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Foreword: Mostly covering αs extractions from the PDG’24 (other more recent
extractions will be shown during this workshop), plus future perspectives from:

https://arxiv.org/abs/2203.08271
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Introduction: QCD coupling Introduction: QCD coupling aa
ss

L≈0.2 GeV 

QQ2 2 ==  mmZZ

             

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

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

■ Runs as inverse logarithm of energy scale Q2 according to the RGE:

      
      
 

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

s
≈ln(Q2/L2) , L≈0.2 GeV  –1
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■ Determines strength of the strong interaction among quarks & gluons.

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

Introduction: QCD coupling Introduction: QCD coupling aa
ss

 –1

➧1986: First PDG world-average with ~100% uncertainty.
➧2025: Where are we 40 yrs later? How EIC/future-colliders will improve it? 

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

s
≈ln(Q2/L2) , L≈0.2 GeV 
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Motivation: QCD coupling Motivation: 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.≈ 10% Uncert. ≈ 2.5%

➧ ➧

Uncert.~0.8%

 –1

2024             

Uncert. ≈ 0.8%
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Motivation: Motivation: aass impact beyond QCD impact 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?)

e+e-→ttbar

Δm
t 
≈∓30 MeV
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World World aass determination (PDG 2024) determination (PDG 2024)

■ 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 2024) (PDG 2024)
■ χ2-based average of (unweighted) pre-averages from 7 categories of observables:

  a
s
(M

z
) = 0.1180 ± 0.0009  (±0.8%)

➧

➧

➧

DIS & PDFs fits (7 values):
   a

s
(M

z
) = 0.1161 ± 0.0022  (±1.9%)

Hadron collider measurements (7 values):
   a

s
(M

z
) = 0.1168 ± 0.0027  (±2.3%)

Electroweak precision fits (3 values):
   a

s
(M

z
) = 0.1203 ± 0.0028  (±2.3%)

Lattice QCD (1 FLAG average value):
   a

s
(M

z
) = 0.1184 ± 0.0008  (±0.7%)

e+e-→hadrons final states (7 values):
   a

s
(M

z
) = 0.1189 ± 0.0037  (±3.1%)

➧

Hadronic tau decay (5 values):
   a

s
(M

z
) = 0.1173 ± 0.0017  (±1.4%)

Quarkonia properties (6 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: large μ scale for pQCD 
   part, well-defined continuum limit,
   latt. size/spacing: L/a⨠ μ/ΛQCD,

   peer-reviewed results.

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

➧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
 fixed to exp. data: [FLAG Collab. http://flag.unibe.ch]

 a
s
 = 0.1184 ± 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%)

■ Theoretically:
    – “Historical” diffs. in pQCD approaches.
       FOPT vs. CIPT OPE truncations 
       (matching to npQCD spectral functions):
    – Reconciled via IR renormalon-free 
       gluon condensate?
    – (CIPT not in PDG for now)

■ Uncertainty driven today by:
    – non-pQCD corrections (duality 
       violations): Note: (L/m

t
)2 ~ 2%

➧Future prospects:
   – N4LO corrections.
   – Better spectral functions needed: 
      BELLE-II, STCF. Longer future: O(1012) Z→tt at FCC-ee(90)
   – Reconciling FOPT vs. CIPT? 

Hadronic τ spectral function

 a
s
 = 0.1173 ± 0.0017 (±1.4%)
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(3) (3) aass from e from e++ee-- event shapes & jet rates event shapes & jet rates
■ Computed at N2,3LO+N2LL accuracy.
■ Experimentally (LEP):
    Thrust, C-parameter, jet shapes
    3-jet x-sections

■ Results sensitive to non-pQCD
   (hadronization) corrections.
  ➧Accounted for via MCs or analytically:

 a
s
(M

z
)= 0.1171 ± 0.0031 (±2.6%)

 a
s
(M

z
) = 0.1189 ± 0.0037 (±3.1%)

Analytic npQCD
modeling not in 
PDG for now... 

➧– Impact of power corrections & NNLL
   resummations in the 2-jet limit?
– Uncertainty of mass-scheme to extend
   evt. shapes to massive hadrons?
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(3) (3) aass from e from e++ee-- event shapes & jet rates event shapes & jet rates

➧Future prospects:
– Better power-corrs 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+N2LL 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:

Nason, Zanderighi
arXiv:2301.03607

NNLO T,C,y
3
 fits in 3-jet region

[S.Ravasio-Ferrario]
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(4) (4) aass from DIS struct. functions from DIS struct. functions

■ N2,3LO 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 prospects: New high-precision F
2
(x,Q2) at EIC.



