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QCD, a key ingredient at future colliders
Ø QCD is crucial for many 𝑒𝑒, 𝑝𝑝 measurements:

Ø High-precision 𝜶𝑺: affects all x-sections & decays (Higgs, top, etc.)

Ø NnLO corrections, NnLL resummations: affects all pQCD x-sections & decays

Ø High-precision PDFs: affects all precision W,Z,H measurements & all searches in 
𝑝𝑝 collisions

Ø Heavy-Quark/Light-Quark/Gluon separation (jet substructure, boosted 
topologies, etc.): needed for all precision SM measurement & BSM searches 
with jets in the final jets

Ø Semihard QCD (low-x saturation, multiple parton interactions, etc.): significant 
pQCD x-sections at FCC-hh

Ø Non-perturbative QCD: affects final states with jets à colour reconnection, 
parton shower, hadronization, etc.
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Precision QCD in 𝒆!𝒆" collisions
Ø 𝑒"𝑒# collisions provide an extremely clean environment with fully-controlled 

initial state to probe quark and gluons dynamics very precisely
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Precision QCD inPrecision QCD in e e++ee-  -  collisionscollisions

■ e+e- collisions provide an extremely clean environment with fully-
   controlled initial-state to very precisely probe q,g dynamics:

Advantages compared to p-p collisions:

– QED initial-state with known kinematics

– Controlled QCD radiation

– Well-defined quark, gluon jets

– Smaller non-pQCD uncertainties:

  no PDFs, no QCD “underlying event”,…

  Direct clean parton fragmentation & hadroniz.

Ös ~ 91 GeV

Ös ~ 240 GeV

Ös ~ 160 GeV
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FCC-ee Advantages compared to 𝑝𝑝 collisions:
Ø QED initial state with known kinematics
Ø Controlled QCD radiation (final state)
Ø Well-defined quarks and gluon jets
Ø Smaller non-pQCD uncertainties (no 

PDFs, no QCD underlying events, etc.)
Ø Direct clean parton fragmentation and 

hadronization
Ø QCD physics in 𝛾𝛾 collisions
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Precision QCD inPrecision QCD in e e++ee-  -  collisionscollisions

■ e+e- collisions provide an extremely clean environment with fully-

   controlled initial-state to probe very precisely q,g dynamics:

Advantages compared to p-p collisions:

– QED initial-state with known kinematics

– Controlled QCD radiation (only in final-state)

– Well-defined heavy-Q, quark, gluon jets

– Smaller non-pQCD uncertainties:

  no PDFs, no QCD “underlying event”,…

  Direct clean parton fragmentation & hadroniz.

■ Plus QCD physics in �� (EPA) collisions:

(soft, VDM) (direct)

Ös ~ 91 GeV

Ös ~ 240 GeV

Ös ~ 160 GeV
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CERN FCC-𝒆𝒆 project
Ø 𝑒"𝑒# operation before 𝑝𝑝 at 𝑠 = 90, (125), 160, 240 and 350 GeV

Ø State-of-the-art detectors + exquisite control of the beam energy à tiny 
systematic uncertainties (10-5)
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CERN FCC-ee projectCERN FCC-ee project

● e+e- operation before pp at √s = 90, (125), 160, 240, 350 GeV

# of light-q jets/year:    O(1012)          O(107)        O(105)                –              O(108)
# of gluon-jets/year:     O(1011)          O(106)        O(104)                –              O(106)

# of heavy-Q jets/yr:    O(1012)          O(107)        O(105)            O(106)          O(108)         
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Future 𝒆!𝒆" colliders under discussion

Ø FCC-𝑒𝑒 features luminosities a few time larger than other machines over 90  -
300 GeV

Ø Negligible statistical uncertainty for 𝑍,𝑊, jets, …, 𝜏 data sets
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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 90–300 GeV

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

CIRCULARCIRCULAR

LINEARLINEAR

  FCC-ee

  CepC

  ILC

  CLIC
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QCD coupling 𝜶𝑺
Ø Currently determined by comparing 7 experimental observables to pQCD

NNLO or N3LO predictions, plus global average at the Z pole scale 
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World World aa
ss
 determination (PDG today) determination (PDG today)

■ Determined today by comparing 7 experimental observables to pQCD 

   NNLO,N3LO predictions, plus global average at the Z pole scale:

(1) t decays

(6) Z, W decays

(7) pp ttbar➞

(2) lattice

(4) PDFs

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

(3) QQbar     ee++ee--  

collisionscollisions

     e+e- ttbar➞
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Ø Computed at N3LO:

Ø Experimentally we have 𝑅$,&'( = 3.4697 ± 0.0080 (±0.23%)

Ø Various pQCD approaches                                                                                       
(Fixed Order Perturbation Theory                                                                                
- FOPT - vs Contour Improved                                                                                     
Perturbation Theory – CIPT) and                                                                                 
treatment of non-pQCD
corrections yield different results

Ø What next?
Ø Theory: better understanding of FOPT vs CIPT differences & need of N4LO
Ø Better spectral functions needed (better precision)
Ø Higher statistics: 𝒪(1011) from 𝑍 → 𝜏"𝜏# at FCC-ee(90)
Ø Extract the 𝜏 width from the ultraprecise measurement of its lifetime
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aa
ss
 from hadronic  from hadronic tt-lepton decays-lepton decays

➧Computed at N3LO:

➧Experimentally: R
t,exp

 = 3.4697 ± 0.0080 (±0.23%)

➧Various pQCD approaches

   (FOPT vs CIPT) & treatment 

   of non-pQCD corrections, yield

   different results.

