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Couplings of the Z boson to fermionsCouplings of the Z boson to fermions
■ SM electroweak interaction Lagrangian in terms of weak & e.m. currents:

■  Electron-positron annihilation into fermions: e+e-  Z  ffbar
    Z boson has left-handed (from J3,Jem) & right-handed  (from Jem) couplings to fermions:

 

W± couplings of strength 
g to weak-isospin J±

Z neutral couplings: mixed 
weak-isospin J3 + e.m. 

 couplings 
of strength e

    Z couplings depend on the fermion Q,I
3 
(i.e. diff. for diff. lepton/quark type)

=

Weak-isospin (I
3
), hypercharge (Y) 

& e.m. (Q) couplings & charges:
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Forward-backward eForward-backward e++ee--     f f asymmetriesf f asymmetries

■ Mixed Z vector & axial-vector couplings induce asymmetries in angular
   distributions of the final-state fermions (a part from e helicity, and polari-
   zation of the produced particles) fully determined by weak mixing angle:

 

■ Experimentally: Take ratio of number of forward (backward) (anti)fermions 
   in hemisphere defined by the direction of the e- (e+) beam: θ < (>) π/2.

__
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Forward-backward bb asymmetry around Z poleForward-backward bb asymmetry around Z pole
■ LEP exps. carried out 8 measurements (lepton- or jet-charge based) of 
   A

FB 
(largest & most accurately measured one of all fermions):

 

■ Experimental b-quark asymmetry has a ~2.8 pull w.r.t. theoretical prediction  
   including QED/EWK, NNLO QCD, b-quark mass, jet/thrust axis corrections

b

__

b

b
_
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sinsin22effeff from b-b fwd-bckwd asymmetry in e from b-b fwd-bckwd asymmetry in e++ee--

■ Effective weak angle from b-quark asymmetry at Z pole is 2.6 away 
   from world-average. Largest TH-EXP discrepancy among EWPOs:

 

__
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■ Experimental uncertainties on A
FB

 extraction:

 – Statistical: 1.5% 
  At planned FCC-ee, 
  with ×105 more e+e-Z's 
  than LEP, stat. uncert.
  will be negligible: ~0.05%

 – Systematics: 0.6% 

     QCD-related: 0.5%

■  QCD biases on A
FB

 (depending strongly on exp. selection procedure):

    – Hard gluon radiation (controlled theoretically via 
s
2 NNLO corrections)

    – Smearing of b-jet (thrust) axis due to:
       (1) b and (bc soft radiation & hadronization.
       (2) B and D hadron decay models.
        

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

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

0,b

b-quark asymetry uncertainties at the Z poleb-quark asymetry uncertainties at the Z pole
0,b

[Estimated via parton-
shower simulations by 
 Abbaneo et al., 
 EPJC 4 (1998)]
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QCD Monte Carlo setup (I)QCD Monte Carlo setup (I)

■ LEP QCD uncertainties based on JETSET (1998). Lots of progress
   in parton-shower & hadronization in the last 20 years. Impact on A

FB
?

■ We run 107 e+e-Z bb events in 8(8) MC setups mimicking the
   8 (4 lepton-based, 4 jet-charge-based) LEP measurements.

■ PYTHIA 8.226 with 7 different parton-shower & hadronization tunes:
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QCD Monte Carlo setup (II)QCD Monte Carlo setup (II)

■ We run 107 e+e-Z bb events in 8(8) MC setups mimicking the
   8 (4 lepton-based, 4 jet-charge-based) LEP measurements.

■ PYTHIA 8.226+VINCIA 2.2 (alternative dipole antenna parton shower):
   Different PS impacts b-jet thrust & (refitted) bB fragmentation:

  Central VINCIA tune with uncertainty given by 10 parameter variations:
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QCD Monte Carlo setup (II)QCD Monte Carlo setup (II)

■ We run 107 e+e-Z bb events in 8(8) MC setups mimicking the
   8 (4 lepton-based, 4 jet-charge-based) LEP measurements.

■ PYTHIA 8.226+VINCIA 2.2 (alternative dipole antenna parton shower)
   Different PS impacts b-jet thrust & (refitted) bB fragmentation:
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ee++ee--     b b at b b at ss91.2 GeV: MC simulation 91.2 GeV: MC simulation analysesanalyses

■  Original LEP analyses reimplemented in 88 PY8(+VINCIA) simulations:

__
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Lepton-based ALepton-based A
FBFB measurements measurementsbb

■  Original LEP analyses reimplemented in 88 PY8(+VINCIA) simulations:
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Lepton-based ALepton-based A
FBFB extraction extractionbb
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Jet-charge-based AJet-charge-based A
FBFB measurements measurementsbb

■  Original LEP analyses reimplemented in 88 PY8(+VINCIA) simulations:
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Jet-charge-based AJet-charge-based A
FBFB extraction extractionbb
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Lepton-based ALepton-based A
FBFB: QCD uncertainties: QCD uncertainties

■ New average QCD uncertainties ~consistent with original ones

bb

Consistent old&new 
QCD uncertainties:

Consistent old&new 
QCD uncertainties:

New QCD uncertainties
consistent with old ones

New QCD uncertainties
smaller than old ones

L3 (1999) OPAL (2003)

ALEPH (2002) DELPHI (2004)
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Jet-charge-based AJet-charge-based A
FBFB: QCD uncertainties: QCD uncertainties

■ Smaller average uncertainties than lepton-based analysis.
   New QCD uncertainties consistent or smaller than original ones

bb

Consistent old & new 
QCD uncertainties:

New QCD uncertainties
(much) smaller than old ones

New QCD uncertainties
smaller than old ones

New QCD uncertainties
larger than old ones

ALEPH (2001) DELPHI (2005)

OPAL (2002)L3 (1998)
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Summary Summary 
■ Forward-backward asymetry of
   b-quarks in e+e-→Z(bb) shows
   largest TH-EXP discrepancy today
   among EWPO: A

FB 
= 0.09920.0016

   (2.8 from th.: 0.10370.0008)

■ Dominant systematic uncertainties due to QCD 
    effects (parton shower, hadronization) have not 
    been cross-checked in 20 years.

■ Reanalysis of QCD uncertainties with modern PS (PY8, PY8+VINCIA):

■ New QCD uncertainties consistent (slightly smaller) with old ones. Jet-based
    more precise than lepton-based extraction. Updated A

FB 
= 0.09960.0015

■ Ongoing sim. with 100 times more stats. to “approach” FCC-ee conditions.
    FCC-ee QCD b-jet fragmentation studies needed to further reduce uncertainty.
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