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Particle physics in the middle of 2025
Ø Apart from the Higgs discovery, all fundamental questions that motivated the 

LHC still remain open! 
Ø DM, matter-antimatter asymmetry, EW-Planck hierarchy, strong CP problem, 𝜐

masses, …

Ø World priority is a high-precision Higgs factory to precisely probe the crucial 
scalar sector of the SM

Ø FCC-ee Feasibility Study:
Ø Model-independent Higgs couplings                                                                                   

down to 0.1%

Ø Indirect BSM up to Λ ≈ 7 (70) TeV (+ EW                                                                      
observables)

Ø Higgs Yukawa couplings to lightest                                                                                      
fermions (u, d, s, e, 𝜐?, DM?)

Ø Flavour-violating H → qq’ decays?

Ø Followed by energy-frontier hadron                                                                          
collider (FCC-hh): Higgs self-couplings +                                                                  
direct BSM searches up to Λ ≈ 100 TeV
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Particle physics at the end of 2024Particle physics at the end of 2024

■ Apart from the Higgs discovery, all fundamental questions that motivated
    the LHC still remain open! DM, matter-antimatter asymm., EW-Planck

    hierarchy, ν masses, strong CP problem, DE, cosmol.const, inflation,...

■ World priority is a high-precision Higgs factory to precisely probe the

     crucial scalar sector of the SM. 

   – Model-indep. Higgs couplings 

      down to 0.1%: Indirect BSM up to 

      Λ ≈ 7 (70) TeV (+EW observ.)

   – Higgs Yukawa couplings to 

      lightest fermions (u,d,s,e,ν?,DM?)

      Flavor-violating H→qq’ decays?

■ Followed by energy-frontier

    hadron collider (FCC-hh):

    H selfcoupling + direct BSM 

    searches up to Λ ≈ 100 TeV

■ FCC-ee Feasibility Study: 

ESPP Open Symposium

https://agenda.infn.it/event/44943/overview


CERN FCC-ee project
Ø 80-100 km tunnel in the Geneva area

Ø e+e- operation before 𝑝𝑝 at 𝑠 = 90, (125), 160, 240 and 350 GeV

Ø State-of-the-art detectors + exquisite control of the beam energy à tiny 
systematic uncertainties (10-5)

DIS2022                                                          Eduardo Ploerer (VUB)39/21

CERN FCC-ee projectCERN FCC-ee project

● e+e- operation before pp at √s = 90, (125), 160, 240, 350 GeV

# of light-q jets/year:    O(1012)          O(107)        O(105)                –              O(108)
# of gluon-jets/year:     O(1011)          O(106)        O(104)                –              O(106)

# of heavy-Q jets/yr:    O(1012)          O(107)        O(105)            O(106)          O(108)         
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Top quark mass at FCC-ee 
Ø e+e- collisions from threshold scan around 𝑠 = 340-345 GeV

Ø ∆𝑚!"# ≈ 7 MeV (exp.) thanks to very good 𝑠 control

Ø QCD theory for 𝜎(e+e- → 𝑡 ̅𝑡) vs. 𝑠 at threshold:
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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 on mt, !t, yt, and ωS. 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 fitted
lineshape is derived by applying the parameters obtained in the 10-point fit to the full lineshape
calculated with QQbar Threshold, taking correlations into account. The fit 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-fit uncertainty in the fitted cross section, all profiled uncertainties
included.

For the fit of the tt threshold lineshape, we choose a baseline scenario with 10 equally-

spaced points between
→
s = 340.0 and 344.5GeV, corresponding to the range of validity of

the NR-QCD calculation (Figure 3). This results in a spacing of 0.5GeV 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 tt 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 significantly

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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Assumed 
parametric 
uncertainty:
∆𝜶𝒔 ≈ 0.1%

∆𝒎𝒕𝒐𝒑 ≈ ±2 MeV

2503.18713
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QCD & top quark mass in QCD & top quark mass in ee++ee––: FCC-ee: FCC-ee

▪ e+e- collisions from threshold scan around √s = 340–345 GeV (FCC-ee):

    mtop precision: Δmtop ≈ ±7 MeV (exp.), thanks to very good √s control:

▪ QCD theory for σ(e+e-→ttbar) vs. √s at threshold:

[2503.18713 [hep-ph]]

Assumed

parametric

uncertainty:

Δαs ≈ 0.1% 

Δmtop ≈ ±2 MeV

Δmtop ≈ ±35 MeV from 

N3LO scale uncerts.

