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Outline

● Revisiting legacy calculations of QCD corrections to AFB

● QCD corrections in the experimental measurement  
(FCC-ee IDEA simulations)

● Other potential biases in the measurement of AFB
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Present status of A0
FB(Q)

● Electroweak measurement presenting the largest deviations in the 
global SM fit (final LEPEWWG paper (2005))
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● New physics 
explanations 
require a 
substantial 
modification of 
Zbb right-hand 
couplings 
(arxiv:0610173)

https://arxiv.org/abs/hep-ex/0509008
https://arxiv.org/abs/hep-ph/0610173
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Present status of A0
FB(Q)
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● QCD corrections are the 
dominant source of 
correlated systematics 
between measurements

● Measurement (LEPEWWG 
reference): 
0.0992 
± 0.0015 (stat.) 
± 0.0007 (syst.)

● Aiming for a 
≈±0.0001 precision 
measurement at 
FCC-ee: one order of 
magnitude 
improvement !!

● 1/2 syst. uncertainty using 
today’s knowledge 
(arxXiv:2011.00530)

https://arxiv.org/abs/hep-ex/0509008
https://arxiv.org/abs/hep-ex/0509008
https://arxiv.org/abs/2011.00530
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Reducing QCD uncertainties
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● In the asymmetry measurement using semi-leptonic b decays, increasing 
the lepton momentum cut seems to reduce the impact of QCD 
uncertainties (Abbaneo et al. (1998)):

Average Average

https://link.springer.com/article/10.1007/s100529800890
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QCD corrections to A0
FB(Q)
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● Many theoretical calculations available at O(𝛼S) at LEP times (see 
references in arXiv:2010.08604). Total correction parametrized in terms 
of a C parameter:

● Not so well known feature at O(𝛼S) and mQ=0: virtual corrections 
vanish. All we need in order to determine C - even in the soft-collinear 
limit for gluon emission - is the QQbar + real gluon contribution:

● The variables x=EQ/Ebeam and xbar=EQbar/Ebeam are the reduced energies 
of the quarks in the ee-> QQbar + gluon process. In full phase space we 
get  the well known result: 

https://arxiv.org/abs/2010.08604


 J. Alcaraz, 10 Nov 2020, QCD corrections to AFB(Q) revisited 

QCD corrections to A0
FB(Q)
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● What is also interesting is that at O(𝛼S) we know the differential cross 
section as a function of cos(ϑ), x and xbar. We can apply for instance cuts 
on the acollinearity 𝜉 between the heavy quarks. For mQ=0: 

gluonb

anti-b
𝜉



 J. Alcaraz, 10 Nov 2020, QCD corrections to AFB(Q) revisited 

QCD corrections to A0
FB(Q)
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● At O(𝛼S) we know the differential cross section as a function of cos(ϑ), x 
and xbar. We can apply for instance cuts on the acollinearity 𝜉 between 
the heavy quarks. For mQ=0: 

● For 𝜉<0.3, there is a factor of 10 
reduction in the size of QCD 
corrections. 

● 𝜉0=0.3 is still larger than the 
typical jet angular resolution and 
likely the resolution on the b-jet 
direction
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QCD corrs.: O(𝛼S) with mQ≠0
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● If we neglect terms of order O(𝜇2=4m2
Q/s)  (≈0.01 for b quarks), we can 

use similar expressions, just changing the integration limits to  the 
massive case  (feature already noted by Altarelli&Lampe (1993)  in LEP 
times). 

(xmin=𝜇, xmax=1; xbarmin(x) and xbarmax(x) are functions of 𝜇 
too)

https://doi.org/10.1016/0550-3213(93)90138-F
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QCD corrs.: O(𝛼S) with mQ≠0
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● In excellent agreement with the numerical calculations of 
Djouadi et al. (1995) (which use the full 𝜇 dependence in the 

corrections)

https://doi.org/10.1007/BF01564827
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QCD corrs.: O(𝛼S) with mQ≠0
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● With acollinearity cuts (via numerical integration):

● Similar conclusion to the massive case: a cut 𝜉≲0.3 reduces 
the size of QCD corrections by an order of magnitude
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QCD corrs.: O(𝛼2
S), ...
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● Most recent calculation for the bottom and the massive case 
(Bernreuther et al. (2017)) obtains an O(𝛼2

S) QCD correction 
of:

● Very likely, a significant reduction of this correction using 
acollinearity cuts will bring O(𝛼2

S) effects below or around 
the target of 𝛿AFB/AFB ≈ ±0.001

(“singlet” contributions not taken into account in this number, 
because experiments treat gluon-splitting effects as a separate 

source of uncertainty)

● The precision on 𝛼S, mQ,... does not seem to compromise the 
𝛿AFB/AFB ≈ ±0.001 target.

https://doi.org/10.1007/JHEP01(2017)053
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QCD corrs.: experimental level
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● The “final” size of the QCD corrections in the asymmetry 
measurement must be estimated using a full parton-shower 
simulation, which includes some additional effects: more gluon 
radiation (although in the soft-collinear approximation), 
fragmentation, hadronization effects, …

● Is the reduction of QCD uncertainties using acollinearity cuts 
still maintained in the full experimental analysis ?