   

Uncertainty slightly increased: 

   2013 (±1.3%)  2019 (➞ ±1.5%)

➧Future :

   – TH: Better understanding of FOPT vs CIPT differences.

   – Better spectral functions needed (high stats & better precision): 

      B-factories (BELLE-II)?

   – High-stats: O(1011) from Z→tt at FCC-ee(90)

da
s
/a

s
 << 1%a

s
(m

z
) = 0.1187 ± 0.0018  (±1.5%)

𝜶𝑺 from hadronic 𝝉-lepton decays
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𝜶𝑺 from 𝒆!𝒆" event shapes and jet rates
Ø Computed at N2,3LO+N(N)LL accuracy

Ø Experimental observables: Thrust, jet                                                                        
shapes, C-parameter, n-jet cross                                                                               
sections

Ø Results sensitive to non-pQCD e.g.                                                                           
hadronization accounted for via MCs                                                                     
or analytically 

Ø What next?
Ø FCC-𝑒"𝑒#: Lower 𝑠 (ISR) for shapes, higher 𝑠 for jet rates
Ø Theory: Improved NN(N)LL resummed calculations for rates, hadronization 

for shapes
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aa
ss
 from e from e++ee-- event shapes & jet rates event shapes & jet rates

➧Future:
– FCC-e+e- : Lower-Ös (ISR) for shapes, higher-Ös for jet rates
– TH: Improved (N2,3LL) resummation for rates, hadronization for shapes

➧Computed at N2,3LO+N(2)LL accuracy.

➧Experimentally (LEP):
    Thrust, C-parameter, jet shapes
    n-jet x-sections

➧Results sensitive to non-pQCD
   (hadronization) accounted for 
   via MCs or analytically (with some
disagreement)

da
s
/a

s
 < 1%a

s
(m

z
) = 0.1171 ± 0.027  (±2.6%)
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𝜶𝑺 from hadronic Z decays (FCC-𝒆𝒆)
Ø 𝛼) extracted at N3LO from:

Ø Combined fit of 3 Z pseudo                                                                                 
observables

Ø Full SM fit (with 𝛼! free parameter)

Ø At FCC-𝒆𝒆:
Ø Huge Z pole statistics (x105 LEP)
Ø Exquisite systematic precision (stat.                                                                           

uncertainties much smaller)

Ø Theory uncertainties reduced by a                                                                            
factor of 4 computing missing 𝛼)*, 𝛼+,
𝛼𝛼), and 𝛼,𝛼) terms

Ø 20 times times better precision than                                                                            
today: 𝜹𝜶𝑺

𝜶𝑺
~ ±0.2% (tot), ±0.1% (exp)           
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aa
ss
 from hadronic Z decays (FCC-ee) from hadronic Z decays (FCC-ee)

➧20! times better precision than today:

  da
s
/a

s
 ~ ±0.2% (tot), ±0.1% (exp)

   Strong (B)SM consistency test.

➧a
s
 extracted at N3LO from:

 (i) Combined fit of 3 Z pseudo-observ:

 (ii) Full SM fit (with �
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 ± 0.00014  (±0.1%)

➧

DdE, Jacobsen: arXiv:2005.04545 [hep-ph]
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aa
ss
 from hadronic Z decays (FCC-ee) from hadronic Z decays (FCC-ee)

➧10 times better precision than today:

  da
s
/a

s
 ~ ±0.2% (tot), ±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. much smaller):

– TH uncertainty 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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𝜶𝑺 from hadronic W decays (FCC-𝒆𝒆)
Ø 𝛼) extracted from N3LO                                                                                               

fit of combined Γ/ , 𝑅/
W pseudo observables: 
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aa
ss
 from hadronic W decays (FCC-ee) from hadronic W decays (FCC-ee)

➧Q extracted from N3LO 

    fit of combined ⇥
W
, R

W
 

    W boson pseudo-observ.: 

➧

➧FCC-ee:

 – Huge W pole stats. (�104 LEP-2).

 – Exquisite syst./parametric precision:

 – TH uncertainty to be reduced by �10 

    by 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

➧150! times better precision than today:

a
s
(m

z
) = 0.101 ± 0.027  (±27%)FCC Week 2022, Paris, May'22                                                          David d'Enterria (CERN)14/23
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𝜶𝑺 from photon QCD structure function
Ø Computed at NNLO:

Ø Poor 𝐹0,(𝑥, 𝑄,) experimental measurements

Ø NLO extraction with large                                                                                            
experimental uncertainties

Ø Future prospects:
Ø Fit with NNLO 𝐹0, evolution
Ø Better data
Ø Dedicated simulation studies (already                                                               

exist at ILC)
Ø Huge 𝛾𝛾 statistics at FCC-𝑒𝑒 will lead to                                                             
𝛿𝛼)/𝛼) < 1%
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aa
ss
 from photon QCD structure function (NLO) from photon QCD structure function (NLO)

a
s
 (m

z
) = 0.1198 ± 0.0054   

➧Future prospects:

   – Fit with NNLO F2
γ
 evolution (ongoing)

   – Better data badly needed: Belle-II ? 
   – Dedicated simul. studies at ILC exist:

