlations (from left to right) F C1.5, FC1, FC0.5,
measured individually on the two hemispheres.

Finally, F C0.5 appears to not be sensitive toµqøq within the range we consider.

Including soft-drop grooming of the hemispheres does not result in any signiÞcant improvements, as shown
in Fig. 4, the equivalent of Fig. 3 but with grooming included. In fact, the limits worsen slightly, which
could to some extend have been anticipated, since there are competing e! ects at work. Grooming will
remove some information from the radiation pattern, but on the other hand has the potential to reduce
the impact of hadronisation corrections and hence the associated systematic uncertainty. Apparently, this
reduction is not su" cient to compensate for the loss in information, at least with the grooming parameters
we have considered here. One could imagine that an optimisation ofzcut and the inclusion of angular
dependence in the soft-drop condition could lead to more competitive results. In addition it is certainly
worth stressing that the combination of probable future reÞnements of the hadronisation models and the
drastically increased data set of a potential FCC-ee (1012 events vs 107 at LEP-I) will most likely signiÞcantly
reduce the uncertainty related to the modelling of the parton-to-hadron transition. To illustrate this, we
present in Appendix A Fig. 7 selected exclusion-limit plots for the scenario of negligible non-perturbative
uncertainties. As anticipated, the limits improve, resulting in µgg = 1 ± 0.05 and µqøq < 25 for plain F C1.5,
and µgg = 1 ± 0.06 and µqøq < 28 for its soft-drop groomed variant.

One of the major di! erences of our procedures so far, compared to traditional tagging methods, is that we
e! ectively tag any event as a whole. When individually tagging jets, or hemispheres for that matter, one
would want to include a requirement that both tags are compatible with the desired Þnal state. To mimic
this, we consider a measurement of the fractional energy correlations but on each hemisphere separately.
We then derive exclusion limits based on the corresponding two-dimensional histograms. While we hope
to expose additional information in this way, it should be clear that this is a more involved observable
deÞnition. In particular, joint resummed calculations of several observables are far less advanced than what
would be available for the distributions considered above. The resulting conÞdence levels can be found in
Fig. 5. They are somewhat improved compared to the baseline in Fig. 3. In particular, forF C1.5 we obtain
µgg = 1 ± 0.05 andµqøq < 21. This suggests that combining individual results from the two hemispheres into
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projections at HL-LHC and FCC-ee within the SMEFT framework. The bars on the exterior of the circle indicate
the expected sensitivity in the determination of corresponding coupling (with different scales for the different
sectors). The light/dark blue lines in the interior of the circle show the results excluding/including the FCC-ee
programme of EW measurements at the Z pole. The Z-pole run is essential to isolate the Higgs measurements
(there is no dark blue line connecting the Higgs and EW sectors) and to ensure that the extraction of the Higgs
couplings is not hindered by the uncertainties on the EW coupling determination. Adapted from Refs. [60, 61].

measurements at HL-LHC but do not contribute to FCC-ee observables at tree level. So, in almost all
cases, the results of the linear fit are unchanged after the addition of quadratic effects. This observation
can be used as an indication that the uncertainty associated to effects of O(!

→4
) is well controlled by

FCC-ee precision measurements and is expected to be small. Another way to gauge the usefulness of
the SMEFT analysis is to compare the bound on the scale of new physics inferred from the fit of the
dimension-6 Wilson coefficients to the actual limits set in explicit BSM models, as will be reported in
the next section. Of course, this does not exclude that (non-decoupling) new physics could still exist at
much lower scales.
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e.g. H !  gg & H !  qq BRs from  
fractional moments of EEC

e.g. impact of BSM on H !  gg 

[Knobbe, Krauss, Reichelt, Schumann ’23]

[Barlow et al. ’17]

Model bb cc gg WW !! ZZ "" µµ
1 MSSM [40] +4.8 -0.8 - 0.8 -0.2 +0.4 -0.5 +0.1 +0.3
2 Type II 2HD [42] +10.1 -0.2 -0.2 0.0 +9.8 0.0 +0.1 +9.8
3 Type X 2HD [42] -0.2 -0.2 -0.2 0.0 +7.8 0.0 0.0 +7.8
4 Type Y 2HD [42] +10.1 -0.2 -0.2 0.0 -0.2 0.0 0.1 -0.2
5 Composite Higgs [44] -6.4 -6.4 -6.4 -2.1 -6.4 -2.1 -2.1 -6.4
6 Little Higgs w. T-parity [ 45] 0.0 0.0 -6.1 -2.5 0.0 -2.5 -1.5 0.0
7 Little Higgs w. T-parity [ 46] -7.8 -4.6 -3.5 -1.5 -7.8 -1.5 -1.0 -7.8
8 Higgs-Radion [47] -1.5 - 1.5 +10. -1.5 -1.5 -1.5 -1.0 -1.5
9 Higgs Singlet [48] -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5

