


Drell-Yan lepton pairs are produced at the Tevatron through 

 

 

The weak mixing angle can be measured from the forward-

backward asymmetry of the polar angle distribution of these 

Drell-Yan pairs 

         Born level 

          couplings 

 

 

𝑰𝟑, 𝒔𝒊𝒏𝟐𝜽𝑾 couplings altered by weak radiative corrections 

Multiplicative factor of a few % 

Gives effective 𝒔𝒊𝒏𝟐𝜽𝑾 coupling → 𝒔𝒊𝒏𝟐𝜽𝒆𝒇𝒇
𝒍  
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𝒑𝒑 → 𝒁/𝜸∗ → 𝒍+𝒍−  

𝒒𝒒 → 𝜸∗ → 𝒍+𝒍− 

 𝒈𝑽
𝒇
= 𝑸𝒇 

𝒈𝑨
𝒇
= 𝟎 

𝒒𝒒 → 𝒁 → 𝒍+𝒍− 

 𝒈𝑽
𝒇
= 𝑰𝟑 − 𝟐𝑸𝒇𝒔𝒊𝒏

𝟐𝜽𝑾 

𝒈𝑨
𝒇
= 𝑰𝟑 

𝒇 𝒈𝑽 + 𝒈𝑨𝜸
𝟓 𝜸𝝁 𝒇  



𝒅𝑵/𝒅𝛀 ∝ 𝟏 + 𝒄𝒐𝒔𝟐𝜽∗ + 𝑨𝟒𝒄𝒐𝒔𝜽
∗  

All coefficients† but 𝑨𝟒 vanish as 𝑷𝑻 → 𝟎     

𝑨𝟒𝒄𝒐𝒔𝜽
∗: parity violating, from                                 

interference of vector and axial vector currents 

Sensitive to 𝑠𝑖𝑛2𝜃𝑊 through Z self-interference:      

1 − 4 𝑄𝑙 𝑠𝑖𝑛
2𝜃𝑊 1 − 4 𝑄𝑞 𝑠𝑖𝑛2𝜃𝑊  

Measure l-l+ angular distribution in 

the Collins-Soper rest frame of the 

boson. Polar angle, 𝜽∗, of the 𝒍− is 

defined relative to the direction of the 

incoming quark 

Forward: 𝑐𝑜𝑠𝜃∗ > 0, Backward: 𝑐𝑜𝑠𝜃∗ < 0 
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𝒅𝑵 𝒅𝛀 = 𝟏 + 𝒄𝒐𝒔𝟐𝜽∗ + 𝑨𝟎 𝟏 − 𝟑𝒄𝒐𝒔𝟐𝜽∗ 𝟐 + 𝑨𝟏𝒔𝒊𝒏𝟐𝜽
∗𝒄𝒐𝒔𝝓 + 𝑨𝟐 𝒔𝒊𝒏𝟐𝜽∗𝒄𝒐𝒔𝟐𝝓 𝟐 + 

𝑨𝟑𝒔𝒊𝒏𝜽
∗𝒄𝒐𝒔𝝓 + 𝑨𝟒𝒄𝒐𝒔𝜽

∗ + 𝑨𝟓𝒔𝒊𝒏
𝟐𝜽∗𝒔𝒊𝒏𝟐𝝓 + 𝑨𝟔𝒔𝒊𝒏𝟐𝜽

∗𝒔𝒊𝒏𝝓 + 𝑨𝟕𝒔𝒊𝒏𝜽
∗𝒔𝒊𝒏𝝓 

†@ NLO QCD: 

𝑨𝑭𝑩 =
𝝈+ − 𝝈−

𝝈+ + 𝝈−
=
𝟑

𝟖
𝑨𝟒 



Measure 𝑨𝑭𝑩 in bins of lepton pair invariant mass 

Produce Monte Carlo 𝑨𝑭𝑩 𝑴,𝒔𝒊𝒏𝟐𝜽𝑾  templates 

Perform full corrections to data and simulation 

Background subtractions 

Extract 𝒔𝒊𝒏𝟐𝜽𝑾 by a 𝝌𝟐 comparison between data and MC 
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Standard Model 

@ LO 



CDF Collaboration 

Accepted PRD, arXiv:1402.2239 

 



