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Precision QCD benchmarks & input docsPrecision QCD benchmarks & input docs

▪ 3 precision-QCD benchmark points defined:

   1) αS(mZ) and its Q2 dependence.
   2) Strong interaction impact on precision measurements of mtop

   3) Strong interaction impact on precision measurements of mW

▪ 36 ESPPU input docs. associated to precision-QCD received:
    O(20) with concrete precision-QCD information:

    Low √s: MuonE (1), PBC (1), STCF (1) 
    DIS machines: DIS-EPPSU (1), LHeC (4)
    H/EW/t factories: ECFA HET Fact. (1), FCC-ee (4), LEP3 (2), LC (1)
    Energy frontier: FCC-hh (2), Muon Collider (2)
    Theory: FORM (1), QIT (1)

▪ Plus results from recent community reports & experts consultation:

   Belle-II: https://inspirehep.net/literature/2063309, (see A.Vossen, next)
   EIC: https://inspirehep.net/literature/1851258, (see Win Lin, next)
   Lattice QCD:https://inspirehep.net/literature/2053387 (+upcoming feedback)  

https://inspirehep.net/literature/2063309
https://inspirehep.net/literature/1851258
https://inspirehep.net/literature/2053387
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Benchmark I: QCD coupling Benchmark I: QCD 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 !

      da ≈ 10-10 ≪ dG
F

 ≈ 10-7 ≪ dG ≈ 10-5≪ da
s

 ≈ 10-3

Uncert.~0.8%

 –1

Uncert. ≈ 0.8%

➧?

2024
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Benchmark I: Benchmark I: aass impact beyond QCD impact beyond QCD
■ Parametric uncertainty for Higgs, EWPO, top quark calculations:

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

(New coloured 
 sectors?)
(New coloured 
 sectors?)

e+e-→ttbar

Δm
t 
≈∓30 MeV
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QCD coupling QCD coupling aass at LHeC, EIC; STFC, Belle at LHeC, EIC; STFC, Belle

▪ a
s
 measurements at LHeC:

  ±0.2% from inclusive DIS fits
  ±0.15% from incl. DIS + jets
  Running Q = 5–500 GeV (jets):

▪ a
s
 measurements at EIC/JLab-22GeV:

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

▪ a
s
 measurement at STFC

  ±0.2% (stat.) from hadronic tau decays

▪ a
s
 measurements at Belle-II:

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

s
 from R(s) ratio over √s=1–10 GeV

   a
s
 from e+e- event shapes (EECs) & FFs.

(see Win Lin, next)

(see A.Vossen, next)
(see D.Britzger, next)
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QCD coupling QCD coupling aass at FCC-ee & FCC-hh at FCC-ee & FCC-hh

▪ 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 over Q = 1–50 TeV

(see P.Monni, next)
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QCD coupling QCD coupling aass at LC, LEP3, MuColl at LC, LEP3, MuColl

▪ a
s
 measurements at LC (ILC/Giga-Z):

▪ a
s
 measurements at LEP3:

    Same physics goals as FCC-ee modulo worse stat. (~4 times less Z)
     & worse syst. (e.g. beam energy calibration/spread) uncertainties.

    ±0.2% (stat) from Z pseudoobservables 
    ±0.9% (stat) from W hadronic decays

▪ a
s
 measurements at MuColl:

- Determination of a
s
(Q) running over Q = 1–10TeV e.g. via evt. shapes, EECs

- High-precision a
s
(mZ) from measurements of neutrino SFs at a far-forward detector.