Table 5: Deviations from the Standard Model predictions for the Higgs boson couplings,
in %, for the set of new physics models described in the text. As in Table1, the e! ective
couplings g(hW W ) and g(hZZ ) are deÞned as proportional to the square roots of the
corresponding partial widths.

coupling deviations in which the new particles present in the model are unlikely to
be discoverable at the LHC, even in the high-luminosity era. These models are:

1. A supersymmetric model, model #1259073 of the PMSSM models described
in [40]. This model has relatively high colored SUSY particle masses:m(!b) =
3.4 TeV, m(!g) = 4 TeV, but still these shift the hbb coupling signiÞcantly. The
lightest SUSY particles are a Higgsino multiplet at 515 GeV.

2. A Type II 2-Higgs-doublet model from [42], with heavy Higgs bosons at 600 GeV
and tan# = 7. Higgs couplings are evaluated with 1-loop corrections as in [43].
This model and the next two lie in the wedge-shaped region where the LHC has
limited sensitivity.

3. A Type X 2-Higgs-doublet model from [42], with heavy Higgs bosons at 450 GeV
and tan# = 6. Higgs couplings are evaluated with 1-loop corrections as in [43].

4. A Type Y 2-Higgs-doublet model from [42], with heavy Higgs bosons at 600 GeV
and tan# = 7. Higgs couplings are evaluated with 1-loop corrections as in [43].

5. A Composite Higgs model MCHM5 withf = 1.2 TeV, described in [44]. The
lightest new particle in this model is a vectorlike top quark partnerT at 1.7 TeV.
However, the single production cross section for this particle can be very small.

6. A Little Higgs model with T-parity in the family of models considered in [45],
with f = 785 GeV and the top quark partnerT at 2 TeV. [This model is on
the boundary with respect to precision electroweak.]

17

Model bb cc gg WW !! ZZ "" µµ
1 MSSM [40] +4.8 -0.8 - 0.8 -0.2 +0.4 -0.5 +0.1 +0.3
2 Type II 2HD [42] +10.1 -0.2 -0.2 0.0 +9.8 0.0 +0.1 +9.8
3 Type X 2HD [42] -0.2 -0.2 -0.2 0.0 +7.8 0.0 0.0 +7.8
4 Type Y 2HD [42] +10.1 -0.2 -0.2 0.0 -0.2 0.0 0.1 -0.2
5 Composite Higgs [44] -6.4 -6.4 -6.4 -2.1 -6.4 -2.1 -2.1 -6.4
6 Little Higgs w. T-parity [ 45] 0.0 0.0 -6.1 -2.5 0.0 -2.5 -1.5 0.0
7 Little Higgs w. T-parity [ 46] -7.8 -4.6 -3.5 -1.5 -7.8 -1.5 -1.0 -7.8
8 Higgs-Radion [47] -1.5 - 1.5 +10. -1.5 -1.5 -1.5 -1.0 -1.5
9 Higgs Singlet [48] -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5

Table 5: Deviations from the Standard Model predictions for the Higgs boson couplings,
in %, for the set of new physics models described in the text. As in Table1, the e! ective
couplings g(hW W ) and g(hZZ ) are deÞned as proportional to the square roots of the
corresponding partial widths.

coupling deviations in which the new particles present in the model are unlikely to
be discoverable at the LHC, even in the high-luminosity era. These models are:

1. A supersymmetric model, model #1259073 of the PMSSM models described
in [40]. This model has relatively high colored SUSY particle masses:m(!b) =
3.4 TeV, m(!g) = 4 TeV, but still these shift the hbb coupling signiÞcantly. The
lightest SUSY particles are a Higgsino multiplet at 515 GeV.

2. A Type II 2-Higgs-doublet model from [42], with heavy Higgs bosons at 600 GeV
and tan# = 7. Higgs couplings are evaluated with 1-loop corrections as in [43].
This model and the next two lie in the wedge-shaped region where the LHC has
limited sensitivity.