   – Huge γγ (EPA) stats at 
      FCC-ee will lead to: da

s
/a

s
 < 1%

➧Computed at NNLO:

➧Poor F2
γ
(x,Q2) experimental measurements:

➧Extraction (NLO) with large exp. 
   uncertainties today:

[M.Klasen et al. PRL89 (2002)122004]

[R.Nisius, arXiv:0907.2782]

(±4.5%)
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Quark-gluon discrimination
Ø Exciting but challenging prospects in 𝑝𝑝 collisions

Ø Enhance quark signal at hadron colliders

Ø Several handles exist to separate quark and                                                       
gluons:
Ø Gluons radiate more
Ø Spin correlations in subjet location
Ø pT - weighted jet charge

DIS2022                                                          Eduardo Ploerer (VUB)14/21

Quark-gluon discriminationQuark-gluon discrimination

■  Exciting but challenging prospect in pp collisions
   ➧Enhance quark signal at hadron colliders

      (e.g. VBF, ttH hadronic W’s, hadronic W/Z+jets)

    ➧ Multijet BSM final states 

■  Several handles exist to separate quarks and 

gluons (in principle):

    ➧ Gluons radiate more C
F
= 4/3 < CA= 3   

    ➧ Spin correlations in subjet location 

    ➧ pT-weighted jet charge  

■  ML approaches have already 

found success 
    ➧ unclear how much we can trust gluon

    disc. presently  

see [J.Gallicchio & M.Schwartz,   
1211.7038 [hep-ph]] 

[F.Bedeschi, L.Gouskos, 
M.Selvaggi, 2202.03285 [hep-ex]] 

[Cornelis CMS, arxiv: 1409.3072] 

see [J.Gallicchio & M.Schwartz,   
1211.7038 [hep-ph]] 

1409.3072

1211.7038

Machine Learning (ML) approaches 
have already found success!2202.03285

Rejection of ud jets is the most 
challenging, due to similar particle 

displacement and nature 
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High-precision gluon and quark jet studies
Ø Exploit FCC-𝑒𝑒 𝐻(𝑔𝑔) as a pure gluon factory:                                                         
𝐻 → 𝑔𝑔 (BR ~ 8% accurately known) provides                                                          
120000 extra clean digluon events

Ø Multiple handles to study gluon radiation and                                                          
gluon-jet properties:
Ø Gluon vs. quark via 𝐻 → 𝑔𝑔 vs 𝑍 → 𝑞<𝑞
Ø Gluon vs. quark via 𝑍 → 𝑏<𝑏𝑔 vs 𝑍 → 𝑞<𝑞

Ø Multiple high-precision analyses possible: 
Ø Access to light-quark Higgs Yukawa                                                                           

couplings
Ø BSM: Improve q/g/Q discrimination tools
Ø pQCD: High-precision QCD coupling
Ø non-pQCD: Gluon fragmentation, colour                                                        

reconnection 

1702.01329

LH angularities

Improved MC tuning
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Colour reconnection
Ø Colour Reconnection (CR) of partons impacts final state kinematics e.g. 

shifted angular correlations, invariant mass shifts, etc.

Ø Exact dynamic poorly understood

Ø Source of uncertainty in mW, mtop, anomalous Gauge Couplings extractions in 
multijet final-states 

Ø CR impacts all FCC-𝑒𝑒 multi-jet final states:                                                               
𝑒"𝑒# → 𝑊𝑊 4𝑗 , 𝐻 2𝑗, 4𝑗 , 𝑡 ̅𝑡, …

Ø Combined LEP 𝑒"𝑒# →WW(4j) data best                                                              
described with 49% CR, 2.2𝜎 away from no-CR

Ø String-drag effect on W mass (hinted at LEP)

Ø Exploit huge W stats (x104 LEP) to measure mW
leptonically & hadronically and constrain CR  

DIS2022                                                          Eduardo Ploerer (VUB)19/21

Colour reconnectionColour reconnection

■ Colour reconnection of partons impacts final state kinematics 

(shifted angular correlations, invariant mass shifts)

■ Exact dynamics poorly understood

■ Source of uncertainty in m
W
, m

top
, (aGC extractions) in multijet final-

states (especially in pp: MPI cross-talk)

  ► CR impacts all FCC-ee multi-jet final-states:

     e+e-→WW(4j), Z(4j), ttbar,…

     String-drag effect on W mass (hinted at LEP)

 ► Exploit huge W stats ( 10✕ 4 LEP) to measure m
W
 

leptonically & hadronically and constrain 

    CR in hadronic WW.

q 

q 

q 

q q 

q q 

q 
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High-precision parton FFs
Ø Parton-to-hadron fragmentation functions evolution known known at NNLO at 

high-z and at NNLO*+NNLL at low-z 

Ø FCC-𝑒𝑒 (much broader z range) provides additional QCD coupling 
extractions, allowing for 𝛿𝛼) < 1%

FCC Week 2022, Paris, May'22                                                          David d'Enterria (CERN)33/23

High-precision parton FFsHigh-precision parton FFs

■  Parton-to-hadron fragment. functions evolution known at NNLO at high-z & 

                                                                    at NNLO*+NNLL at low-z: 

   provide additional QCD coupling extractions:

[D.Anderle et al., A.Vossen et al., B.Kniehl et al., 

 V.Bertone et al., N.Sato et al., D.deFlorian et al.,...]

[Kotikov et al.,

 Perez-Ramos,

 D.d'E.] 

