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Precision QCD at future facilitiesPrecision QCD at future facilities

▪ Precision benchmarks:

   1) αS(mZ) & its Q2 dependence

   2) QCD & precision top mass (mtop) 

   3) QCD & precision W mass (mW)

▪ QCD & Higgs physics

▪ Theory calculations wish-list: 

   pQCD, latt-QCD,

   MC parton-showers

▪ Input received: O(20) future projects Plus recent community docs: 
αs(2024), QCD at Belle-II, latt-QCD,...
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The strong coupling The strong coupling aa
ss

■ Determines strength of the strong interaction among quarks & gluons.

■ Single free parameter of QCD in the m
q 
= 0 limit.

■ Determined at a ref. scale (Q=m
Z
), decreases as a

s
≈ln(Q2/L2),  L≈0.2 GeV 

➧Least precisely known of all interaction couplings !

  Δa ≈ 10-10 ≪ ΔG
F

 ≈ 10-7 ≪ ΔG ≈ 10-4 ≪ Δa
s

 ≈ 0.8%

Uncert.~0.8%

 –1

Uncert. ≈ 0.8%

➧?

2024

arXiv:2203.08271 [hep-ph]

https://inspirehep.net/literature/2053387


4/13alpha_s(2025), Aussois, Dec’25                                                    D. d'Enterria (CERN)

aass impact beyond QCD impact beyond QCD
■ Parametric uncertainty for key Higgs, EWPO, top quark calculations:

■ Impacts physics approaching Planck scale: EW vacuum stability, GUT:

a
s 

running 

at high Q:

New coloured 
sectors?(mSUGRA)

e+e-→ttbar

Δm
top 
≈∓30 MeV

[arXiv:2203.06520]

[hep-ph/0410364]

Δa
s
=±1%

[arXiv:1112.3022]
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aass determination (today) determination (today)

▪ Current precision: Δa
s
= ±0.8% 

    From combination of 7 experimental observables 
    compared to N2,3LO pQCD predictions:

 ▪ Running coupling probed at the LHC up to Q ≈ 5 TeV

(2) QQ 

(6) Z decays
(7) pp ttbar,jets➞

(1) t decays

(4) DIS, PDFs

(5) e+e- jets & evt shapes

(3) lattice 

_
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aass future (our community report) future (our community report)

▪ Expected improvements:

▪ Precision at HL-LHC time: ±0.4%. At LHeC (incl. DIS+jets): ±0.15%
▪ Precision after FCC-ee: ±0.1% (Z,W→hadrons pseudoobserv.)
▪ Running coupling probed up to Q ≈ 40 TeV (FCC-hh) 

“The strong coupling constant: state of the art and the decade ahead”, JPG 51 (2024) 090501

https://arxiv.org/abs/2203.08271
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QCD coupling QCD coupling at EIC, Belle-II, STCF, at EIC, Belle-II, STCF, LHeCLHeC

  Running Q = 5–500 GeV (jets)

▪ a
s
 extractions at EIC/JLab-22GeV:

   ±1% from inclusive DIS
   ±0.6% from new observables 
             (deuteron & spin-dependent SFs): 
   ±0.6% from Bjorken SR & pol. PDFs.

▪ a
s
 extractions at Belle-II (Upgrade):

   (50 billion tau pairs in 50 ab-1):
   Improved tau spectral functions
   ≪1% (stat.) from hadronic tau decays.

   Also possible (but not quantified): 
   a

s
 from R(s) ratio over √s=1–10 GeV

   a
s
 from event shapes, EECs, FFs.

▪ a
s
 extraction at STCF:

   ≪1% (stat.) from hadronic tau decays

▪ a
s
 extractions at LHeC:

    ±0.2% from inclusive DIS fits
    ±0.15% from incl. DIS + jets
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QCD coupling at eQCD coupling at e++ee–– (LC) (LC)
■ EW boson pseudoobservables known at N3LO in pQCD:

■ LC (Giga-Z) will reach 0.6% precision on αs(mZ) (×4 better than LEP):

 a
s
(m

z
) = 0.1200 ± 0.0007

ha
d

ro
n

s

Note: Sensitivity to αs(mZ) via

     O(4%) higher-order corrs. 