Full CDF RunII dataset: 9.2 fb-1 

Tight muon cuts: 𝑷𝑻 > 𝟐𝟎 GeV 

Dimuon rapidity region: 𝒚 < 𝟏 

All dimuon detector topologies 

Mass distribution: 𝑴 > 𝟓𝟎 GeV 

Very low backgrounds 

EWK: 0.53% (simulation) 

QCD: 0.10% (data) 

276,623 events after BG subtraction 

Momentum Calibration 

Rochester Method: tune data and 

simulation to post-FSR generator level in 

64 individually calibrated 𝜂, 𝜙  bins 

MC: PYTHIA, CTEQ5L 
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Traditional measurement with acceptance and efficiency corrections: 

 

Requires measuring 22 numbers for the 11 dimuon topologies 

Use simpler event weighting method: Eur.Phys.J. C (2010) 67:321  

Equivalent to measuring 𝑨𝑭𝑩 in 𝒄𝒐𝒔𝜽∗ bins 

Assumes 𝜖𝐴 + = 𝜖𝐴 − in each bin; NLO QCD angular dist. (slide 3) 

𝐴𝐹𝐵 𝑐𝑜𝑠𝜃∗ = 𝐴𝐹𝐵 ∙ 𝑐𝑜𝑠𝜃
∗ / 1 + 𝑐𝑜𝑠2𝜃∗ +⋯  

Measurements for large 𝑐𝑜𝑠𝜃∗ bins are more accurate  

Recast binned measurements into unbinned weighted event sum:  

𝐴𝐹𝐵 = 𝑁𝑛
+ − 𝑁𝑛

− / 𝑁𝑑
+ + 𝑁𝑑

−  

Event weights for the numerator and denominator terms remove angular 

dependence and account for measurement accuracy at each 𝑐𝑜𝑠𝜃∗ 

Equivalent to maximum likelihood fit, expect 20% smaller uncertainty 

Does not account for 

Smearing due to detector resolution 

2nd order bias due to regions of low acceptance and 𝜖𝐴 + ≠ 𝜖𝐴 −  
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𝑨𝑭𝑩 =
𝑵+/ 𝝐𝑨 + − 𝑵−/ 𝝐𝑨 −

𝑵+/ 𝝐𝑨 + + 𝑵−/ 𝝐𝑨 − 



Raw 𝑨𝑭𝑩 distribution must be unfolded due to resolution smearing and 

QED final state radiation effects 

Two 16 x 16 unfolding matrices (16 mass bins, + and – regions) 

Used to produce covariance and error matrices 

Bin-by-bin 2nd order bias corrections 

Due to limited rapidity coverage (𝐴𝐹𝐵 𝑦 ) and  detector non-uniformity 
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The 𝑨𝑭𝑩 measurement is compared to 𝑨𝑭𝑩 templates calculated at 

different 𝒔𝒊𝒏𝟐𝜽𝑾 values 

Three sets of templates are used, with different Enhanced Born 

Approximation (EBA) calculations 

 

 

 

 

 

 

ResBos is chosen as the default               

𝑨𝑭𝑩 template 
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Systematic Uncertainties 
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← Variations of 0.5 and 2.0 of default 

← Quadrature sum of eigenvectors, scaled to 68% CL 

← ResBos/Powheg-Box/Tree , and         

 QCD rad on/off difference 

𝒔𝒊𝒏𝟐𝜽𝑾 = 𝟎. 𝟐𝟐𝟑𝟑 ± 𝟎. 𝟎𝟎𝟎𝟖 ± 𝟎. 𝟎𝟎𝟎𝟒 

𝒔𝒊𝒏𝟐𝜽𝒆𝒇𝒇
𝒍 = 𝟎. 𝟐𝟑𝟏𝟓 ± 𝟎. 𝟎𝟎𝟎𝟗 ± 𝟎. 𝟎𝟎𝟎𝟒 

𝑴𝑾 𝒊𝒏𝒅𝒊𝒓𝒆𝒄𝒕 = 𝟖𝟎. 𝟑𝟔𝟓 ± 𝟎. 𝟎𝟒𝟑 ± 𝟎. 𝟎𝟏𝟗 GeV/c2 

In Standard Model context, with on-shell renormalization scheme (𝒔𝒊𝒏𝟐𝜽𝑾 = 𝟏−𝑴𝑾
𝟐 /𝑴𝒁