3. A Type X 2-Higgs-doublet model from [42], with heavy Higgs bosons at 450 GeV
and tan# = 6. Higgs couplings are evaluated with 1-loop corrections as in [43].

4. A Type Y 2-Higgs-doublet model from [42], with heavy Higgs bosons at 600 GeV
and tan# = 7. Higgs couplings are evaluated with 1-loop corrections as in [43].

5. A Composite Higgs model MCHM5 withf = 1.2 TeV, described in [44]. The
lightest new particle in this model is a vectorlike top quark partnerT at 1.7 TeV.
However, the single production cross section for this particle can be very small.

6. A Little Higgs model with T-parity in the family of models considered in [45],
with f = 785 GeV and the top quark partnerT at 2 TeV. [This model is on
the boundary with respect to precision electroweak.]

17



11

  The strange quark Yukawa coupling
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Figure 5 . Evaluation of ParticleNetIdea performance in terms of a receiver operating charac-
teristic (ROC) curve for the identiÞcation of di ! erent jet ßavours i.e.,b quarks (upper left), c quarks
(upper right), s (lower left), and g (lower right). The di ! erent jet ßavours considered background
are indicated on the labels. The IDEA detector conÞguration is used.

5 Conclusion and perspectives

Jet ßavour tagging will be a crucial tool for maximising the physics potential at future
colliders. This work builds on the design of a fast detector simulation framework, and
provides an e! cient way to study the impact of di" erent detector design options to the
jet ßavour tagging problem. A fast tracking module was developed, which allows to easily
conÞgure a full tracking geometry including material e" ects and compute both the charge
particle track parameters and the track covariance matrix. Two algorithms that allow for
particle identiÞcation, the time-of-ßight and cluster counting with respectively conÞgurable
time resolution and gas composition have also been added. The framework is designed
to provide ßexibility for further studies, such as the exploration of alternative clustering
algorithms, beam energies and Þnal states.

Deep learning techniques based on GNNs have proven very e" ective for classiÞcation
problems such as jet ßavour tagging and boosted jet tagging at the LHC, and have not been
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[Bedeschi, Gouskos, Selvaggi ’22]
Strange tagging Gluon tagging
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Ongoing exercise to assess (direct & indirect) the sensitivity to 
strange-quark Yukawa coupling. Enhanced sensitivity via 

flavour tagging with GNN-based ParticleNetIdea - essential to 
assess accurately S/B and model dependence of taggers (WIP)
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  The strange quark Yukawa coupling

https://indico.cern.ch/event/1409233/


sensitivity to mt and ! t is observed within the range of validity of the NR-QCD calculation
(Figure 3). Finally, variations in the weak mixing angle within the expected precision at
FCC-ee were also considered but were found to have a negligible e" ect.

Figure 4 . Left: dependence of the WbWb production cross section onmt , ! t , yt , and ! S. The
plot shows the ratio of the cross section calculated after varying each parameter to the one obtained
using the reference values. The solid lines represent positive variations, while the dashed ones show
the corresponding negative variations. Right: Fitted lineshape (solid line) as a function of the
centre-of-mass energy, normalised to the reference cross section (horizontal dashed line). The Þtted
lineshape is derived by applying the parameters obtained in the 10-point Þt to the full lineshape
calculated with QQbarThreshold , taking correlations into account. The Þt is performed to pseudo-
data (markers) generated according to the pseudo-data cross section (curved dashed line) obtained
with di " erent parameters with respect to the reference cross section. The uncertainty in the pseudo-
data (vertical bars) represents the experimental uncertainty in the WbWb cross section. The solid
band corresponds to the post-Þt uncertainty in the Þtted cross section, all proÞled uncertainties
included.