   ±0.6% from Z pseudoobservables 
   <1% from τ hadronic decays,  evt. shapes, jet rates

However, current claim is that a
s
 will be taken instead

from lattice-QCD (see M. Peskin, May 14th): Expected
uncertainties under discussion with latt. experts arXiv:1512.05194 [hep-ph]

https://indico.cern.ch/event/1527574/contributions/6502233
https://inspirehep.net/literature/1409920
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Benchmark I: QCD coupling Benchmark I: QCD coupling aa
ss

■ Current preliminary summary table for precision-QCD section:

■ Take-away messages:

   O(0.3%) precision reachable (lattice, Belle-II, LHC, EIC,…) at end of HL-LHC.
   <1% stat. (Belle-II, STFC) precision reachable at tau facilities.
   O(0.15%) stat. precision reachable at DIS facilities (EIC, LHeC).
   <0.1% (combining extractions) precision reachable at FCC-ee.
   a

s
(Q) running tested over Q = 1–50 (1–10 TeV) at FCC-hh (MuColl).
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Benchmark II: QCD & top quark massBenchmark II: QCD & top quark mass

▪ pp collisions (latest ATLAS+CMS HL-LHC projections): 
   mtop(pole) from ttbar+jet x-sections: ±200 MeV
   mtop(MC) from boosted tops: ±400 MeV (theoretical interpretation?)
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QCD & top quark mass: FCC-ee, LCQCD & top quark mass: FCC-ee, LC

▪ e+e- collisions from threshold scan around √s = 340 GeV (FCC-ee):
    mtop precision: ±8 MeV (exp.) ±35 MeV (theory: N3LO scale uncerts.)

▪ e+e- collisions from threshold scan over √s = 340–350 GeV (LC/CLIC):
    mtop precision: ±16 MeV (exp.) ±35 MeV (theory: N3LO scale uncerts.)

▪ Important pQCD theory developments needed!
    σ(e+e-→ttbar) at threshold: N4LO at least 

(see P.Monni, next)

[DeFranchis et al. 2503.18713 [hep-ph]]

https://arxiv.org/abs/2503.18713
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Benchmark II: QCD & top quark massBenchmark II: QCD & top quark mass

■ Current preliminary summary table for precision-QCD section:

■ Take-away messages:

   ±200 MeV (exp.) precision reachable at end of HL-LHC

   ±7 MeV (exp.), ±14 MeV (exp.) precision reachable at FCC-ee, LC

   Significant pQCD theory developments needed to match exp. precision!
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Benchmark III: QCD & W boson massBenchmark III: QCD & W boson mass

▪ LHC: mW from pT
𝓁, mT

𝓁 (low pileup) distributions:
    Best current LHC precision: ±9.9 MeV
    Leading QCD uncertainties: PDFs (±4 MeV), low pT

W (±2 MeV)
    Expected HL-LHC precision: ±4 MeV

▪ DIS (LHeC):  Expected HL-LHC+LHeC precision: ±2 MeV

▪ e+e- collisions (FCC-ee, LEP3):
    mW from W+W- threshold scan (leptonic decays)
    plus m(inv,kin. Constrained) at all √s runs.
    Expected FCC-ee (LEP3) precision: ±0.2 (±1) MeV

▪ Significant theory uncertainties:

https://arxiv.org/abs/2107.04444

(see P.Monni, next)

∙Threshold scan x-section: δmW ≈ 5 MeV (missing

higher-order EW & EW⨂QCD corrections).

∙Inv. mass analysis: Colour reconnection between 
hadronic final-state decay products introduces 
a δmW ≈ 1 MeV uncertainty.

https://arxiv.org/abs/2107.04444
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FORM, QITFORM, QIT

▪ FORM:
- Key tool for past and future precision fixed-order and resummed pQCD 
  calculations. Future developments needed for N3LO & beyond predictions

▪ QIT:
- QIT methods can be utilized to model SM processes matrix elements.
- MC simulations to accurately predict detector-level distributions
   of angular quantities, which serve as inputs for the extraction of the 
   spin density matrix.
- Upcoming challenges: the change in the intrinsic structure of spin density
  matrices in the presence of higher-order corrections. Additionally, the 
  simulation of parton-shower effects and the corresponding matching to 
  fixed-order predictions are undergoing continuous refinement. 
- Assessing the impact of parton-shower modeling on quantum-information 
  observables and contributing to its development, with a special focus on 
  the inclusion of exact spin correlations.
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Summary of needed calcs. (theory “wish list”)Summary of needed calcs. (theory “wish list”)

■ Current preliminary summary table for precision-QCD section:

■ Future Higgs/EW/top factories (in particular FCC-ee) impose 
    very strong requirements on theory developments to match 
    expected exp. precision.
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Backup slidesBackup slides
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ECFA HET e+e- factoriesECFA HET e+e- factories

▪ HET e+e- factories:

- At FCC-ee: alpha_s(m_Z) with ±0.1% uncertainty, alpha_s(m_W) with ±0.2%.