∆𝒎𝒕𝒐𝒑 ≈ ±35 MeV from N3LO 
scale uncertainties

https://arxiv.org/abs/2503.18713


Parton FFs at FCC-ee
Ø High luminosity and high energies of future lepton colliders open new 

opportunities for precision determination of FFs - 2407.10059

Ø Fits to FFs at NLO in QCD carried out with data solely from future e+e- colliders
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Figure 2. A comparison of our fragmentation functions to those of NPC23 on the diverse

outcomes of parton fragmentation, including ⇡+, K+, and p, at an energy of 5GeV. The

colored band represents the uncertainties estimated with the Hessian Method at the 68%

confidence level, with their ratios normalized to the central value of the baseline from the

NPC23 study displayed in the lower panel of each subplot.

As anticipated, the central values of the NPC23 and our fit exhibit a good

agreement, spanning a broad range of x values in all cases. This can be clearly

observed in the lower panel of each figure. For the quarks fragmenting into light

charged hadrons, we observe a marked reduction in the FFs uncertainties. This is

of particular significance for the c and b quarks, for the reason that a considerable

number of measurements from heavy-flavor tagged hadronic events in e
+
e
� collisions

have strong constraints to heavy quark FFs. In the cases of the valence quarks and

sea quarks, there is a reduction in the FFs uncertainties across a wide range of x.

The primary reason for this improvement is the increased statistics and the diverse

measurements across a wide range of collision energies, from the Z-pole to 360GeV,

which will be available at the CEPC.
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Projection for constraints on FFs
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✦ Pseudo-data on the proposed measurements are constructed using NPC23 FFs as the truth theory; fits to 
FFs at NLO in QCD are carried out with data solely from future electron-positron colliders  

FFs (positively charged) vs. momentum fraction

❖ assuming same (un-)correlated systematic 
uncertainties as SLD measurements; statistical 
errors calculated based on prescribed luminosities 

❖ fits using the same fitting framework as NPC23; 
theoretical uncertainties from scale variations of 
the NLO calculations are included 

❖ best-fit agrees well with the truth FF; uncertainties 
are greatly reduced taking the CEPC as an 
example 

❖ W boson data are essential for quark flavor 
separation; similarly Higgs boson data for 
constraining gluon 

❖ ILC, FCC-ee and CEPC give quite similar results 
except in regions statistics are limited 

❖

[work in progress, Bin Zhou, JG]

Figure 5. A comparison of the global fit for the ⇡+, K+ and p fragmentation function

and a refitted version by excluding a specific group of subsets from the full set presented

in Table 2.

than those of the baseline fit, particularly in the small x region. This is analogous to

the situation observed after subtracting data sets from Higgs boson decay processes.

We now turn to study the e↵ect of the higher-order QCD corrections on the FFs

to light charged hardons. We first show in Figure 6 the distribution of the hadron

energy fraction for inclusive qq̄ production at 160GeV, and for Higgs boson decaying

into gluons, where the partons subsequently undergo fragmentation to produce the

identified hadrons ⇡
+. The FFs set used for the evaluation of various order pre-

dictions is NPC23 PIp nlo. The calculation of NNLO corrections using FMNLO is

presented in Appendix A. The color bands represent scale uncertainties.

Figure 6 illustrates that the NLO prediction exhibits a significantly reduced scale

uncertainty in comparison to the LO prediction across the entire region of x. The

inclusion of NNLO corrections results in a further reduction in scale uncertainties.

It is observed that the error bands at NLO even encompass those at NNLO in the
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Projection for constraints on FFs
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✦ Pseudo-data on the proposed measurements are constructed using NPC23 FFs as the truth theory; fits to 
FFs at NLO in QCD are carried out with data solely from future electron-positron colliders  

FFs (positively charged) vs. momentum fraction

❖ assuming same (un-)correlated systematic 
uncertainties as SLD measurements; statistical 
errors calculated based on prescribed luminosities 

❖ fits using the same fitting framework as NPC23; 
theoretical uncertainties from scale variations of 
the NLO calculations are included 

❖ best-fit agrees well with the truth FF; uncertainties 
are greatly reduced taking the CEPC as an 
example 

❖ W boson data are essential for quark flavor 
separation; similarly Higgs boson data for 
constraining gluon FF 

❖ ILC, FCC-ee and CEPC give quite similar results 
except in regions statistics are limited 

❖

[work in progress, Bin Zhou, JG]