13/27Extracting alpha_s at EIC/Future, May’25                                                             David d'Enterria (CERN)

(4) (4) aass extraction from global-PDF fits extraction from global-PDF fits

■ NNLO PDF fits extract a
s
 by leaving it float in the global fit (PDF+a

s
 fit):

 ■ Diffs. across fits: Tolerance factors, weights on specific data sets, parametriz. biases
 ■ Theory uncertainties (size of missing HO corrections)? Full N3LO upcoming.

 ➧ Future prospects: New high-precision (polarized) PDF(x,Q2) at EIC.

as(Mz) = 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 ± 0.031

NNPDF3.1

  a
s
(M

z
) = 0.1161 ± 0.0022  (±1.7%)
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(5) (5) aass from hadron colliders: HERA jet x-sections from hadron colliders: HERA jet x-sections

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

■ Largest uncertainty from missing HO corrs. 
➧Future prospects: NNLO jet x-sections-based extractions at EIC
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(5) (5) aass extraction from LHC pQCD x-sections extraction from LHC pQCD x-sections

■ Method:  (1) Compare σ(exp) to σ(NNLO) for varying PDFs+a
s
 

       (2) Extract a
s
 via χ2 minimization (extra requiremnt: redo partial PDF fit)

■ Global requirement:
   – x-section NOT incorporated/incorporable in global-PDF fits (avoid “double counting”)

■ Theory requirements:
    – NNLO prediction: Few % scale uncertainty
    – Low non-pQCD & parametric (e.g. m

q
) uncertainties & controlled EW corrections

 ■ Exp. requirements:
    – Few % stat. uncertainty: Process with large cross sections (say σ≳100 pb). 

    – Few % syst. uncertainties: Ratios (luminosity & other syst. cancel out) better?

O(50%) O(20%) O(2–5%)pQCD accuracy:

   Note: 
   Gluon & a

s 
strongly

   (anti)correlated at
   high (low) x.
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(5) (5) aass extraction from LHC pQCD x-sections extraction from LHC pQCD x-sections
■ Increasing number of NNLO processes, but: not yet in global-PDF-fits, large x-
   sections, small EW/non-pQCD corrections, small exp. uncerts,...:

■  First ones tried: σtot(ttbar), σtot(W,Z), dσ/dpT(Z, low pT),... 
■  Not yet tried at NNLO: Ratios R

32
(pT) = σ(3j)/σ(2j), σ(Z+j)/σ(Z), σ(W+j)/σ(W),…

Note: Different TH prescriptions exist to construct “correct” NNLO R
X
 ratios...
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(5) (5) aass from inclusive LHC ttbar x-sections from inclusive LHC ttbar x-sections

■ Compare σ(exp,ttbar) to σ(NNLO,ttbar) for diff. PDFs+a
s

    + Advantages: Direct LO sensitivity to a
s
 (via gg→ttbar)

   – Disadvantages: O(5%) exp/th. uncertainties, dependence on m
top

■ First tried by CMS (pp @ 7TeV). Extended to 8 LHC data sets by Klijnsma et al.

 as = 0.1177 ± 0.0035 (±3.0%)
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(5) (5) aass from inclusive LHC W, Z x-sections from inclusive LHC W, Z x-sections

■ Compare σ(exp;W,Z) to σ(NNLO;W,Z) for diff. PDFs+a
s

    + Advantages: O(1–2%) exp/th. uncertainties
   – Disadvantages: No LO sensitivity to a

s
 (only via K

NnLO
~1.3)

■ First tried by CMS (pp @ 7,8 TeV). Extended to 28 LHC data sets by DdE&Poldaru

 a
s
 = 0.1180 ± 0.0016 (±1.3%)

➧Future: Add past-2020 data sets + redo (partial) aN3LO PDF fit.

➧Lumi is leading EXP uncert. 

JHEP 06 (2020) 016, 1912.11733 [hep-ph]

https://arxiv.org/abs/1912.11733
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(5) (5) aass from inclusive jet x-sections (CMS) from inclusive jet x-sections (CMS)

■ Combined xFitter NNLO fit of PDF+a
s
 of incl. jet d2σ/dydpT + HERA DIS data

    + Advantages: Correlation of gluon PDF & a
s
 accounted for.

