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Motivation and Background

Ø 𝑒!𝑒" collider offer clean experimental conditions for studying properties of 
heavy quark, e.g. masses, width, and electroweak couplings

Ø A#$
% can extract the form factor of the electroweak neutral current coupling

Ø 𝑒!𝑒" collider offer polarized electron and positron beams

enhances the sensitivity of the detector to electroweak parameters

v 𝑏"𝑏 pair production at Z-pole:
2.9𝜎 deviations between the direct measured and its SM fit[SLD Group et al. 06]. The massive 𝛼!"

corrections to the b-quark diminish to 2.6𝜎[Chen et al. 17]. Massive+PMC, 2.1𝜎[Wang et al. 20]

v The measurement accuracy of A#$% and A#$& can reach per mille level 
at future 𝑒'𝑒( collider. [Abramovicz et al. 03]



Motivation and Background

Ø Concerning high order corrections:

Our aim was to investigate the effect of beam polarization on A#$
% for e!e" →

Q&Q + 𝑋 at 𝛼&', and compare with these results for an unpolarized results. 
For Q = 𝑡, in the continuum above the t ̅t threshold, for Q = 𝑏, at the Z pole.

NLO QCD[Jersak et al. 82; Arbuzov et al. 92; Djouadi et al. 95 etc],NLO EW[Beenakker et al. 91; Bohm et al. 89; Bardin et al. 01 etc], 

Part of NNLO QCD[Gorishnii et al, 86; Chetyrkin et al. 96 etc]

Massless quark: Full NNLO QCD[Altarelli, Lampe 93; Ravindran, Neerven 98; Catani, Seymour 99, Weinzierl 07]

e!e" → t ̅t @ NNLO QCD [Gao, Zhu, PRL (2014); Chen et a.(16)]

e!e" → t ̅t near − threshold@NNNLO QCD [M.Beneke et al., PRL (2015)]

e!e" → t ̅t @ NNNLO QCD [Chen et al. 2022]



Definition of A!" and Benchmark Polarizations 

Ø The polarized A#$:

Ø Four benchmark polarization configurations

𝜃( = ∠ 𝑒", 𝑡 scattering angle between t and 𝑒"

A#$ ≡
N# − N$
N# + N$

=
σ cosθ) > 0 − σ cosθ) < 0
σ cosθ) > 0 + σ cosθ) < 0

=
σ# − 𝜎*
σ# + 𝜎*

=
σ+
σ,

𝑃# = 1 + 𝑒$"𝑒%!,

𝑃& = 𝑒$" +𝑒%!

For unpolarized beams:

𝑃#=1, 𝑃&=0



Results: Asymmetries for top quark

Ø The expanded A#$:

𝒔 = 500 GeV 

𝜎': symmetric cross section

A34567 = A3467 [1 + A8],

A345567 = A3467 [1 + A8 + A9]
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𝑒!𝑒" → 𝑡 ̅𝑡 + 𝑋 @ NNLO QCD



Results: Asymmetries for top quark

A#$-./ = A#$./ [1 + A0],   A#$--./ = A#$./ [1 + A0 + A']

𝒔 = 500 GeV

• The maximal spread  R()*+ of A((i = 1,2)are 12.3% and 13.3%.

• The effect of the beam polarization on A0, A'(2.8 per mille,1.3 per mille)
are comparable to 𝑒!𝑒" collider statistical uncertainty (5 per mille).

R)*+, =
(max 𝐴- 𝑒.(, 𝑒/' −min[𝐴- 𝑒.(, 𝑒/' ])

𝐴- 0,0



𝒔 = 700 GeV

𝒔 = 380 GeV
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Results: Asymmetries for top quark



The unexpanded A#$:

A#$ α1 = A#$./ C0,   A#$ α1' = A#$./ C', (A#$./ =
20
1

22
1) 

The numbers in superscript (subscript) refer to the changes if renormalization scale 𝜇 is set to 
2 𝑠 ( 𝑠/2) compared to the central value at 𝜇 = 𝑠.

Results: Asymmetries for top quark
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Discussion: The dependence on beam polarization

Ø The dependence for Flavor non-singlet need:

The coherent contribution of the Z and 𝛾 exchange
The final-state quark is massive

ü 𝑡 ̅𝑡 production is completely dominated by the flavor non-singlet 
corrections

Ø Flavor singlet contributions are small(~10", to A-./0)



Results: Asymmetries for b quark at the Z peak

For the thrust axis

• 𝐴0 is independent of the beam polarization

• Non-singlet corrections 𝐴'3& amounts to about 65% of the total 𝐴'
• The maximal spread R'456 of 𝐴' is 27% arise from the flavor singlet contributions

(3 per mille)
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For the b-jet axis

Results: Asymmetries for b quark at the Z peak

Unpolarized beams, and excluding b-flavor number zero events

𝑟1= 𝑚𝑖𝑛 𝐸23, 𝐸43

𝑟5 = L
max 𝐸23, 𝐸43 ,
𝑚𝑖𝑛 𝐸23, 𝐸43 ,

If softer of i, j is flavored

If softer of i, j is flavorless𝑦246 = (1 − 𝑐𝑜𝑠𝜃24)
2𝑟6
𝑠



Results: Two-jet asymmetry of b quark

The  QCD correction terms A7
38 and A3

38 for the two-jet A-.: 

※ QCD corrections to A0
'7 and A'

'7 are small

※ Not monotonic due to flavor singlet contributions
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ü Only NNLO QCD are effected by beam polarization (per mille level)
ü Explore inclusive b-jet asymmetry and two-jet asymmetry
ü The two-jet asymmetry is a precision observable

A complete fully differential NNLO QCD calculation of massive 𝑄 V𝑄
productions at order 𝛼93 in polarized 𝑒!𝑒" collisions  was done.

ü Beam polarizations change A-.: by the order of few per mille
ü Predictions for the cosθ; distributions at order 𝛼93

Application to  A-. for top quark in the continuum  to order 𝛼93

Application to  A-. for to bottom at Z pole to order 𝛼93

Summary
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Ø 𝜃( = ∠ 𝑒", 𝑡 scattering angle between t and 𝑒"
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