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■ Overarching themes: What is the current state-of-the-art and ultimate
   theoretical & experimental precision of current α

S
 extraction methods?

   What needs to be achieved in order to reach a �(0.1%) precision?

■ Each contributor was requested to provide a few pages summary of their 
   work addressing the following questions:

  ➧Theory: What is the current state-of-the-art with regards to higher-order
     corrections (pQCD, mixed QCD-EW) of your calculations of α

S
-dependent

     observables? What is the impact of non-pQCD corrections/uncertainties?         
     (Are there new techniques to reduce them?) Provide your personal wish-list 
     in theory/data developments needed to reach your ultimate α

S
 precision.

  ➧Experiment: What are the current leading syst./stat. uncertainties of your
      favorite α

S
-dependent observable? What are the future reductions of

      syst./stat. uncertainties expected with current and future (e+e−, e-p, p-p)
      machines? (Are there new observables being considered?)
      Provide your personal wish-list in data/theory developments needed to 
      reach your ultimate α

S
 precision.

aass Snowmass White Paper Snowmass White Paper
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 ■ αs(2022) workshop at ECT*-Trento (Feb. 2022) with S. Kluth & G. Zanderighi
 ➧Output white paper with 60+ authors, 130+ pages, 80+ figures:

aa
ss white paper contents white paper contents

https://indico.cern.ch/e/alphas2022


4/21Snowmass Seattle Meetg, July’22                                                               David d'Enterria (CERN)

■ Determines strength of the strong interaction between 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 

Uncert.~6% Uncert.~2.5% Uncert.~0.5%

➧ ➧

Motivation: QCD coupling Motivation: QCD coupling aa
ss

-1
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Motivation: QCD coupling Motivation: QCD coupling aa
ss

■ Determines strength of the strong interaction between 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

-1

Uncert.~6% Uncert.~2.5%

➧ ➧➧
2021             

Uncert.~0.8%
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Motivation: Motivation: aass importance beyond QCD importance beyond QCD
■ Precision calculations of Higgs hadronic x-sections/decays, top mass, EWPO:

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

(New coloured 
 sectors?)
(New coloured 
 sectors?)
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World World aass determination (PDG 2021) determination (PDG 2021)

■ Determined today by comparing 7 experimental observables to pQCD 
   NNLO,N3LO predictions, plus global average at the Z pole scale:

(2) QQ 

(6) Z decays

(1) t decays

(4) DIS, PDFs

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

[Huston/Rabbertz/Zanderighi]

(3) lattice 

_

(7) pp  Z,W,tt,j,...➞
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World-average World-average aass (PDG 2021) (PDG 2021)

■ Average of pre-averages from 7 categories of observables: 
  a

s
(M

z
) = 0.1179 ± 0.0009  (±0.8%)

➧

➧

➧

DIS & PDFs fits (6 values):
   a

s
(M

z
) = 0.1162 ± 0.0020  (±1.7%)

Hadron collider measurements (5 values):
   a

s
(M

z
) = 0.1165 ± 0.0028  (±2.4%)

Electroweak precision fits (2 values):
   a

s
(M

z
) = 0.1208 ± 0.0028  (±2.3%)

Lattice-QCD (1 FLAG value):
   a

s
(M

z
) = 0.1182 ± 0.0008  (±0.7%)

e+e-→hadrons final states (10 values):
   a

s
(M

z
) = 0.1171 ± 0.0031  (±2.6%)

➧

Hadronic tau decay (4 values):
   a

s
(M

z
) = 0.1178 ± 0.0019  (±1.6%)

Quarkonia properties (4 values):
   a

s
(M

z
) = 0.1181 ± 0.037  (±3.3%)

➧

➧
➧
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(1) (1) aass from lattice QCD from lattice QCD

■ Community-agreed (FLAG) criteria 
   based on: renorm. scale, pQCD
   behaviour, continuum limit, peer-
   reviewed results.

■ Current uncertainties driven mostly
   by pQCD truncation & matching, and 
   continuum limit (lattice spacing 
   & computing stats).

➧Future prospects:
   – Uncertainty in α

s
 halved with reduced latt. spacing, N3,4LO pQCD, active 

      charm quark, extension of step-scaling method to more observables. 
   