■ FCC-ee (much broader z range) allows for a
s
 extraction with da

s 
< 1%

1702.01329
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QCD uncertainties on EWK observables
Ø With x105 more Z’s than LEP, EWK observables at FCC-𝑒𝑒

will be dominated by systematics (QCD)

Ø 𝑒"𝑒# → 𝑏<𝑏 forward-backward asymmetry at LEP

Ø Experimental EWPOs with the largest                                                                    
discrepancy wrt the SM: 2.8𝜎

Ø Total uncertainty: ~1.6%
Ø Statistical: 1.5% (~0.05% at FCC-𝑒𝑒)
Ø Systematics: 0.6% (QCD: 0.4% at                                                                                  

FCC-𝑒𝑒)

Ø QCD effects on 𝐴12
3,4:

Ø Gluon splitting
Ø Smearing of b-jet/thrust axis
Ø b- and c-quark radiation and                                                                             

fragmentation (B/D hadron decay                                                                    
models)

DIS2022                                                          Eduardo Ploerer (VUB)27/21

QCD uncertainties on EWK observablesQCD uncertainties on EWK observables

■  With ×105 more Z's than LEP, EWK uncertainties 

    at FCC-ee will be dominated by syst. (QCD).

    Example: e+e-
  bb forward–backward asymmetry

    – 8 measurements at LEP:

       4 lepton-based, 4 jet-charge-based 

    – Exp. observable with largest discrepancy 

       today wrt. the SM: 2.8s

■ Exp. Uncertainties: ~1.6% 

    – Statistical: ±1.5% (~0.05% at FCC-ee)

    – Systematics: ±0.6% (QCD-related: ±0.4%)

■  QCD effects on A
FB

 (depending strongly on 

    exp. selection procedure):

    – Gluon splitting (TH control: a
s

2 corrections)

    – Smearing of b-jet/thrust axis

    – b and c radiation & fragmentation. B and D decay models.

      [Uncertanties estimated by Abbaneo et al., EPJC 4 (1998)]

■  We have revisited the impact of QCD effects on A
FB

 implementing

0,b

     original analyses in up-to-date retuned parton-shower+hadronization MCs 

0,b
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Reduced QCD uncertainties on AFB
Ø QCD uncertainties recomputed from Pythia8.226 and VINCIA2.2

Ø 𝑒"𝑒# → 𝑏<𝑏 AFB asymmetry for lepton-based analyses:

Ø 𝑒"𝑒# → 𝑏<𝑏 AFB asymmetry for jet-charged-based analyses:

Ø 2020 vs 1998 PS + hadronization uncertainties halved: 0.7% (lepton-based) 
and ~0.3% (jet-charged-based analyses)

Ø FCC data needed to reduce PS & non-pQCD systematic uncertainties
DIS2022                                                          Eduardo Ploerer (VUB)28/21

Reduced QCD uncertainties on AReduced QCD uncertainties on A
FBFB

 at Z pole at Z pole

■ QCD uncertainties recomputed from PYTHIA8.226 (7 tunes) & VINCIA2.2

■ e+e-
  bb forward–backward asymmetry for lepton-based analyses:

■ e+e-
  bb forward–backward asymmetry for jet-charge-based analyses:

    

■ 2020 vs. 1998 parton shower+hadronization uncertainties: 
   – Lepton-based: Consistent for ALEPH, slightly smaller for DELPHI, L3, OPAL.

   – Jet-charge-based: Much smaller for all experiments.

■ Improved PS & non-pQCD tunes w/ e+e- data needed to reduce syst. uncert. 

[DdE & Yan, 
2011.00530 [hep-ph] ] 

BLUE: total syst.

RED: QCD syst 
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Summary & outlook
Ø The precision needed to fully exploit all future 𝑒𝑒, 𝑝𝑝, 𝑒𝑝, 𝑒𝐴, 𝐴𝐴 SM and BSM 

programs requires precise control of pQCD and non-pQCD physics

FCC Week 2022, Paris, May'22                                                          David d'Enterria (CERN)23/23

Summary: High-precision QCD at FCC-eSummary: High-precision QCD at FCC-e++ee--

 (1) Per-mille a
s
 via hadronic

  Z,W,t decays, evt shapes... 

  ☛ The precision needed to fully exploit all future ee/pp/ep/eA/AA SM & 

      BSM programs requires exquisite control of pQCD & non-pQCD physics.

  ☛ Unique QCD precision studies accessible at FCC-ee:

 (4) <<1% control of

  colour reconnection

 (5) High-precision 

       hadronization: 

 (2) NnLO+NnLL jet structure 

     Ultimate g/q/Q discrimination

 (3) Reduced PS+hadroniz.

      uncert. of EWPOs
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QCD coupling 𝜶𝑺
Ø Determines strength of the strong interaction between quarks and gluons

Ø Determined at 𝑄 = 𝑚5, decreases as 𝛼) ~ ln(𝑄,/Λ,) with Λ ~ 0.2 GeV

Ø Least precisely known of all interaction couplings!  

Ø 𝛿𝛼 ~ 10-10 ≪ 𝛿GF ≪ 10-7 ≪ 𝛿G ~ 10-5 ≪ 𝛿𝛼) ~ 10-3

DIS2022                                                          Eduardo Ploerer (VUB)7/21

QCD coupling QCD coupling aa
ss

➧Determines strength of the strong interaction between quarks & gluons.