𝟐) 

← Global scale data-MC shifts 



D0 Collaboration 

D0 Note 6426-CONF 
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Full D0 RunII dataset: 9.7 fb-1 

Two high-𝑷𝑻 electrons: 𝑷𝑻 > 𝟐𝟓 GeV 

Central and endcap calorimeters (CC,EC) 

Tight track requirements 

Mass distribution: 𝑴 > 𝟓𝟎 GeV 

𝒔𝒊𝒏𝟐𝜽𝒆𝒇𝒇
𝒍  from 75 < 𝑀 < 115 GeV 

85% increase in statistics 

Extend to 𝜼 < 𝟏. 𝟏, 𝟏. 𝟓 < 𝜼 < 𝟑. 𝟐 

Include EC-EC events 

Include electrons near calorimeter                                            

module (phi-mod) boundaries  

Track reconstruction improvements 

560,267 events  

Low QCD backgrounds (EW negl.) 

CC-CC: 0.4%; CC-EC,EC-EC: < 4%  

MC: PYTHIA, CTEQ6L1 

E
v
e

n
ts

/(
G

e
V

/c
2
) 

Invariant Mass (GeV/c2) 

D0 𝒆+𝒆− 
MC: PYTHIA 

PRELIMINARY 

 



Global energy scale modeling in previous analysis 

Shape dependence inadequate for different detector responses of extended 

acceptance regions 

New method corrects energy as a function of 𝑳𝒊𝒏𝒔𝒕 first, then 𝜼𝒅𝒆𝒕 

Z mass peak scaled to LEP value (91.1875 GeV) in each bin  

Separate calibrations for data and MC 

After calibration, mass peak 𝑳𝒊𝒏𝒔𝒕 dependence negligible, 𝜼𝒅𝒆𝒕 
dependence reduced from 2 GeV to 100 MeV (data), 10 MeV (MC) 
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D0 8.6 fb-1 

PRELIMINARY 

D0 8.6 fb-1 

PRELIMINARY 

Detector 𝜼 Detector 𝜼 

Z
 p

e
a

k
 (

G
e

V
/c

2
) 

Z
 p

e
a

k
 (

G
e

V
/c

2
) 

data data 



Separate energy resolution smearing and efficiency corrections for CC 

phi-mod center, CC phi-mod boundary, EC electrons 

Efficiency corrections measured via tag-and-probe method, and applied 

as functions of 𝑷𝑻 and 𝜼 

𝑳𝒊𝒏𝒔𝒕 and vertex 𝒛 distribution reweighting 

Higher order effects not in PYTHIA 

2D (𝑃𝑇 , 𝜂) reweighting; NNLO boson mass reweighting 
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D0 9.7 fb-1 

PRELIMINARY 
D0 9.7 fb-1 

PRELIMINARY 

E
v
e

n
ts

/(
0

.5
 G

e
V

/c
2
) 

E
v
e

n
ts

/(
0

.0
4

) 



Raw 𝑨𝑭𝑩 measurement is compared to reweighted MC 𝑨𝑭𝑩 

templates corresponding to different 𝒔𝒊𝒏𝟐𝜽𝑾 values 

Different 𝑠𝑖𝑛2𝜃𝑊 predictions obtained by reweighting generator level 2D 

(𝑀𝑍/𝛾∗ , 𝑐𝑜𝑠𝜃
∗) distribution of default MC (𝑠𝑖𝑛2𝜃𝑊 = 0.232) 

Done separately for CC-CC, CC-EC, EC-EC events, and for RunIIa (1.1 

fb-1 low 𝐿𝑖𝑛𝑠𝑡) and RunIIb (8.6 fb-1 high 𝐿𝑖𝑛𝑠𝑡) running periods 
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D0 9.7 fb-1 

PRELIMINARY 

D0 8.6 fb-1 

PRELIMINARY 

𝑨
𝑭
𝑩

 

Invariant Mass (GeV/c2) 𝒔𝒊𝒏𝟐𝜽𝑾 

𝝌
𝟐
 

CC-EC events 
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     Upper bound estimate.  Final value  