■ Comparison of short-distance quantities (QCD static energy/force, light-q &
    heavy-Q currents, quarkonium,..) computed at N2,3LO in pQCD to lattice data
    with m

had
, f

had
 experimental constraints:

[FLAG Collab. http://flag.unibe.ch]

 a
s
 = 0.1182 ± 0.0008 (±0.7%)
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(2) (2) aass from hadronic  from hadronic tt-lepton decays-lepton decays

■ Computed at N3LO:

■ Experimentally: R
t,exp

 = 3.6355 ± 0.0081 (±0.22%)

■ Uncertainty driven today by:

    – Differences in pQCD approaches.
       FOPT vs CIPT OPE expansions:

    – Treatment of non-pQCD 
       corrections (duality violations):
       Note: (L/m

t
)2 ~ 2%

➧Future prospects:
   – N4LO calculations.
   – Reconciling FOPT vs CIPT results (IR renormalon-free gluon condensate)
   – Better spectral functions needed: 
      BELLE-II (~now). Longer future: O(1011) Z→tt at FCC-ee(90) !

Hadronic τ spectral function

 a
s
 = 0.1178 ± 0.0019 (±1.6%)
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(3) (3) aass from DIS struct. functions & PDF fits from DIS struct. functions & PDF fits

■ N3LO/NNLO analysis of (non)singlet struct. functions (BBG, JR14) 
   (and NNLO global PDF AMBP fit) tend to give “lowish” a

s
(M

z
) ≈ 0.1150

 ■ Neglect of singlet contribs. for x>0.3 in NS fits? Size of higher-order corrs.?

 ➧ Future: New high-precision F
i
(x,Q2) & polarized g

i
(x,Q2) at EIC.
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(3) (3) aass from DIS struct. functions & PDF fits from DIS struct. functions & PDF fits

■ NNLO global PDF+a
s
 fits: CT18, HERAPDF2.0+j, MSTH2020, NNPDF3.1

 ■ DIS/FT (LHC) data tend to prefer lower (higher) values of a
s
(M

z
).

 ■ Size of missing HO corrections? Global fits at N3LO needed.
➧Future: ±0.2% at LHeC/FCC-eh

a
s
(M

z
) = 0.1185 ± 0.012

a
s
(M

z
) = 0.1174 ± 0.013a

s
(M

z
) = 0.1164 ± 0.026

a
s
(M

z
) = 0.1156 ± 0.024

NNPDF3.1
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(4) (4) aass from e from e++ee-- event shapes & jet rates event shapes & jet rates
■ Computed at N2,3LO+N(2)LL accuracy.
■ Experimentally (LEP):
    Thrust, C-parameter, jet shapes
    3-jet x-sections

■ Results sensitive to non-pQCD
   (hadronization) accounted for 
   via MCs or analytically:

 a
s
 = 0.1171 ± 0.0031 (±2.6%)
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(4) (4) aass from e from e++ee-- event shapes & jet rates event shapes & jet rates

➧Future:
– Power-corrections for shapes, (N2,3LL) resummation for rates. Grooming.
– New e+e- data at lower-Ös (Belle-II) & higher-Ös (Higgs factories) needed.

■ Computed at N2,3LO+N(2)LL accuracy.
■ Experimentally (LEP):
    Thrust, C-parameter, jet shapes
    3-jet x-sections

■ Results sensitive to non-pQCD
   (hadronization) corrections.
➧Improved evt-shape power-corrs: ➧Modern jet substructure techniques:

   “Soft drop” can help reduce non-
   pQCD corrections for thrust:
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(5) (5) aass from hadron collider x-sections (ttbar) from hadron collider x-sections (ttbar)

■ So far, only top-pair and W,Z boson x-sections available at NNLO.
   (Jets also available at NNLO since couple of years: (long) analysis ongoing).
■ Method: Compare σ(exp) to σ(NNLO) computed w/ diff. PDFs/a

s
: Extract a

s
  

■ σ(tt) [dis]advantages: Direct sensitivity to a
s
 [uncertainties: ~5% exp./th., m

top
]

Analysis of 8 data sets 
(<2018) 
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(5) (5) aass from hadron collider x-sections (W,Z) from hadron collider x-sections (W,Z)

■ So far, only top-pair and W,Z boson x-sections available at NNLO.
   (Jets also available at NNLO since couple of years: (long) analysis ongoing).
■ Method: Compare σ(exp) to σ(NNLO) computed w/ diff. PDFs/a

s
: Extract a

s
  

■ σ(W,Z) [dis]advantages: ~1–2% th./exp. uncertainties [not LO sensitivity to a
s
]

Combined fit of 28 LHC data sets (<2019) 

➧Future: Incorporate σ(tt), σ(W,Z), σ(j), x-section ratios into global PDF+a
s
 fits.

 a
s
 = 0.1180 ± 0.0016 (±1.3%)
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(5) (5) aass from hadron collider x-sections (HERA jets) from hadron collider x-sections (HERA jets)

■ DIS HERA jet x-sections employed for a
s
 extractions via NNLOjet:

■ Largest uncertainty from missing HO corrs. 
➧Future: Nice testbed for upcoming LHC NNLO jet x-sections-based extractions