■ CMS 13 TeV [arXiv:2111.10431] HERAPDF-like analysis:

■ Extraction with small (mostly fit) uncertainty:

➧Multiple jet spectra incorporated into upcoming full global-PDF fits. 
   (overall tolerance will decrease a

s 
sensitivity?)

 a
s
 = 0.1166 ± 0.0017 (±1.5%)

➧Leading exp. 
   uncert: JES/JER

➧
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(5) (5) aass from EEC in multijet events (ATLAS) from EEC in multijet events (ATLAS)

■ Multijet energy-energy correlations available at NNLO
   + Advantages: Small exp. uncertainties (JES/JER). PDF uncertainties subleading. 

■ RGE running of QCD coupling tested up to scales Q≈H
T
/2≈ 2 TeV

 a
s
 = 0.1175             (±1.5–3.0%)+0.0035

-0.0018

[arXiv:2301.09351]

(TH scale still leading uncertainty)
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(5) (5) aass from Z boson d from Z boson dσσ/dp/dp
TT recoil (ATLAS) recoil (ATLAS)

■ Differential Z boson x-sections available at N2,3LO+N3,4LL
■ Method: Compare dσ/dpT(exp) to dσ/dpT(NnLO+NnLL) for diff. PDFs/a

s
: Extract a

s
 

   + Advantages: O(<1%) exp. uncertainties, direct sensitity to a
s
 (ISR gluon)

   – Disadvantages: Sensitivity to npQCD effects, resummation, HF PDFs

■ Extraction with “aggressive” 
    ±0.75% uncertainty:
   - Just one approx-N3LO PDF fit used
   - Gaussian npQCD model under good control?

 (not yet in PDG) 

 [arXiv:2309.12986]

 a
s
 = 0.11828 ± 0.00088 (±0.75%)

https://inspirehep.net/literature/2702147
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(5) (5) aass from energy correlations inside jets (CMS) from energy correlations inside jets (CMS)

■ 3-,2-particle jet substructure energy correlators 
  (E3C and E2C) as a function of ang. separation (xL) known at NLO+NNLL.
   Advantages: Insensitive to PDFs. Uncorrelated with other extractions

 (NLO, not in PDG) 

PRL133 (2024) 071903,
arXiv:2402.13864 

■ New & most precise a
s
 extraction from jet substructure so far. 

   Does E3C/E2C ∝ a
s
 hold at NnLL? NNLO theory soon?

https://arxiv.org/abs/2402.13864
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(6) (6) aass from Z boson hadronic decays from Z boson hadronic decays

➧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
) = 0.1203 ± 0.0028  (±2.3%)

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 EW bosons hadronic decays from EW bosons hadronic 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 such as FCC-ee

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%)

1012 Z bosons
10-5 syst. uncerts.

108 W bosons
10-5 syst. uncerts.

[DdE&Jacobsen, 2005.04545 [hep-ph]]

https://inspirehep.net/literature/1795063
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Summary: Current & future Summary: Current & future aas s precisionprecision
■ Well-defined exp./th. path towards a

s
(m

z
) permil precision in coming years
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Summary: Summary: aass wish-list for the next ~10 years wish-list for the next ~10 years

■ Theoretical needs to approach (0.1%) precision:
   (1) Lattice QCD: Sufficient dedicated computing resources & person-power:

     - 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 phenomenology efforts:

     - N4LO for tau decays. Completion of hadronic τ decay renormalon analysis
     - Advanced power corrections for e+e− event shapes & 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,…
     - Z, W hadronic decays at N4LO & mixed QCD+EW needed for longer term.

■ Experimental needs to approach (0.1%) precision:
   (3) Extension of N2,3LO hadron-collider- and/or PDF-based extractions via:

     - LHC: Add new precision observables & datasets (TEECC, Z pT, σi
/σ

j
 ratios,...)

                Improved treatment of exp. correl. matrices uncertainties among measurements
     - EIC: New DIS measurements (also LHeC/FCC-eh): F2

p,d(x,Q2), PDFpol(x,Q2), Bj.SR 
     - FCC: Hadronic Z (and W) decays is the only non-lattice method known that
       can reach permil precision: Tera-Z machine needed.  
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https://indico.cern.ch/e/alphas2025

https://indico.cern.ch/e/alphas2025
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Backup slidesBackup slides
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Where LHC has made/can make an impact?Where LHC has made/can make an impact?