← being finalized. 
← Vary smear factor ±𝟏𝝈 

PDF unc.                 0.00029 ← Quadrature sum of eigenvectors, 

 scaled to 68% CL 

← Vary correction factor ±𝟏𝝈 

← Vary correction factor ±𝟏𝝈 

𝒔𝒊𝒏𝟐𝜽𝑾 = 𝟎. 𝟐𝟑𝟎𝟗𝟖 ± 𝟎. 𝟎𝟎𝟎𝟒𝟐 ± 𝟎. 𝟎𝟎𝟎𝟏𝟒 ± 𝟎. 𝟎𝟎𝟎𝟐𝟗 

                                               (stat)            (syst)          (PDF) 

𝒔𝒊𝒏𝟐𝜽𝒆𝒇𝒇
𝒍 = 𝟎. 𝟐𝟑𝟏𝟎𝟔 ± 𝟎. 𝟎𝟎𝟎𝟓𝟑 

In Standard Model context, with on-shell renormalization scheme, ResBos EBA correction 

D0 9.7 fb-1: PRELIMINARY 

World’s Best From Hadron Collider & from Light Quark Interactions 

0.00012 

                   0.00044 

                 0.00014 
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PRELIMINARY 
3 



CDF 9.2 fb-1 Dimuon: 𝒔𝒊𝒏𝟐𝜽𝒆𝒇𝒇
𝒍 = 𝟎. 𝟐𝟑𝟏𝟓 ± 𝟎. 𝟎𝟎𝟏𝟎  

D0 9.7 fb-1 Dielectron: 𝒔𝒊𝒏𝟐𝜽𝒆𝒇𝒇
𝒍 = 𝟎. 𝟐𝟑𝟏𝟎𝟔 ± 𝟎. 𝟎𝟎𝟎𝟓𝟑 

Most precise from hadron colliders and with light quark couplings  

 

Still To Come: strong PDF constraints (full dataset unless indicated) 

CDF:  

Dielectron 𝑨𝑭𝑩 - 4 times stats, PDF limiting systematic 

Dielectron angular coefficients 𝒔𝒊𝒏𝟐𝜽𝒆𝒇𝒇
𝒍 (2.1 fb-1): PRD88, 072002 (2013) arXiv:1307.0770 

D0:  

Dielectron 𝑨𝑭𝑩: 𝒔𝒊𝒏𝟐𝜽𝒆𝒇𝒇
𝒍  PRL soon, PRD with 𝑨𝑭𝑩, coupling details later 

Dimuon 𝑨𝑭𝑩 - Z peak, low mass, high mass analyses 

Charge asymmetries: 

W muon (7.3 fb-1):  PRD 88, 091102(R) (2013),  arXiv:1309.2591 

W boson (electron channel): Submitted 12/10/13:  PRL,  arXiv:1312.2895 

W electron: PRD in preparation 

Z ∅∗, Z rapidity, angular coefficients  
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PRELIMINARY 
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CDF ee 2.1 fb-1  

𝒔𝒊𝒏𝟐𝜽𝑾 = 𝟎. 𝟐𝟐𝟒𝟔 ± 𝟎. 𝟎𝟎𝟎𝟗 

𝒔𝒊𝒏𝟐𝜽𝒆𝒇𝒇
𝒍 = 𝟎. 𝟐𝟑𝟐𝟖 ± 𝟎. 𝟎𝟎𝟏𝟎 

𝑴𝑾 𝒊𝒏𝒅𝒊𝒓𝒆𝒄𝒕 = 𝟖𝟎. 𝟐𝟗𝟕 ± 𝟎. 𝟎𝟎𝟒𝟖 

𝑨𝟒 = 𝟎. 𝟏𝟏𝟎𝟎 ± 𝟎. 𝟎𝟎𝟕𝟗 ±𝟎. 𝟎𝟎𝟎𝟒 

PRD88, 072002 (2013) arXiv:1307.0770 



 

 

 

 

 

 

 

 

 

Most precise direct measurement to date 

Coverage to 𝜼 < 𝟑. 𝟐, can be used to improve PDF sets, 

particularly at high x 
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Submitted 12/10/13:  PRL,  arXiv:1312.289 


