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Weak mixing angle
• The weak mixing angle is a fundamental 

parameter in the Standard model related to the 
unification of the electromagnetic and weak 
forces
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• Measurement of mixing angle
• consistency check of the Standard model
• powerful tool for searching for new phenomena

• Effective leptonic mixing angle
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• Includes loop corrections and reflects actual Z-
lepton couplings



sin2 𝜃𝑒𝑓𝑓
𝑙 measurement at CMS 13 TeV

Phys. Lett. B (2025)

• sin2 𝜃𝑒𝑓𝑓
𝑙 = 0.23152 ± 0.00031 with CMS 

Run2 data (138 fb−1)

• The most precise measurement at hadron 
collider

• With a precision comparable to LEP and SLD

• Published in Phys. Lett. B (2025)
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http://dx.doi.org/10.1016/j.physletb.2025.139526
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𝜽: Angle btw incoming and outgoing particles

cos 𝜃 > 0 , forward event (F)
cos 𝜃 < 0 , backward event (B)
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CM frame

Forward-backward asymmetry (𝑨𝑭𝑩)



𝑒𝑒 → 𝜇𝜇
𝑢ത𝑢 → 𝑙𝑙
𝑑 ҧ𝑑 → 𝑙𝑙

Forward-backward asymmetry (𝑨𝑭𝑩)

𝑑 𝜎𝐷𝑌
𝑑 cos 𝜃

∝ 1 + cos2 𝜃 + 𝐴4 cos 𝜃

• 𝐴4 =
8

3
AFB is sensitive to weak mixing angle

• If incoming and outgoing particles have
same helicity → forward event is preferred

𝜎𝐿→𝐿, 𝜎𝑅→𝑅 ∝ 1 + cos 𝜃 2

opposite helicity → backward event is preferred
𝜎𝐿→𝑅 , 𝜎𝑅→𝐿 ∝ 1 − cos 𝜃 2

due to angular momentum conservation
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Challenges in hadron collision

• Electron-positron (LEP, SLD)
• Forward axis = electron direction

• Proton-antiproton (Tevatron)
• Forward axis ≈ proton direction

→ PDF uncertainty

• Dilution from ISR recoil: Collins-Soper (CS) frame

• Proton-Proton (LHC): 
• Forward axis ~ dilepton rapidity direction

→ Larger PDF uncertainty

• Dilution from ISR recoil: Collins-Soper (CS) frame
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Analysis strategy 1

Collins-Soper (CS) frame

• Two beam directions are not parallel in dilepton CM frame

• Due to recoil from ISR (Initial State Radiation)

• Bisect of beams is used as forward axis to minimize dilution of 𝐴𝐹𝐵
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Analysis strategy 2

Forward axis guess using dilepton rapidity

• In pp collision, it’s more challenging to 
determine forward axis than 𝑝 ҧ𝑝

• Because we need to infer which proton 
provided the particle and which provided the 
antiparticle

• Typically, valence quarks carry more 
momentum than sea quarks

• Forward axis ~ dilepton rapidity direction
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Analysis strategy 3

Dilepton rapidity binning

• Forward direction guess is more precise as rapidity get larger

• 𝐴𝐹𝐵 is measured in bins of rapidity to maximize sensitivity
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Analysis strategy 4

Angular-weighted asymmetry 𝐴𝐹𝐵
𝑤

• High cos 𝜃𝐶𝑆  region has larger sensitivity

1 + 𝑐2 + 𝐴4 𝑐
𝐴𝐹𝐵 |𝑐| = 𝐴4

𝑐

1 + 𝑐2



Analysis strategy 4

Angular-weighted asymmetry 𝐴𝐹𝐵
𝑤

• One can measure 𝐴𝐹𝐵 in bins of cos 𝜃𝐶𝑆  to increase sensitivity

• But we apply weights based on DY angular distribution, which effectively achieves 
same sensitivity improvement as cos 𝜃𝐶𝑆 binning

• With this technique, systematic errors in acceptance and efficiency cancel 
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σ𝐹𝑤𝑁 − σ𝐵𝑤𝑁

σ𝐹𝑤𝐷 + σ𝐵𝑤𝐷

RED: 𝐴𝐹𝐵 𝑐 → 𝐴4
GREEN: Weight appropriately based on statistical power
• In actual analysis, there is higher-order term ℎ
1 + c2 → 1 + 𝑐2 + ℎ