➧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%

➧ ➧➧

2019             

Uncert.~0.85%
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Importance of the QCD coupling 𝜶𝑺
Ø Impacts all QCD cross sections and decays!

Ø Impacts physics approaching Plank scale: EW vacuum stability, GUT, etc.

FCC Week 2022, Paris, May'22                                                          David d'Enterria (CERN)7/23

Importance of the QCD coupling Importance of the QCD coupling aa
ss

➧Impacts all QCD x-sections & decays (H), precision top & parametric EWPO:

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

(New coloured 

 sectors?)

(New coloured 

 sectors?)
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𝜶𝑺 from hadronic W/Z decays
Ø W and Z observables theoretically known at N3LO accuracy:

Ø Measured at LEP with ±0.1-0.3% (Z), ±0.9-2% (W) exp. unc.

FCC Week 2022, Paris, May'22                                                          David d'Enterria (CERN)26/23

aa
ss
 from hadronic Z, W decays from hadronic Z, W decays

➧Z & W observables theoretically known at N3LO accuracy:

➧Measured at LEP with ±0.1–0.3% (Z), ±0.9–2% (W) exp. uncertainties:

TH uncertainties:
(α2,α3 included for Z):

±0.015–0.03% (Z)

±0.015–0.04% (W)

Param. uncerts.:
(m

Z,W
, �, V

cs,ud
):

±0.01–0.03% (Z)

±1.1–1.7% (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]
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(*) Voutsinas et al.

arXiv:1908.01704,

Janot et al.

arXiv:1912.02067

DdE, Jacobsen:

arXiv:2005.04545 [hep-ph]

Theory unc. (𝜶𝟐, 𝜶𝟑
included for Z):
±0.015-0.03% (Z) 
±0.015-0.04% (W) 

Param. unc. (mW,Z, 𝜶, 
Vcs,ud):
±0.01-0.03% (Z) 
±1.1-1.7% (W) 

1908.01704

1912.02067
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𝜶𝑺 from hadronic Z decays (today)
Ø 𝛼) extracted at N3LO from:

Ø Combined fit of 3 Z pseudo                                                                                 
observables

Ø Full SM fit (with 𝛼! free parameter)

FCC Week 2022, Paris, May'22                                                          David d'Enterria (CERN)27/23

aa
ss
 from hadronic Z decays (today) from hadronic Z decays (today)

➧LEP lumi-bias updates lead to much better 

   agreement among ⇥
Z
, R

Z
, ⌅

0
 extractions:

➧Improved 

       PDG’19: a
s
(m

z
) = 0.1205 ± 0.0030  (±2.5%)    

➧QCD coupling extracted from:

 (i) Combined fit of 3 Z pseudo-observ:

 (ii) Full SM fit (with �
s
 free parameter)

a
s
(m

z
) = 0.1203 ± 0.0028  (±2.3%)

➧EXP/TH updates lead to better 

   agreement with full SM fit:

➧
   PDG’19: a

s
(m

z
) = 0.1194 ± 0.0029

a
s
(m

z
) = 0.1202 ± 0.0028

Dashed/Full curves: 2018/20

DdE, Jacobsen: arXiv:2005.04545 [hep-ph]
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Ø LEP lumi-bias updates lead to better agreement among Γ5 , 𝑅5 and 𝜎589:
extraction:  

Ø Unc. updates lead to a better agreement with full fit:FCC Week 2022, Paris, May'22                                                          David d'Enterria (CERN)27/23
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𝜶𝑺 from hadronic W decays (today)
Ø QCD coupling extracted from new N3LO combined fit of Γ/ and 𝑅/:

FCC Week 2022, Paris, May'22                                                          David d'Enterria (CERN)28/23

aa
ss
 from hadronic W decays (today) from hadronic W decays (today)

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

W
 pseudo-observ.: 

➧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 ⇥
W
, R

W
 (0.9–2%):

    QCD extracted with ~27% precision

 – Propagated TH uncertainty much

    smaller today: ~1.5%

a
s
(m

z
) = 0.101 ± 0.027  (±27%)

DdE, Jacobsen: arXiv:2005.04545 [hep-ph]
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➧Very imprecise extraction:
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 – Imposing CKM unitarity: large exp.
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W
, R

W
 (0.9–2%):

    QCD extracted with ~27% precision

 – Propagated TH uncertainty much

    smaller today: ~1.5%

a
s
(m

z
) = 0.101 ± 0.027  (±27%)

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

Ø Large propagated parametric 
uncertainties from poor Vcs (±2%)

Ø Imposing CKM unitary: large 
experimental uncertainties from Γ/
and 𝑅/ (0.9-2%)

Ø Propagated theory uncertainties 
(1.5%) 

Ø Very imprecise extraction! QCD 
coupling constant extracted with 27% 
precision 

2005.04545
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𝜶𝑺 from jet fragmentation
Ø Soft parton-to-hadron FFS: Ø Hard parton-to-hadron FFS (NLO):

DIS2022                                                          Eduardo Ploerer (VUB)26/21

aa
ss
 extractions from jet fragmentation (NLO,NNLO*) extractions from jet fragmentation (NLO,NNLO*)

a
s
(m

Z
) = 0.1205 ± 0.0022 (±2%)

[D.d'E.,R.Perez-Ramos, arXiv:1505.02624 ]