● We have simulated 107 events with a fast-simulation (DELPHES) of 
the IDEA detector for FCC-ee, using Pythia8 as generator, with the 
Monash 2013 e+e- tune (default). 
○ The other 6 ee Pythia tunes are also simulated to study in more 

detail the impact of parton showering and hadronization 
uncertainties (similar approach in d’Enterria & Yan studies)

○ Total number of simulated events in the study is 7 x 107

https://arxiv.org/abs/2011.00530
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QCD corrs.: real life, gen. level
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● Generator level, using the b quark direction as reference (not the 
thrust) and cutting on the acollinearity between  b and anti-b:

Significant reduction in the QCD corrections using acollinearity 
cuts. They qualitatively follow theoretical expectations. 

10% theo. unc. on CNegligible stat. unc.

● A0
FB: FB asymmetry in the absence of QCD effects
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QCD corrs.: real life
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● At the level of reconstructed jets:
○ Anti-kT e+e- generalized algorithm used
○ 2 b-tagged jets required (Delphes implementation for FCC-ee)
○ Exploring different acollinearity cuts (𝜉< 𝜉0) 
○ Assume ideal charge tagging for the purposes of the exercise

QCD 
radiation

b-tagged jet

b-tagged jet

𝜉
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QCD corrs.: rec. level
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1. Enough statistics (>50%) for huge-statistics measurements with 
acollinearity cuts 𝜉≲0.2-03

2. Good angular resolution w.r.t b-jet direction (more on this later)   
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QCD corrs.: rec. level
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● Using likelihood fits to the expected angular distribution: 
○ (insensitive to charge-symmetric changes in efficiency/acceptance)

● Same tendency: few per mille QCD-shift for 𝜉≲0.2-0.3 cuts
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QCD corrs.: showering/hadronization
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● How much stable are these results when timelike-showering and 
hadronization details (i.e. tune changes) are taken into account ?

● To suppress statistical uncertainties in the comparisons, we 
evaluate the envelope of values for the ratio, which are only 
dependent on QCD effects:

● To this uncertainty we add:
○ An intrinsic  theoretical uncertainty from calculations (10% on C, 

which is consistent with past LEP uncertainties)
○ The statistical uncertainty expected with the 7x107 simulated events 

(note: it will be negligible with 5x1012 events at the FCC-ee, even if 
flavor-tagging inefficiencies are taken into account)
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QCD corrs.: adding uncertainties
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● Detailed table of central values and uncertainties:

≲ 0.1% relative systematic 
uncertainties for 𝜉≲0.3   

stat. unc. for 7x107 
Z→bb̅ events
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QCD corrs.: real life
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QCD corrs.: semi-leptonic decays
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● Repeating the exercise done at LEP of evaluating the QCD 
corrections as a function of the momentum in semi-leptonic b 
decays:

No acollinearity cuts 𝜉<0.3 

● Factor of ≈5 reduction (note: pl>3 GeV cut in preselection)
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QCD corrs.: is d𝜎/dcos(𝜃) OK?
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● Typically, measurements assume a differential distribution:

● But in general, even if we only consider QCD corrections and the 
absence of exotic exchanges (of scalar/tensor type), one should 
add a longitudinal component to the game:

● For convenience (statistics is high), we have evaluated ϵL at 
generator level from the relation:
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QCD corrs.: is d𝜎/dcos(𝜃) OK?
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● Effect of neglecting the longitudinal component basically negligible for 
ϵL≲0.005 => applying acollinearity cuts also convenient for this purpose
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Other potential biases

24

● Limited angular resolution:
○ It “flattens” the expected differential angular distribution, thus 

reducing the measured asymmetry (in absolute value)

● What is the order of magnitude of the effect ? 
○ A resolution on the b-quark theta direction of 𝛿𝜃 = 0.02 rad would 

lead to a bias of -𝛿AFB/AFB < 0.001
○ The resolution using the current simulation for reconstructed jets 

leads to a bias of  𝛿AFB/AFB ≈-0.002 (which can also be corrected)

● Nevertheless angular resolution can still be improved using 
secondary vertex information (studies in progress)
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Other potential biases
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● Most potential biases were already well under control at LEP times:
○ B-mixing and charge: 

○ Charm/light backgrounds (for the b-quark case)

● What about a complicated angular distribution (non-factorizable effects, 
…) ? It can always be treated in a generic way if we can evaluate the 
expectations of the symmetric (S) and anti-symmetric (A) components:
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Summary

● Using existing theoretical calculations as a starting point we have derived 
simple expressions for the QCD corrections to the measurement of the 
forward-backward asymmetry of the ee->QQbar(g) process at √s ≈MZ.  

● These QCD corrections can be reduced by almost one order of magnitude 
using simple acollinearity cuts between the heavy quarks. The inclusion of 
hadronization and final-state parton shower effects does not modify this 
picture. 
 

● The proposed strategy is a first step towards a measurement of the 
heavy-quark forward-backward asymmetry with permille level systematic 
uncertainties (𝛿AFB/AFB ≲ 0.001).  

● Focusing on the case of b quarks, it is found that other possible sources of 
bias in the measurement of the asymmetry could be controlled at that 
level of precision using current theoretical knowledge, adequate fitting 
techniques and an appropriate choice of data control samples.
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