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aass from  from inclusive σ(W,Z) in hadronic collisionsinclusive σ(W,Z) in hadronic collisions

■

■
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σ(W,Z) measurements in CMS, LHCb & ATLASσ(W,Z) measurements in CMS, LHCb & ATLAS

■ Inclusive W & Z x-sections 
    are the most precisely
    known at the LHC:

   – Experimentally:
     Stat. uncerts. <0.5%
     Syst. uncerts. below ~2% 
     (lumi) in some cases.

   – Theoretically:
      Scale uncertainty: 0.5–1%
      PDF uncertainty: 2–4% 
     (that’s why a

s
 extraction

      is done per PDF set).

■ Up to 2019, there were
    12+9+7=28 leptonic fiducial
    measurements by
    CMS+LHCb+ATLAS.

    We exploited them to carry  
    out a novel a

s
 extraction.
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Theoretical setupTheoretical setup

■

■

■

■

■

■

(*) None of these PDFs use in their global fits the absolute σ(W,Z) values exploited here.

 (*) 

in defined fiducial vol.
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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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Examples of NNLO fiducial x-sections per PDFExamples of NNLO fiducial x-sections per PDF

CT14:
HERAPDF2.0:
MMHT14:
NNPDF3.0:
MCSANC corr.

CT14:
HERAPDF2.0:
MMHT14:
NNPDF3.0:
MCSANC corr.

CT14:
HERAPDF2.0:
MMHT14:
NNPDF3.0:
MCSANC corr.

CT14:
HERAPDF2.0:
MMHT14:
NNPDF3.0:
MCSANC corr.

Data:

Data:

Data:

Data:
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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 ATLAS data) for ATLAS data

Experimental uncer-
tainty (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 LHCb data) for LHCb data

Experimental uncer-
tainty (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 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

■

■

■

■
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Preferred Preferred aass(m(mZZ) per measurement & per PDF) per measurement & per PDF

■ Example of preferred a
s
(m

Z
) per measurement & PDF (total: 28×4 = 112 values):

■ Dominant propagated a
s
(m

Z
) uncertainties: Luminosity (exp.) & PDF (theory) 
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Combination of Combination of aass extractions per data-set & PDF-set extractions per data-set & PDF-set

■

■

■

  

:                         
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Experimental syst. uncertaintiesExperimental syst. uncertainties

■ Typical (%) syst. uncertainties in W+,W-, Z x-section measurements (CMS exp.):
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Exp. uncertainties correlation matricesExp. uncertainties correlation matrices

■ Correlation matrices for the W+,W-, Z boson x-sections per experiment:

■ Correlations among W+,W-, Z x-section uncertainties sources (CMS exp.):
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Theoretical uncertainties correlationsTheoretical uncertainties correlations

■ Degree of correlation of PDF uncertainty for the a
s
(m

Z
) values extracted

   with the same PDF set is determined with Pearson correlation coefficients
   calculated from all x-sections computed with all individual eigenvectors/replicas
   for each pair of W± and Z measurements. Correlations for CT14, MMHT14
   HERAPDF2.0, NNPDF3.0 are found to be 0.4–0.8, 0.1–0.6, 0.4–0.8, and 0.8–1.0,  
   respectively. Stability of a

s
(m

Z
) wrt. assumed degree of correlation:

■ Correlations between scale uncertainty estimated for each pair of measurements 
also via Pearson correlation coefficients, vary over 0.0–0.8. When combining a

s
(m

Z
) 

estimates, each specific correlation coeff. for every specific pair of estimates is used.

Pearson’s 
correlat. range
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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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SummarySummary

■ New a
s
(m

Z
) extraction from high-precision inclusive EW

    boson x-sections at LHC (28 datasets up to 2019).
■ 112 individual NNLO a

s
(m

Z
) combined per PDF

    accounting for propagated exp./theory uncertainties:

■ a
s
(m

Z
)=0.1188±0.0016 (MMHT14) incorporated to PDG:



23/22+2α
s
(2022), ECT*-Trento, Feb’22                                                               David d'Enterria (CERN)

DiscussionDiscussion

■ The σ(W,Z)-based a
s
(m

Z
) extraction has been 

    “criticized” by Forte & Kassabov (also J.Rojo today):

0) Nobody(?) cares quantitatively about the “a
s
(m

Z
) preferred” by a given

    observable. We want to know “What would be the global a
s
(m

Z
) fitted by

    a given PDF global analysis if this observable was incorporated?”

    



24/22+2α
s
(2022), ECT*-Trento, Feb’22                                                               David d'Enterria (CERN)

DiscussionDiscussion

■ The σ(W,Z)-based a
s
(m

Z
) extraction has been 

    “criticized” by Forte & Kassabov (also J.Rojo today):

0) Nobody(?) cares about “a
s
(m

Z
) preferred” by a given

    observable. We want to know “What would be the
    global a

s
(m

Z
) fit by a given PDF global analysis if this

    observable was incorporated?”
1) Doesn’t this concern apply also to the σ(ttbar)-based

    and HERA jets-based a
s
(m

Z
) extractions?

2) The 28 (40+ now) inclusive σ(W,Z) measurements 

     are NOT directly included today into the global PDF fits.
3) The global-PDF fits have an intrinsic theory (MHOU)
    uncertainty, so this independent a

s
(m

Z
) extraction 

    provides a useful cross-check.

■ Wouldn’t it be more accurate/appropriate/consistent
    to incorporate the observables of the “hadron collider”
    PDG category into the PDF-fits and redo the a

s
(m

Z
) 

    extraction? Can this be done? How?
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Backup slidesBackup slides
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