 – Assume Z-pole stats.: 109 bosons
 – Other uncertainties (syst., parametric) 
    not considered (but subleading):

 – Also from τ hadronic decays,  

   evt. shapes, jet rates:  <1% 

arXiv:1512.05194 [hep-ph]

 – However, LC claim is that a
s
 should be taken 

    from latt-QCD (±0.1% precision) instead

   Z  

https://inspirehep.net/literature/1409920
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QCD coupling at QCD coupling at ee++ee–– (FCC-ee) (FCC-ee)
■ EW boson pseudoobservables known at N3LO in pQCD:

■ FCC-ee will reach 0.1% precision on αs(mZ) (×20 better than LEP):

a
s
(m

z
) = 0.12030 ± 0.00014

ha
d

ro
n

s

 – Huge Z pole stats. (×105 LEP):
 – Exquisite syst./parametric precision:

 – TH uncertainty needs to be reduced by ×4 
    from missing a

s
5, a3, aa

s
2,aa

s
2,a2a

s
 terms

   Z  

[arXiv:2005.04545]

Note: Sensitivity to αs(mZ) via

     O(4%) higher-order corrs. 

https://arxiv.org/abs/2005.04545
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QCD coupling at QCD coupling at ee++ee–– (FCC-ee) (FCC-ee)
■ EW boson pseudoobservables known at N3LO in pQCD:

■ FCC-ee will reach 0.2% precision on αs(mW) (×300 better than LEP): 

ha
d

ro
n

s

– TH uncertainty needs to be reduced by ×10 
    from missing a

s
5, a2, a3, aa

s
2,aa

s
2,a2a

s
 terms

 – Huge W pole stats. (×104 LEP-2).

 – Exquisite syst./parametric precision:

←O(1012) D mesons

a
s
(m

z
) = 0.11790 ± 0.00023

Combined 
Γ

W
, R

W
 fit

   W  

[arXiv:2005.04545]

Note: Sensitivity to αs(mZ) via

     O(4%) higher-order corrs. 

https://arxiv.org/abs/2005.04545
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QCD coupling QCD coupling aass at FCC-ee,hh & LEP3 at FCC-ee,hh & LEP3

▪ a
s
 extractions at FCC-ee:

▪ a
s
 extractions at LEP3:

    Same physics measurements as FCC-ee modulo smaller samples (×4 less Z)
    & worse syst. (e.g. beam energy calibration/spread) uncertainties.

    ±0.2% (stat) from Z pseudoobservables 
    ±0.9% (stat) from W hadronic decays
    <1% from tau hadr. decays, evt. shapes & jet rates 

Z→qq
W→qq’

_
_

   ±0.1% from Z pseudoobservables 
   ±0.2% from W hadronic decays
   ≪1% from tau hadronic decays 
   ≪1% from evt. shapes & jet rates

New BSM
coloured 
sectors?

▪ a
s
 extractions at FCC-hh:

  Test a
s
 running (asymptotic freedom)

  with multi-TeV jets up to Q ≈ 50 TeV
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Summary: QCD coupling Summary: QCD coupling aa
ss

■ Forecast

    precision

    at future

    facilities:

■ Lattice-QCD:

±2.5%

±0.7%
±0.6% ±0.5% ±0.1%?

HPQCD FLAG ALPHA

±0.1%±0.1%
±0.1%

±0.15%

±0.8%

– Step-scaling & decoupling
   are state-of-the-art techniques.

– Stat. uncert.∝(computing power)2

   reducible by ~1/2 every 10 yrs

– pQCD observables needed at 
   higher accuracy: a

s
 

– Syst. uncerts. will start playing role:
   QED, mu,d, dynamical charm mass,...

n

 arXiv:2511.03883 [hep-ex]

https://inspirehep.net/literature/3070637
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Theory calculations “wish list”Theory calculations “wish list”

■ Summary table for precision-QCD wish-list (pQCD, lattice, MC PS):

■ Future Higgs/EW/top factories (in particular FCC-ee) impose very strong
    requirements on theory developments to match expected exp. precision.

αs(mZ)
in e+e-

mW,mtop

in e+e-

αs(mZ)
in DIS

αs(mZ)
in latt.

QCD
in Higgs

e+e-,e-p, 
p-p PS

 arXiv:2511.03883 [hep-ex]

https://inspirehep.net/literature/3070637
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Backup slidesBackup slides
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QCD coupling QCD coupling aass at FCC-ee/FCC-hh/MuColl at FCC-ee/FCC-hh/MuColl

▪ a
s
 measurements at FCC-ee:

   ±0.1% from Z pseudoobservables 
   ±0.2% from W hadronic decays
   ≪1% from tau hadronic decays 
   ≪1% from evt. shapes & jet rates

▪ a
s
 measurements at FCC-hh:

   Test a
s
 running (asymptotic freedom)

   with multi-TeV jets up to Q ≈ 50 TeV

▪ a
s
 measurements at MuColl:

  Running up to Q≈10TeV (EECs)
   Measurements of neutrino SFs at a far-forward detector.

New BSM
coloured 
sectors

[arXiv:1607.01831]
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