➧Soft parton-to-hadron FFs (NNLO*+NNLL):

a
s
(m

Z
) = 0.1176 ± 0.0055 (±4.7%)

➧Hard parton-to-hadron FFs (NLO):

[AKK, B. Kniehl et al.,NPB 803(2008)42]

Combined fit of the jet-energy
evolution of the FF moments 
(multiplicity, peak, width,…) 
with a

s
 as single free parameter:

(full-NNLO corrections missing)
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Combined fit of the jet-energy
evolution of the FF moments 
(multiplicity, peak, width,…) 
with a

s
 as single free parameter:

(full-NNLO corrections missing)

1505.02624 – NNLO*+NNLL

Combined fit of the jet-energy 
evolution of the FF moments 

(peak, width, multiplicity, etc.) 
with 𝜶𝑺 as single free parameters
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Jet substructure
Ø Need for state-of art jet substructure studies                                                           

based on angularities

Ø Variables of jet constituents:                                                                                       
multiplicity, LHA, width/broadening,                                                                         
mass/thrust, C-parameter, …

Ø k=1: IRC-safe computable (NnLO +                                                                            
NnLL) via SCET (but uncertainties                                                                               
from non-pQCD effects)

DIS2022                                                          Eduardo Ploerer (VUB)15/21

Jet substructureJet substructure

(normalized E
n✕qn

 products)

(larger

 angular

 weight)

■  Need for state-of-the-art 

    jet substructure studies 

    based on angularities 

■  Variables of jet constituents:

    multiplicity, LHA, width/broadening, 

    mass/thrust, C-parameter,...

■  k=1: IRC-safe computable 

(N
n
LO+N

n
LL) via SCET (but 

uncertainties from non-pQCD 

effects)

(larger energy weight)
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Showering differences in MC generators
Ø Les Houches Angularity (LHA) is angularity with k = 1 and 𝛽 = 0.5

Ø Not directly measured at LEP

Ø MC parton showers differ on gluon (less on quark) radiation patterns

DIS2022                                                          Eduardo Ploerer (VUB)16/21

■  MC parton showers differ on gluon (less so quark) radiation patterns:

Showering Differences in GeneratorsShowering Differences in Generators

■  Les Houches Angularity (LHA) is angularity w/ k=1, B=0.5

■  Not directly measured at LEP

e+e-Zuu e+e-Hgg
u-quark vs gluon

discrimination 
power

Gluon rad.& frag.
poorly known

[G.Soyez et al.] 

𝒆"𝒆# → 𝒁 → 𝒖N𝒖 𝒆"𝒆# → 𝑯 → 𝒈𝒈 u-quark vs gluon 
discrimination 

power
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Ultra-precise W,Z and top physics at FCC-𝒆𝒆

Ø Mostly thanks to the incredibly huge statistics available!

Ø Threshold scans with 𝛿Ecm ~ 0.1, 0.2, 2, 4 MeV (Z, W, H and top-quark) 
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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

■ Mostly thanks to: (i) Huge statistics 
                               (ii) Threshold scans with dE

cm
~ 0.1, 0.3, 2., 4. MeV (Z,W,H,t)

Ös=91 GeV, 1012 Z's    Ös=161 GeV, 108 W's   Ös=350 GeV, 106 tops   



Detailed hadronization studies 
Ø High-precision low-pT PID hadrons in 𝑒"𝑒# required for detailed studies:

Ø Baryon & strangeness production
Ø Colour string dynamics
Ø Final-state correlations (spin: Bose-Einstein, Fermi-Dirac; momenta, etc.)
Ø Bound state formation: Onia, multi-quark states, etc.

FCC Week 2022, Paris, May'22                                                          David d'Enterria (CERN)22/23

Non-pQCD: Detailed hadronization studiesNon-pQCD: Detailed hadronization studies

■  High-precision low-p
T
 PID hadrons in e+e- required for detailed studies:

   – Baryon & strangeness production. Colour string dynamics.              

   – Final-state correlations (spin: Bose-Einstein, Fermi-Dirac; momenta; space)

   – Bound state formation: Onia, multi-quark states, glueballs, ... 

▶  Understand breakdown

    of universality of parton

    hadronization with system

    size observed at LHC.

■  Baseline vacuum e+e- 

    studies for high-density QCD 

    in small & large systems.

  Also impact e.g. ultra-high-energy

  cosmic-ray MCs (muon puzzle)

Ø Understand breakdown of 
universality of parton
hadronization with system 
size observed at the LHC

Ø Baseline vacuum 𝑒"𝑒#: 
studies for high density QCD 
in small and large systems

Ø Also impact e.g. ultra-high 
energy cosmic MCs
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Ø The xFitter project (former HERAFitter) is a unique open-source QCD fit 
framework

Ø GitLab repository (open access to download for everyone)

Ø This code allows users to:
Ø extract PDFs from a large variety of data
Ø assess the impact of new data on PDFs
Ø check the consistency of experimental data
Ø test different theoretical assumptions

Ø Several active developers between experimentalists and theorists

Ø More than 100 publications obtained using xFitter since the beginning of the 
project

Ø List of recent analyses by the xFitter Developers’ Team:

The xFitter Project

MORE IN PREPARATION!
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Pion Fragmentation Functions
Ø To perform the extraction of pion fragmentation functions (FFs) from single 

inclusive electron-positron annihilation (SIA) + BELLE13/20 data

Ø SIA 𝑒"𝑒#
0∗,5

𝜋±𝑋 data allow to separate Δ𝑞 and ∆<𝑞

Ø Parametrization form: 