- QCD impact on m_W measurement:
NNLO corrections to the W-pair production and W-boson decay processes 
as well as leading corrections beyond NNLO can be calculated within the 
EFT approach, and a theory-induced systematic uncertainty below 0.5 MeV 
on mW from an energy scan near threshold seems feasible. For intermediate 
and high energies, a full NNLO calculation for W-pair production in the 
double-pole approximation would be most desirable; a task that should be 
achievable in the next decade, anticipating further progress at the frontier of 
loop calculations. Newly developed colour reconnection and hadronisation 
models should also be considered.

- QCD impact on m_top measurement:
From a detailed assessment of systematic uncertainties, the final precision is 
expected to be dominated by the scale uncertainties in the N3LO NRQCD 
prediction, at the level of 20 MeV and 14 MeV at 68% CL for m_t and 
Gamma_t , respectively, underlining the need for theoretical advancements 
to fully profit from the physics potential of future e+e- colliders.
The contribution to this uncertainty from alpha_s is 2 MeV, given the assumed 
10^-4 precision.
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FCC-ee, FCC-hhFCC-ee, FCC-hh

▪ FCC-ee:
- QCD impact on precision Higgs physics.
- QCD impact on m_W measurement:
A theoretical uncertainty of 0.1% in the total cross section for e+e- -> W + W- threshold line-shape 
translates into a delta mW~1.5 MeV uncertainty. Current state-of-the-art predictions reach delta 
m_W ~ 3--5 MeV precision, whereas achieving an uncertainty delta m_W < 0.5 MeV will require 
the calculation of the NNLO EW corrections (currently out of reach), as well as the inclusion of 
mixed EW-QCD [126] effects and a refined treatment of QED initial-state radiation [127].
Direct m W extraction via the reconstructed invariant mass of W boson decay products needs 
dedicated studies for a precise assessment. Among the leading theoretical systematics, 
nonperturbative color-reconnection (CR) effects in the hadronic decays of both W bosons are 
expected to play a role. The precise m_W extracted from leptonic decays as an input, can be 
used in lepton + jets and fully hadronic WW decays at FCC-ee will benefit the development 
and tuning of such CR models.
- QCD impact on m_top measurement:
The final foreseen experimental precision on m top and Gamma_top will be of about 7 and 13 MeV, 
respectively, dominated by statistical uncertainties (Table 3), whereas missing higher orders in the 
theoretical predictions amount to 35 (25) MeV on m_top (Gamma_top)
Progress needed include the computation of N4LO corrections in the non-relativistic EFT framework, 
as well as the description of QED effects at NNLL both in the collinear limit (e.g., ISR [152,153]) 
and in the soft limit (as discussed in Ref. [154]). Plus N^3LO calculation for the nonresonant channels.
The theoretical description of differential distributions, which are central to controlling precisely the 
effect of experimental cuts., is less accurate than that of the inclusive quantities,and reaches either 
NLO or NNLO accuracy only for specific observables [155, 156]



18/14ESPP Update Meetg, May’25                                                                        S. Moch / D. d'Enterria

aass determination (current) determination (current)

▪ Precision today: ±0.8% 
    From combination of 7 experimental observables 
    compared to N2,3LO pQCD predictions:

▪ Running coupling probed at the LHC up to Q ≈ 2 TeV

(2) QQ 

(6) Z decays
(7) pp ttbar,jets➞

(1) t decays

(4) DIS, PDFs

(5) e+e- jets (shapes,rates)

(3) lattice 

_
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aass determination (future) determination (future)

▪ Expected improvements:

▪ Precision after HL-LHC: ±0.4%. At LHeC (incl. DIS+jets): ±0.1%
▪ 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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