For the Þt of the t t threshold lineshape, we choose a baseline scenario with 10 equally-
spaced points between

!
s = 340.0 and 344.5 GeV, corresponding to the range of validity of

the NR-QCD calculation (Figure 3). This results in a spacing of 0.5 GeV between the dif-
ferent centre-of-mass energies, corresponding to about one standard deviation of the BES.
We further assume that the total integrated luminosity planned for the t t threshold run is
split equally between the di" erent scan points, resulting in 41 fb! 1 per scan point. While
it was demonstrated that the overall precision can be maximised by choosing a smaller
number of scan points [20], this approach would not allow testing the validity of the theo-
retical prediction and may undermine the robustness of the result. We therefore choose a
scenario that allows for stringent tests of the theoretical calculation, without signiÞcantly
compromising on the achievable precision in the parameters of interest. Alternative scenar-
ios with a di" erent number of scan points, spacing between the points, or distribution of the
integrated luminosity between scan points were tested. However, none of these scenarios
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  The top quark mass

Threshold scan will deliver permille accuracy on cross section 
and asymmetries - access to mt and  as well as yt 

๏  Expected exp. uncertainty in  - 
with potential subtracted (renormalon free) mass scheme  

๏  Theory prediction based on pNRQCD, now known to N3LO 
(with EW+non-resonant effects at NNLO)!  

 

๏  FCC-ee target accuracy demands N4LO for resonant channel 
(and likely N3LO non-resonant), in addition to N(N)LL ISR, 
setting a formidable challenge for theory community  

Γt

δmt (δΓt) ∼ 7 MeV (13 MeV)

δmt ∼ 35 MeV

[Beneke, Kiyo, Marquard, Penin, Piclum, Steinhauser ’15]

[Defranchis, de Blas, Mehta, Selvaggi, Vos ’25]

sensitivity to mt and ! t is observed within the range of validity of the NR-QCD calculation
(Figure 3). Finally, variations in the weak mixing angle within the expected precision at
FCC-ee were also considered but were found to have a negligible e" ect.

Figure 4 . Left: dependence of the WbWb production cross section onmt , ! t , yt , and ! S. The
plot shows the ratio of the cross section calculated after varying each parameter to the one obtained
using the reference values. The solid lines represent positive variations, while the dashed ones show
the corresponding negative variations. Right: Fitted lineshape (solid line) as a function of the
centre-of-mass energy, normalised to the reference cross section (horizontal dashed line). The Þtted
lineshape is derived by applying the parameters obtained in the 10-point Þt to the full lineshape
calculated with QQbarThreshold , taking correlations into account. The Þt is performed to pseudo-
data (markers) generated according to the pseudo-data cross section (curved dashed line) obtained
with di " erent parameters with respect to the reference cross section. The uncertainty in the pseudo-
data (vertical bars) represents the experimental uncertainty in the WbWb cross section. The solid
band corresponds to the post-Þt uncertainty in the Þtted cross section, all proÞled uncertainties
included.

For the Þt of the t t threshold lineshape, we choose a baseline scenario with 10 equally-
spaced points between

!
s = 340.0 and 344.5 GeV, corresponding to the range of validity of

the NR-QCD calculation (Figure 3). This results in a spacing of 0.5 GeV between the dif-
ferent centre-of-mass energies, corresponding to about one standard deviation of the BES.
We further assume that the total integrated luminosity planned for the t t threshold run is
split equally between the di" erent scan points, resulting in 41 fb! 1 per scan point. While
it was demonstrated that the overall precision can be maximised by choosing a smaller
number of scan points [20], this approach would not allow testing the validity of the theo-
retical prediction and may undermine the robustness of the result. We therefore choose a
scenario that allows for stringent tests of the theoretical calculation, without signiÞcantly
compromising on the achievable precision in the parameters of interest. Alternative scenar-
ios with a di" erent number of scan points, spacing between the points, or distribution of the
integrated luminosity between scan points were tested. However, none of these scenarios
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Role of precise MC simulations paramount for several aspects (e.g. acceptances in extraction of POs, 
calibration). Their evolution in parallel with theoretical calculations is vital to the FCC-ee programme. 
Broad effort for future improvements embracing theoretical (e.g. perturbative accuracy), modelling 

(e.g. hadronization/CR) and computational (e.g. performance) aspects is essential

  A word of caution: MC generators likely to be the limiting factor

Table 3: Key experimental SM measurements with Z, W, top, and tau particles at FCC-ee, where QCD
effects have an impact and/or from which precision QCD observables/quantities can be measured/ex-
tracted. For each observable, their present world-average precision, the foreseen FCC-ee statistical and
systematic uncertainties, the method used in the measurement and leading uncertainty are listed.