Ø We assume isospin symmetry 𝐷<=
# = 𝐷>:

=$ and 𝐷?<=
# = 𝐷:=

$

Ø We assume the charge conjugate 𝐷@=
#
= 𝐷@=

$ for all the flavour component

Ø We fit the flavour combinations 𝑖 = 𝑢", 𝑑", 𝑠", 𝑐", 𝑏" and 𝑔

Ø We parametrise FFs at a starting scale of 𝑄3, = 5 GeV2

Ø 19 free parameters in total

Ø Fitted distributions:                                                                              ( 𝒛 = 𝟐𝑬𝒉/ 𝒔 )

3

related to the hadronic fragmentation function F
h
±

2 as2

d�
h
±

dz
(z,Q) = �0 F

h
±

2 (z,Q) , (1)

where �0=4⇡↵2
/Q

2 and ↵ is the electromagnetic
coupling.

The factorization theorem allows us to write the non-
perturbative hadronic fragmentation function F

h
±

2 as a
convolution of a perturbative coe�cient function Ci and
a non-perturbative partonic fragmentation function D

h
±

i

given by: [31–33]

F
h
±

2 (z,Q) =
X

i

Ci(z,↵s(Q))⌦D
h
±

i
(z,Q) , (2)

where we sum over parton flavors i = q, q̄, g. The
coe�cient functions Ci have been calculated up to
the NNLO accuracy in the MS scheme [34, 35]. The

non-perturbative partonic FFs D
h
±

i
are universal and

represent the number density for a hadron of type h
±

from parton i with momentum fraction z at scale Q. It
is the universal property of the FFs which will allow
us to extract these quantities by parameterizing their
functional form and fitting to experimental data.

To simplify the expansion of the hard scattering cross-
section, we choose the renormalization scale µR and
the factorization scale µF equal to the center-of-mass
energy;3 thus, we have µR = µF =

p
s ⌘ Q.

The scale dependence of the partonic FFs is described
by the DGLAP evolution equations, [36–39]

dD
h
±

i
(z,Q)

d ln(Q2)
= [Pij ⌦D

h
±

j
](z,Q) , (3)

where Pij are the perturbative time-like splitting
functions, and the convolution integral ⌦ is

[P ⌦D](z) =

Z 1

z

dy

y
P (y)D

✓
z

y

◆
. (4)

We solve the integro-di↵erential DGLAP equations
directly in z space using the APFEL package [40] which
provides NLO and NNLO accuracy.

Now that we have outlined the key elements of the SIA
cross section calculation, we next examine the framework
for our analysis, including the parameterization of the
non-perturbative FFs.

2
Here, we will follow the notation of Ref. [4], and the subscript

on Fh±
2 suggest an analogy with the F2 DIS hadronic structure

function.
3
To be more precise, in Eq. (2) the ↵S(µR) depends on

the renormalization scale µR, and the partonic fragmentation

function Dh±
i (z, µF ) depends on the factorizaton scale µF .

III. ANALYSIS FRAMEWORK

We will obtain the Fragmentation Functions (FFs)
by parameterizing their functional form in z and
then performing a fit by minimizing a �

2 function
in comparison with experimental data. In the
following, we detail the analysis framework including the
parameterization form, the fitting procedure, and the
uncertainty analysis.

A. FFs parametrization and assumptions

We parametrize the z dependence of the FFs at an
initial scale Q0 = 5 GeV which keeps us above mb, and
use the DGLAP equations to evolve to arbitrary Q scale.
The flexible parametric form we use is:

D
⇡
±

i
(z,Q0) =

Niz
↵i(1� z)�i [1 + �i(1� z)�i ]

B[2+↵i,�i+1]+�iB[2+↵i,�i+�i+1]
,

(5)

which has (maximally) five free parameters
{Ni,↵i,�i, �i, �i} per parton flavor. Here, B[a, b] is
the Euler beta function. For the charged pion FFs, we
fit the flavor combinations i = u

+
, d

+
, s

+
, c

+
, b

+ and g.
The beta functions in the denominator of Eq. 5 simply
ensures

R 1
0 dz zDi = Ni.

There are a number of constraints we can impose to
reduce the number of free parameters of the fit. From
the energy sum rule, we have the relation:

X

h

Z 1

0
dz zD

h

i
=

X

h

N h

i
= 1 , (6)

where h sums over all possible produced hadrons. For the
pion FFs (h = ⇡

±) this relation provides only an upper
bound, but if we expect the lighter pions carry most of
the parton momentum, then we have

N ⇡
±

i
< 1 , (7)

where i = g, q, q̄. Note, in Table I we report Nu+ where
u
+ = u+ ū, hence the limit on this quantity is Nu+ < 2.
Thus, we will use four shape parameters {↵i,�i, �i, �i}

together with the normalization parameter Ni to fit our
FFs.
For the ⇡

+ FFs, we assume isospin symmetry
for the favored (u, d̄) and unfavored (ū, d)
components [4, 14, 15]:

D
⇡
+

u
= D

⇡
+

d̄

D
⇡
+

ū
= D

⇡
+

d
. (8)

We can also use charge conjugation to relate the above
⇡
+ FFs to the ⇡

� FFs:

D
⇡
+

i
= D

⇡
�

i
, i = u

+
, d

+
, s

+
, c

+
, b

+
, g . (9)

Theoretical Framework

6

e� + e+ �,Z 0
���! ⇡±X (SIA)

d�h

dz
, 1
�tot

d�h

dph
, s

�
d�h

dz
, 1
��tot

d�h

dz
, ...