Projection for constraints on FFs
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✦ Pseudo-data on the proposed measurements are constructed using NPC23 FFs as the truth theory; fits to 
FFs at NLO in QCD are carried out with data solely from future electron-positron colliders  

FFs (positively charged) vs. momentum fractionFigure 4. A comparison of the relative errors among the FFs obtained from CEPC,

FCC-ee and ILC measurements, respectively, at the scale Q0 = 5GeV.

flavor tagged measurements of e+e� ! cc̄/bb̄ and H ! cc̄/bb̄ processes can lead to

well-constrained FFs from heavy flavor. Upon the removal of the data sets from the

Higgs boson decay processes, it is evident that the measurements from the decay of

the Higgs boson exert a profound influence on the FFs of gluon. This is because

the data from the H ! gg process represents a unique channel through which the

fragmentation of gluons into three light charged hadrons can be understood within

the context of the complete data set, as presented in Table 2. Furthermore, a slight

increase in the relative error for heavy quark FFs in the small x region is observed.

This is a consequence of the exclusion of data from the H ! cc̄/bb̄ processes.

The data sets on quark pair production at lepton colliders show a larger impact

compared to the W
�
W

+,⇤ production data set for the FFs of light quarks. This is

reflected in the curve labelled (w/o W and H) above the curve labelled (w/o W) in

Figure 5. Furthermore, it can be observed that the relative errors for the FFs to

light charged hadrons from heavy quarks labelled (w/o W and H) are slightly larger
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❖ assuming same (un-)correlated systematic 
uncertainties as SLD measurements; statistical 
errors calculated based on prescribed luminosities 

❖ fits using the same fitting framework as NPC23; 
theoretical uncertainties from scale variations of 
the NLO calculations are included 

❖ best-fit agrees well with the truth FF; uncertainties 
are greatly reduced taking the CEPC as an 
example 

❖ W boson data are essential for quark flavor 
separation; similarly Higgs boson data for 
constraining gluon FF 

❖ ILC, FCC-ee and CEPC give quite similar results 
except in regions statistics are limited 

[work in progress, Bin Zhou, JG]

Ø Assuming same (un-)correlated 
systematic uncertainties as SLD 
measurements

Ø Statistical errors calculated based 
on prescribed luminosities

Ø W boson data essential for quark 
flavour separation

Ø Similarly Higgs boson data for 
constarining gluon FFs

Ø ILC, FCC-ee and CEPC give quite 
similar results except in regions 
limited by statistics

https://arxiv.org/abs/2407.10059


W boson mass at FCC-ee
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Ø 𝜎((( 𝑠) scan in leptonic decays: 
∆𝑚( ≈ ±0.4 MeV (exp.)                

Ø Theory uncertainties (including 
mixed EW⊗QCD): ∆𝑚( ≈ 3-5 MeV

Ø Constrained 𝑚( fit: ∆𝑚( ≈ ±0.25 
MeV 

Ø HL-LHC+LHeC: ∆𝑚( ≈ ±3 MeV (±1 
MeV from PDFs)
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Summary: QCD & W boson massSummary: QCD & W boson mass

■  Forecast mW precision 

     at future facilities:

■  Different high-precision mW extractions require parallel QCD progress.

■  mW measurements help us understand non-pQCD: Color reconnection

■ σWW(√s) scan in !ν decays

    FCC-ee: ΔmW ≈ ±0.4 MeV

    LEP3: ΔmW ≈ ±1.2 MeV

    Theory uncerts. (incl. mixed

   EW⨂QCD): ΔmW = 3–5 MeV

■ Constrained minv fit:

    FCC-ee: ΔmW ≈ ±0.25 MeV

    LC: ΔmW ≈ ±0.9 MeV±1 MeV

    LEP3: ΔmW ≈ ±0.9 MeV

   QCD (hadronization) uncerts.

   important for LC (boosted W)

   & minv(jj+jj) color reconnect.

■ HL-LHC+LHeC:

    ΔmW ≈ ±3 MeV 

    (±1 MeV from PDFs)

  

Ø Different high-precision 𝑚( extractions require parallel QCD processes

Ø 𝑚( measurements help us understand non-pQCD i.e. color reconnection 
effects



People involved 
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0.7 FTE in total

Ø Since < 2 FTE, we are under Dotazioni Gruppo 1 

Ø ~1.2 k€ metabolismo

Ø ~4.5 k€ conferences and workshops

Ø Missions to be opened under RD FCC Bologna

Ø For the time being just analyses-oriented contribution

Ø Detector-oriented contribution in the future if able to 
increment FTE/people