■ 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%)

➧

➧
➧



30/27Extracting alpha_s at EIC/Future, May’25                                                             David d'Enterria (CERN)

(5) (5) aass from inclusive ttbar x-sections (CMS) from inclusive ttbar x-sections (CMS)

■ Compare σ(exp,ttbar) to σ(NNLO,ttbar) for diff. PDFs+a
s

    + Advantages: Direct LO sensitivity to a
s
 (via gg→ttbar)

   – Disadvantages: O(5%) exp/th. uncertainties, dependence on m
top

■ Latest extraction from CMS: pp @ 13 TeV [1812.10505 [hep-ex]]

   Extraction with ~3% uncert. from σ(exp) & PDF. Correlation of a
s
 & g(x,Q2) & m

top
 

■ Future: ±3% compressible? Worth adding all data sets (past 2018) + redo fit?

 a
s
 = 0.1145 ± 0.0033 (±2.9%)➧Lumi is leading EXP uncert. 
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(5) (5) aass from inclusive jet x-sections (LHC) from inclusive jet x-sections (LHC)

■ Compare dijet dσ/dpT(exp) to dσ/dpT(NNLO) for diff. PDFs+a
s

➧Preliminary extraction (NNPDF3.1 based) with small (±1.7%) uncertainty. 
    Does this uncertainty cover the extractions from other PDF sets?

 a
s
 = 0.1145 ± 0.0020 (±1.7%)
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(3) (3) aass extraction from global-PDF fits extraction from global-PDF fits
■ Perform a common global-PDF fit + a

s
 extraction:

    Note: gluon & a
s
 strongly (anti)correlated at high (low) x.

■ Theory requirements:
    – NNLO prediction: Few % scale uncertainty
    – Low non-pQCD & controlled EW (and mixed QCD⊗EW) corrections

 ■ Exp. requirements:
    – Ideally, full correlation matrices across observables needed for proper 
       uncertainties propagation.

O(50%) O(20%) O(2–5%)pQCD accuracy:
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aass from  from φφ  correlations in multijet events (CMS)correlations in multijet events (CMS)

■ Azimuthal-correlation observable (available at NLO so far only)
■ Preliminary result from CMS [SMP-22-005]:

PRELIMINARY

■ Not a precise extraction yet, but RGE running tested up to Q≈H
T
/2≈2 TeV.

   Testing a
s
 running to Q→10 TeV is key for LHC physics programme.

 a
s
 = 0.1175             (<10%)+0.0117

-0.0074
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Summary: CMS past/future impact on Summary: CMS past/future impact on aass    
■ CMS has directly contributed to 2 NNLO a

s
 values in PDG:

■ New NLO observables studied by CMS (theory needs NNLO upgrade):

 a
s
 = 0.1145 ± 0.0033 (±2.9%)

 a
s
 = 0.1170 ± 0.0019 (±1.6%)

■ CMS has indirectly contributed to 2+1 a
s
 NNLO values in the PDG:

φ multijet correls.

σtot(ttbar)
dσ/dpT(j)

σtot(W,Z)σtot(ttbar)

Jet substruc.

■ New NNLO ratios to be 
   studied, to reach ±1%?

R32(pT
min)=σ(3j)/σ(2j), 

σ(Z,W+j)/σ(Z,W),...

 a
s
 = 0.1180 ± 0.0016 (±1.3%)

 a
s
 = 0.1177 ± 0.0035 (±3.0%)

 a
s
 = 0.1161 ± 0.0022 (±1.6%)

➧Lumi/JES/JER leading EXP uncerts. 

➧Lumi is often lead EXP unc. 
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Summary: CMS past/future impact on Summary: CMS past/future impact on aass    
■ CMS has directly contributed to 2 NNLO a

s
 values in PDG:

■ New NNLO observables studied by ATLAS:

 a
s
 = 0.1180 ± 0.0016 (±1.3%)

 a
s
 = 0.1177 ± 0.0035 (±3.0%)

 a
s
 = 0.1145 ± 0.0033 (±2.9%)

 a
s
 = 0.1170 ± 0.0019 (±1.6%)

 a
s
 = 0.1161 ± 0.0022 (±1.6%)

■ CMS has indirectly contributed to 2+1 a
s
 NNLO values in the PDG:

dσ/dpT(Z)

σtot(ttbar)
dσ/dpT(j)

σtot(W,Z)σtot(ttbar)

 as = 0.1175            (±1.5–3.0%)+0.0035
-0.0018

 a
s
 = 0.11828 ± 0.00088 (±0.7%!?)

(A)TEEC

➧Lumi is often lead EXP unc. 