18/21Snowmass Seattle Meetg, July’22                                                               David d'Enterria (CERN)

(6) (6) aass from EW precision fits from EW precision fits

➧Z-boson decays known at N3LO, no NP uncerts. (but only ~4% sensitivity to a
s
):

    

➧Also from the global EW fit leaving a
s
 as single free parameter:

➧

G
Z
 = 2.4952±0.0023 GeV (±0.1%)

a
s
 (M

z
) = 0.1194 ± 0.0029  (±2.4%)

a
s
 (M

z
) = 0.1221 ± 0.0027  (±2.3%)

[Gfitter’18]

➧Extraction from three Z-peak pseudo-observables (LEP, SLC):

➧
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(6) (6) aass from hadronic EW bosons decays from hadronic EW bosons decays

■ Updated Z,W-based a
s
(m

z
) extractions:

   New fit with HO EW corrs. + corrected Z LEP data. New N3LO fit to Γ
W
, R

W

■ Future: Permil uncertainty possible only with a machine like FCC-e+e-

a
s
(m

z
) = 0.11790 ± 0.00023 ±0.2% (tot), ±0.1% (exp) a

s
(m

z
) = 0.12030 ± 0.00028 ±0.2% (tot), ±0.1% (exp) 

  Strong SM
 “stress test”

a
s
(m

z
) = 0.1203 ± 0.0028  (±2.3%)

a
s
(m

z
) = 0.101 ± 0.027  (±27%)
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Summary (I): Current & future Summary (I): Current & future aas s precisionprecision
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Summary (II): Summary (II): aass wish-list wish-list

■ Experimental/Theoretical needs to reach �(0.1%) precision:

(1) Lattice QCD. Sufficient dedicated computing resources & person-power to:

     - Develop pQCD N3,4LO theory for observables in a finite space-time volume
     - Extend higher renormalization scales via step-scaling to more observables

(2) Other theory efforts:

     - Completion of hadronic τ decay renormalon analysis
     - Advanced power corrections for e+e− event shapes and resummation for jet rates
     - NNLL accuracy parton showers matched to NNLO
     - NNLO(+NNLL) MCs for complex final states in e+e−, e-p, p-p
     - Differential NNLO predictions for LHC & HERA multi-jet observables,…

(3) Extension of NNLO hadron-collider- and/or PDF-based extractions via:

     - Incorporation of multiple new LHC precision observables and datasets
     - Improved treatment of exp. correlation matrices uncertainties among measurements.
     - New DIS measurements at high-energy facilities: EIC first, LHeC/FCC-eh longer
       future (approx. ±0.2%).

(4) Hadronic Z (and W) decays is the only non-lattice method known that can reach 
      permil precision: Tera-Z (FCC-ee) machine needed.
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Backup slidesBackup slides
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aass from hadronic EW decays (Update) from hadronic EW decays (Update)

➧Incorporated new α2,α3 EW corrections(*) to Z pseudoobserv:

➧Incorporated modified LEP data due to luminosity bias correction(*):

TH uncertainties:
±0.01% (Z)
±0.02% (W)

Parametric uncerts.:
(α
s
,m

Z,W
; V

cs,ud
):

±0.03% (Z)
±1.7% (W)
±0.03% (W, CKM unit)

Recent update of 
LEP luminosity
bias change the Z 
values by few permil

(*) Voutsinas et al.
arXiv:1908.01704,
Janot et al.
arXiv:1912.02067

DdE, Jacobsen:
arXiv:2005.04545 [hep-ph]

(*)Dubovyk/Chen/Freitas et al. arXiv:1906.08815, arXiv:2002.05845
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aass from hadronic Z decays (Update) from hadronic Z decays (Update)

➧LEP lumi-bias updates lead to much better 
   agreement among Γ

Z
, R

Z
, σ

0
 extractions:

 

➧QCD coupling extracted from:

 (i) Combined fit of 3 Z pseudo-observ:
 (ii) Full SM fit (with α

s
 free parameter)

a
s
(m

z
) = 0.1203 ± 0.0028  (±2.3%)

➧EXP/TH updates lead to better 
   agreement with full SM fit:

a
s
(m

z
) = 0.1202 ± 0.0028

Dashed=PDG. Full=This work

DdE, Jacobsen: arXiv:2005.04545 [hep-ph]

   PDG’21: a
s
(m

z
) = 0.1194 ± 0.0029       PDG’21: a

s
(m

z
) = 0.1221 ± 0.0027  (±2.3%)    
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aass from hadronic W decays (Update) from hadronic W decays (Update)

➧Parametrized W boson Γ
W
, Γ

W
, Γ

W
, R

W
 (with a

s
,a,a

s
a

  
corrections): 

DdE, Jacobsen: arXiv:2005.04545 [hep-ph]