Observable present FCC-ee Measurement method(s)
value ± uncert. Stat. Syst. leading uncertainty

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

! Z (keV) 2 495 500 ± 2300 4 12 Z lineshape scan
Beam energy calibration

RZ
! (! 103) 20 767 ± 25 0.05 0.05 Ratio of hadronic to leptonic decays

Acceptance for leptons
! 0

had (! 103) (nb) 41 480.2 ± 32.5 0.03 0.8 Peak hadronic cross section
Luminosity measurement

Rb (! 106) 216 290 ± 660 0.25 0.30 Ratio ofbb to all-hadronic decays
Stat. extrapol. from SLD

Ab,0
FB (! 104) 992 ± 16 0.04 0.04 b-quark asymmetry atZ pole

Jet charge determination

mW (MeV) 80 360.2 ± 9.9 0.18 0.16 WW threshold scan andminv in W decays
EW theory uncertainties dominate

! W (MeV) 2 085 ± 42 0.27 0.2 WW threshold scan andminv in W decays
EW theory uncertainties dominate

B(W " "! ! ) (%) 10.86 ± 0.09 0.001 0.001 W decays
EW theory uncertainties dominate

mtop (MeV) 172 570 ± 290 4.2 4.9 t t threshold scan
pQCD scale uncertainties dominate

! top (MeV) 1 420 ± 190 10 6 pQCD scale uncertainties dominate

m" (MeV) 1 776.93 ± 0.09 0.002 0.02 Z " #+ #! decays
estimator bias, ISR, FSR

# lifetime (fs) 290.3 ± 0.5 0.001 0.005 ISR,# mass
B(# " µ!µ! ") (%) 17.38 ± 0.04 0.00007 0.003 PID,$0 efÞciency

reconstructed, in this case, using the Durham algorithm [9] in the exclusive mode, i.e., clustering all66

particles in the event in a predeÞned number of (decay) jets. Advanced jet ßavour taggers have been67

developed, such as ParticleNet (based on a graph neural network) [10,11], and DeepJetTransformer [12]68

and ParticleTransformer [13] (based on transformer neural networks), that assign each jet a probability69

of originating from one of seven particle types: gluon (g), up (u), down (d), strange (s), charm (c),70

bottom (b), or hadronic tau (#h). The taggers use the information of all particle-ßow candidates within a71

jet, including kinematics, track impact parameter, and particle identiÞcation (cluster-counting and time-72

of-ßight) information. Table4 shows typical working points in the efÞciency-mistagging matrix for a73

ParticleTransformer q-tagger, trained one+ e! " Z(%%)H with H " jj events, where&q
j denotes the74

binary probability to tag a given jet of typej = { b, s, c, u, d, g} as a jet of type q. The tagging efÞciency75

is here indicatively Þxed to&q
q = 80%, and the corresponding mistagging probabilities&q

j for j #= q , are76

listed. Realistic jet-ßavour analyses will exploit the full ROC tagging information [14]. The achieved77

jet-ßavour (mis)tagging efÞciencies for heavy quarks are more than ten times better than the current state-78

of-the-art at the LHC. The jet-ßavour algorithms will be trained directly on data by exploiting the vast79

Z " qq samples,O(1011) per diquark decay, in events where one jet ßavour is tagged with ultrahigh80

purity (but, potentially, very low efÞciency) thereby Þxing the ßavour of the ÒprobeÓ jet on the away-side.81

In this note, a few key examples that showcase the QCD programme at FCC-ee are discussed82

including' S(m2
Z) extractions, QCD effects on themW andmtop measurements, QCD in Higgs hadronic83

decays, and developments needed in the modelling of Monte Carlo (MC) parton showers. Many other84

important QCD studies, such asZ " qq asymmetries [15Ð17]; production of quarkonia, heavy baryons,85

e.g. leading uncertainties for key FCC-ee EW measurements 
[FCC: QCD physics ’25]

Impact of colour reconnection on MW reconstruction
[PhD thesis M. Béguin ’19]



  Ongoing progress: initial state radiation
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[Bertone et al. ’22]

Size of NLL correction to total rates
A first key development concerns the improvement of QED ISR 
description, relevant in all stages of the FCC-ee programme 
   
๏  Developments on NLL collinear fact. (collinear logs), as 
opposed to Yennie-Frautschi-Suura (soft logs), highlight 
importance of N(N)LL corrections for precision physics 

๏  Joint account of NNLL collinear and soft logarithmic 
corrections is necessary for high-precision applications (e.g. 
mt, mW) 

๏  Implementation in fully differential parton showers essential 
for calibration and precise prediction of acceptances - much 
of the technology is under development and will likely 
become available in the next decade