Analysis strategy 5

PDF profiling

• 𝐴𝐹𝐵 at Z peak is most sensitive  
region to mixing angle

• The sideband region, on the 
other hand, is sensitive to PDF

• We can constrain PDF using 
𝐴𝐹𝐵 in sideband region to 
reduce PDF uncertainty, which 
is the largest systematic 
uncertainty
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Analysis strategy 6

Forward electron

• Central lepton (with tracker)
𝜇: 𝜂 < 2.4
𝑒: 𝜂 < 2.5

• Forward electron
𝑔: 2.5 < 𝜂 < 2.87
ℎ: 3.14 < 𝜂 < 4.36
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Analysis strategy 6

Forward electron
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Extend the measurement to higher rapidity region



Dilepton mass distributions
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Extracting sin2 𝜃𝑒𝑓𝑓
𝑙

• Interpretation model: (NNLO QCD) + (NLO+HO EW) + PS +𝛼
• 𝑀𝑖𝑁𝑁𝐿𝑂𝑃𝑆 Powheg + Photos + Pythia8

• NLO+HO weak correction

• Z 𝑝𝑇 reweight

• Three methods
• Fit 𝑨𝑭𝑩

𝒘 𝒚 ,𝒎

• Fit unfolded 𝐴4( 𝑦 ,𝑚): 
𝑑3𝜎

𝑑 𝑦 𝑑𝑚 𝑑 cos 𝜃𝐶𝑆
→ 𝐴4 𝑦 ,𝑚 → sin2 𝜃𝑒𝑓𝑓

𝑙

• Fit cos 𝜃𝐶𝑆 distributions: 
𝑑3𝜎

𝑑 𝑦 𝑑𝑚 𝑑 cos 𝜃𝐶𝑆
→ sin2 𝜃𝑒𝑓𝑓

𝑙
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Extracting sin2 𝜃𝑒𝑓𝑓
𝑙  with 𝐴𝐹𝐵

𝑤

• 𝐴𝐹𝐵
𝑤 is measured in bins of 𝑦𝑙𝑙 and 𝑚𝑙𝑙

• 𝑦𝑙𝑙 < 3.4
• 54 < 𝑚𝑙𝑙 < 150 GeV
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Extracting sin2 𝜃𝑒𝑓𝑓
𝑙  with 𝐴𝐹𝐵

𝑤
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Extracting sin2 𝜃𝑒𝑓𝑓
𝑙  with 𝐴𝐹𝐵

𝑤
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Extracting sin2 𝜃𝑒𝑓𝑓
𝑙  with unfolded 𝐴4

21

Unlike 𝐴𝐹𝐵
𝑤 , in which acceptance and efficiencies 

cancel, unfolding requires very good modeling of  
acceptance and efficiencies.



Comparison of three methods

• sin2 𝜃𝑒𝑓𝑓
𝑙 using unfolded 𝐴4 is consistent with sin2 𝜃𝑒𝑓𝑓

𝑙 extracted from 𝐴𝐹𝐵
𝑤

• → Good modeling of acceptance and efficiencies
22



Results with various PDFs

• CT18Z result is reported as the nominal result
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Conclusion

10.1016/j.physletb.2025.139526

• Weak mixing angle measurement at 13 TeV using CMS Run 2 
data (138 fb−1)
• sin2 𝜃𝑒𝑓𝑓

𝑙 = 0.23152 ± 0.00031 (CT18ZNNLO)

• The most precise measurement at hadron collider

• Unfolded 𝐴4 is also measured for future reinterpretation

• Published in PLB 10.1016/j.physletb.2025.139526

• We need better understanding on PDF to improve the 
measurement further

24

http://dx.doi.org/10.1016/j.physletb.2025.139526


backup
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Analysis strategy 7

Precise lepton momentum calibration

26https://doi.org/10.1140/epjc/s10052-012-2194-8 

• Miscalibration of lepton momentum can 
introduce unphysical wiggle in 𝐴𝐹𝐵

• Lepton momentum is calibrated using Z peak

https://doi.org/10.1140/epjc/s10052-012-2194-8
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