➧Numerical evaluation of W boson (N3LO + EW corrs.) pseudo-observables : 

tothadlep 4
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aass from hadronic W decays (Update) from hadronic W decays (Update)

➧QCD coupling extracted from new N3LO fit of combined Γ
W
, R

W
 pseudo-observ.: 

➧Still very imprecise extraction:

 – Large propagated parametric uncert. 
    from poor V

cs
 exp. precision (±2%):

    QCD coupling unconstrained: 0.04±0.05

 – Imposing CKM unitarity: large exp.
    uncertainties from Γ

W
, R

W
 (±0.9–2%):

    QCD coupling with ~27% precision

 – Propagated TH uncertainty much
    smaller today than exp. ones: ~1%

a
s
(m

z
) = 0.101 ± 0.027  (±27%)

DdE, Jacobsen: arXiv:2005.04545 [hep-ph]
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aass from hadronic Z decays (future) from hadronic Z decays (future)

➧10 times better precision than today:
  da

s
/a

s
 ~ ±0.2% (exp+th), ±0.1% (exp)

   Strong (B)SM consistency test.

➧QCD coupling extracted from:

 (i) Combined fit of 3 Z pseudo-observ:
 (ii) Full SM fit (with α

s
 free parameter)

➧FCC-ee:
 – Huge Z pole stats. (×105 LEP):
 – Exquisite systematic/parametric 
    precision (stat. uncert. negligible):

 – TH uncert. to be reduced by ×4 computing
    missing a

s
5, a3, aa

s
2,aa

s
2,a2a

s
 terms

a
s
(m

z
) = 0.12030 ± 0.00028  (±0.2%)

➧

DdE, Jacobsen: arXiv:2005.04545 [hep-ph]
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aass from hadronic W decays (future) from hadronic W decays (future)

➧QCD coupling extracted from new N3LO fit of combined Γ
W
, R

W
 pseudo-observ.: 

➧FCC-ee extraction:

 – Huge W pole stats. (×104 LEP-2).

 – Exquisite syst./parametric precision:

 – TH uncertainty to be reduced by ×10 
    after computing missing a

s
5, a2, a3,

    aa
s
2,aa

s
2,a2a

s
 terms

DdE, Jacobsen: arXiv:2005.04545 [hep-ph]

a
s
(m

z
) = 0.11790 ± 0.00023  (±0.2%)

←O(1012) D mesons
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Future eFuture e++ee–– colliders under discussion colliders under discussion

■  FCC-ee features lumis a few times larger than other machines over 90–240 GeV

■  Unparalleled Z, W, jets, τ,… data sets: Negligible a
s
 stat. uncertainties  

CIRCULARCIRCULAR

LINEARLINEAR

  FCC-ee

  CepC

  CLIC
  ILC

Z pole

WW
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➧EWK couplings to 1–10%

(stat.) 
100 keV (syst.)100 keV (syst.)

5

40  MeV (th.)
(stat.) 

1  

Ultra-precise W, Z, top physics at FCC-eeUltra-precise W, Z, top physics at FCC-ee

■ Unparalleled Z, W, jets, τ,… data sets: Negligible a
s
 stat. uncertainties   

■ Unparalleled syst. uncert.: dE
cm

(Z,W) ~ 0.1, 0.3 MeV→ Very precise Γ
W,Z

Ös=91 GeV, 1012 Z's    Ös=161 GeV, 108 W's   Ös=350 GeV, 106 tops   
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aass from hadronic W decays (today) from hadronic W decays (today)

➧Width known at N3LO. As for Z boson, small sensitivity to a
s
 (only beyond Born):

a
s
(1-4)|V

i,j
|2

  + 
aa

s

  + 

➧

➧

-0.05%

[EWK: -0.35%]

3.78%96.60%

Careful evaluation of parametric (V
i,j
, m

W
) & theoretical uncertainties:

– Parametric uncertainty:                        ±22.40 MeV (dominated by V
cs

)

                                                                 ±0.96 MeV (CKM unitarity, dominated by m
W
)

– Higher-order QCD corrections:             ±0.2 MeV (diffs. N3LO vs N4LO for G
Z
)

– Higher-order EWK, mixed corrections: ±0.035 MeV (from D.Kara NPB877(2013)683)
– Others (non-pQCD (L

QCD
/m

W
)4, finite q masses above LO, ren. scheme,…): negligible

Recalculation of partial and total hadronic W widths:
DdE, Srebre:arXiv:1603.06501
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FCC-ee (91 GeV) syst. uncertaintiesFCC-ee (91 GeV) syst. uncertainties
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FCC-ee Luminosity, Operation, Data samplesFCC-ee Luminosity, Operation, Data samples
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