➧Lumi/JES/JER leading EXP uncerts. 
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aass from  from inclusive σ(W,Z) in hadronic collisionsinclusive σ(W,Z) in hadronic collisions

■

■



37/27Extracting alpha_s at EIC/Future, May’25                                                             David d'Enterria (CERN)

Experimental data & NNLO computationsExperimental data & NNLO computations

■

■

■

0.2–0.6% numerical accuracy, comparable to ~1% diffs. to alternative NNLO 
calculators: FEWZ, DYNNLO (impact on final a

s 
result assessed at the end)

√s (TeV)
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Exp. & theor. uncertainties. Exp. & theor. uncertainties. χχ22/ndf data-theory/ndf data-theory

■ NNLO-data for default a
s
=0.118: Goodness-of-fit ~1 for CT14/MMHT14

                                                                                  ~2 for HERAPDF2.0/NNPDF3.0

■ Experimental & theoretical uncertainties and their correlations:
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σσNNLONNLO(W,Z) versus (W,Z) versus aass(m(mZZ) for CMS data) for CMS data

Exp. uncertainty
(mostly lumi)Theory uncertainty

(mostly PDF)

1σ ellipses are 

Joint Probability 
Density Functions
(product of data & 
theory uncertainties)

Crossing-line point 
indicates “perfect
match” of exp-theory
x-sections for the 
default a

s
(m

Z
)=0.118 

of all PDF sets
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σσNNLONNLO(W,Z) versus (W,Z) versus aass(m(mZZ) for CMS data) for CMS data

Exp. uncertainty
(mostly lumi)Theory uncertainty

(mostly PDF)

1σ ellipses are 

Joint Probability 
Density Functions
(product of data & 
theory uncertainties)

Crossing line point 
indicates “perfect
match” of exp-theory
x-sections for the 
default a

s
(m

Z
)=0.118 

of all PDF sets
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σσNNLONNLO(W,Z) versus (W,Z) versus aass(m(mZZ) for LHC data: Global trends) for LHC data: Global trends

■ Theory consistent with data within uncertainties but not systematically for the
   same a

s
(m

Z
) value (in particular, HERAPDF2.0 results do not always overlap

   with any of the others within the 1 std.-dev. region)

■ For a fixed a
s
(m

Z
) value, HERAPDF2.0 (NNPDF3.0) predict larger (smaller) 

   x-sections: HERAPDF2.0 (NNPDF3.0) prefer systematically smaller (larger) a
s
(m

Z
).  

   MMHT14 and CT14 predictions are in between (and less scattered).
 
■ HERAPDF2.0 (MMHT14) always has the smallest (largest) slope, i.e.
    HERAPDF2.0 (MMHT14) x-sections are the least (most) sensitive to a

s 
variations.
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Preferred Preferred aass(m(mZZ) per measurement & propag. uncertainty) per measurement & propag. uncertainty

■

■

■

■



43/27Extracting alpha_s at EIC/Future, May’25                                                             David d'Enterria (CERN)

Combination of Combination of aass extractions per data-set & PDF-set extractions per data-set & PDF-set

■

■

■

  

:                         
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Combined 28 Combined 28 aass extractions & average  extractions & average aas s per per PDFPDF

■ CT14, MMHT14 and
   NNPDF3.0 scatter around
   a

s
(m

Z
)=0.117–0.119 world

   average with ~1% propag.
   uncertainties.

■ HERAPDF2.0 is systema-
    tically below, a

s
(m

Z
)~0.110,    

   and ~2% propag. uncertainty
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  aass(m(mZZ) robustness wrt.) robustness wrt. exp./theor. ingredients exp./theor. ingredients

■ Stability of extracted a
s
(m

Z
) values per PDF cross-checked by varying key

   exp. &  theor. ingredients & uncertainties:

  (i) Data subsets: ATLAS/CMS/LHCb or 7, 8, 13 TeV
  (ii) Varying ρ=0–1 correlation of PDF/scale uncerts.

  (iii) ±1σ TH shift of central values prior to combination

  (iv) Adding ±1% TH uncert. (diffs. among NNLO calc.)
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Final combined Final combined aass extractions per PDF set extractions per PDF set

■ Final a
s
(m

Z
) values per PDF with break-down of uncertainties & χ2/ndf:

■ Preferred a
s
(m

Z
)=0.1188±0.0016 extraction from MMHT14:

    1) Largest sensitivity (slope) of σ(W,Z) to a
s

    2) Better χ2/ndf~1 of combined a
s
 values.

    3) Lowest (symm.) propag. uncert.
    4) Most robust wrt. analysis variations
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