σN
LO

+
N

LL
IS

R

σN
LO

+
LL

IS
R

%-level corrections to total rates from NLL ISR

τmin =
M2

s
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NB: NNLL shower is only LO accurate in the tail

NNLL parton showers vs. LEP data
[PanScales collaboration ’24]

  Ongoing progress: NNLL QCD showers for e+e- event shapes

The systematic inclusion of higher-order corrections  
(both in parton shower and hard scattering) provides  
an refined description of event’s kinematics 
   

๏  Novel NNLL QCD PS show an improved description  
of LEP data with PDG value of  (as opposed to

 as in Py8 - 8% larger than the WA) 

๏  More work to be done on improving multi-jet & 
collinear fragmentation dynamics, higher-order 
matching and treatment of resonances

αs(MZ)
αs(MZ) ≃ 0.1276



  Ongoing progress: improved hadronization modelling
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Figure 15 : First moment di ! erence" MC
1 (ök, Q, Q0) ! " MC

1 (ök, Q, Q0,ref = 1 .25 GeV) of the
rescaled parton-to-hadron migration matrix function over ö! = ök/Q for the default (upper
panel) and the novel dynamical hadronization model (lower panels) extracted from the 2-
jettiness distribution simulated for shower cuto! Q0 = 1 (blue), 1 .25 (orange), 1.5 (green)
and 1.75 GeV (red) at c.m. energiesQ = 45 GeV (left), 91 .2 (middle) and 200 GeV (right
panels). The dashed lines show the results expected from QCD factorization.

panels) there is no sign of a similar agreement with Eq. (7.2) or of any stability with
respect to the value of ö! . We see that for the default model the moment di! erences are
completely unrelated to the shower cut dependence expected from QCD factorization, and
thus essentially uncontrolled from the QCD perspective. We stress, that this uncontrolled
Q0-dependence of the hadronization corrections from the default hadronization model takes
place even for largeök values where the migration functionSMC (", { ök, Q, Q0} ) appears stable
(also with respect to changes ofQ) as shown in the lower panels of Fig.12. There is
furthermore no stability concerning the ök dependence of" MC

1 (ök, Q, Q0) ! " MC
1 (ök, Q, Q0,ref )

with respect the hard scattering scaleQ.

It is instructive to discuss this failure of the default model from a the perspective of
overall size of the hadronization corrections. As we can see from Fig.14, for Q0,ref = 1 .25
we have " MC

1 in the range between 1.2 and 1.5 GeV for partonic momenta ök > 2 GeV.
This should be compared to the overall variation of " MC

1 in the range betweenQ0 =
1.0 GeV and Q0 = 1 .75 GeV predicted byR-evolution equation (3.10) obtained from QCD
factorization. The latter amounts to around 0.5 GeV, as we see in the lower panels of
Fig. 15. Howerver, because the choice of reference shower cutQ0,ref is arbitrary, and we do

Ð 46 Ð

An important limitation of existing PS tunes is related to 
the incorrect dependence of non-perturbative 
corrections with the shower cutoff (impacts “tunability”) 

๏  First steps towards improving (cluster) 
hadronization model show an improved behaviour 
more consistent with analytic expectations (e.g. 2-
jet event shapes) 

๏  Improvements of this kind, together with a more 
flexible parametrisation of hadronization dynamics 
(e.g. NN), are relevant towards a robust modelling 
of hadronization at FCC-ee (& similarly for CR)

Cutoff dependence in default vs. dynamical cluster modl (thrust)
[Hoang, Jin, Plaetzer, Samitz ’24]
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  Final remarks
๏  The performance of the FCC-ee sets a new benchmark in precision for a wide range of key QCD 
measurements (and beyond) placing unprecedented demands on our theoretical predictions for 
scattering observables. Some key representative measurements: 

๏  To meet this challenge, a dedicated and systematic theoretical programme must be launched to 
address the major outstanding obstacles. 

๏  Rising to this task is essential to fully harness the remarkable precision of FCC-ee to advance our 
understanding of the Standard Model and uncover its limitations.

See full input to ESPP (link) for a taste of the realm of opportunities 

Parameter Expected exp. unc.

αS < 0.1 %
mW 0.25-0.5 MeV

mt 7 MeV

Γt 13 MeV

ΓW 0.35 MeV

https://arxiv.org/pdf/2505.00272