• Data selection:
1. Inclusive SIA,
2. Inclusive SIA 4-Flavor,
3. uds tagged,
4. c and b tagged,

• Parameterization form:

D
⇡±
i

(z,Q0) =
Ni z

↵i (1 � z)�i [1 + �i (1 � z)�i ]

B[2+↵i ,�i+1]+�i B[2+↵i ,�i+�i+1]
,

• Q2
0 = 5GeV 2

• We fit the flavor combinations i = u+, d+, s+, c+, b+ and g.

• Theoretical observable ( APFEL )
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BELLE 20
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TPC
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SLD C Tag
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30/08/22 Francesco Giuli - francesco.giuli@cern.ch 31

https://inspirehep.net/literature/1864814


Ø Several fits ran:
Ø Fit A focuses on the impact of BELLE13 data (no BELLE20 data)
Ø Fit B focuses on the impact of BELLE20 data (no BELLE13 data)
Ø Fit C focuses on the impact of BELLE20 data without BaBar set (no BELLE13 data)
Ø Fit D focuses on the impact of low-z BELLE20 data (No BELLE13 and BaBar data) – z > 

0.2
Ø Fit E focuses on the impact of low-z BELLE20 and BaBar data (no BELLE 13 data) – z > 

0.2 (BELLE20) and z > 0.1 (BaBar)

Ø The inclusion of higher-order                                                                                    
QCD corrections noticeably                                                                                    
improves the quality of our fits

Ø Fits performed with enhanced                                                                                
tolerance T = ∆𝜒,= 20

Ø FFS NLO and NNLO uncertainty                                                                                   
bands overlap à perturbative                                                                                
uncertainties are under control                                                                                  
(and reasonable choice of T)
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FIG. 1. The �2/dof for each individual experiment for Fits A, B, and E. The data used in the Fit A are in blue, Fit B is red,
and Fit E is green. The numerical results for all fits (A,B,C,D,E) are listed in Table II. For reference, (green) guide lines are
shown for a �2/dof of 1 and 3.
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FIG. 2. A comparison of the NLO and NNLO results for Fit A at Q2
0 = 25 GeV2. As the results for up and down are identical,

we choose to also display the d++s+ combination. Note that we are plotting the sum ⇡++⇡�.
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FIG. 3. A comparison of the NNLO results for Fit A (with BELLE13) and Fit B (with BELLE20) analyses at Q2
0 = 25 GeV2.
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FIG. 4. A comparison of BELLE13, BELLE20, and BaBar for Fits A, B, and C. (Not all data sets are included in each fit.)
Ø Theoretical predictions entirely consistent with the experimental data – partly 

due to larger uncertainties (BELLE13)

Ø Fits yield a good description of the data with the exception of the low-z region
(BELLE20 and BaBar)

Ø BELLE and BaBar data sets appear to pull the fit in opposite directions - 𝜒,(Fit B) 
for BELLE20 is 82/32 vs 𝜒,(Fit C) for BELLE20 is 32/32

Ø The effect of excluding low-z data is dramatic - 𝜒,/dof ~ 1.2 (similar cuts 
applied in JAM19)
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FIG. 9. A comparison of our preferred Fit E [IPMx] as well as Fit B for charged pion FFs (⇡++⇡�) at NNLO with results
from the literature at Q2 = 100 GeV2. We display NNFF1 [4] at NNLO, JAM19 [13] at NLO, DSEHS [5] at NLO, with their
uncertainties at Q2 = 100 GeV2. Note, discretion is necessary when interpreting the very low z region as the extrapolation of
the FF grids extends beyond the region fitted in the individual analyses. For example, the JAM19 focus was on SIDIS in the
region z & 0.2, and NNFF1 used a lower kinematic cut of zmin=0.02 for Q=MZ and 0.075 for Q < MZ . While Fit E is our
preferred fit, we also display Fit B to highlight the impact of the low z cuts.

Ø Comparison with NNLO NNFF1 and NLO JAM19 and DSEHS14

Ø Generally compatible with NNFF1 and DSEHS14 at larger z, but they differ at 
low-z (more pronounced for Fit E)

Ø The gluon is generally compatible with NNFF1 (larger uncertainties)

Ø FFs generally have a different behaviour as compared to JAM19 – they have 
much steeper slope at low-z for quarks, with the gluon lying above our curves 
for intermediate- to larger-z
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FIG. 9. A comparison of our preferred Fit E [IPMx] as well as Fit B for charged pion FFs (⇡++⇡�) at NNLO with results
from the literature at Q2 = 100 GeV2. We display NNFF1 [4] at NNLO, JAM19 [13] at NLO, DSEHS [5] at NLO, with their
uncertainties at Q2 = 100 GeV2. Note, discretion is necessary when interpreting the very low z region as the extrapolation of
the FF grids extends beyond the region fitted in the individual analyses. For example, the JAM19 focus was on SIDIS in the
region z & 0.2, and NNFF1 used a lower kinematic cut of zmin=0.02 for Q=MZ and 0.075 for Q < MZ . While Fit E is our
preferred fit, we also display Fit B to highlight the impact of the low z cuts.
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