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Lepton angular distributions of Drell-Yan process 
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Angular Distributions of Lepton Pairs 

from 𝑍/𝛾∗
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Drell-Yan Process with

𝑂(𝛼𝑠
1) QCD Effect
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Quark-antiquark (qത𝑞) annihilation with the virtual gluon correction 

Quark-antiquark (qത𝑞) annihilation

with one real gluon 

Quark-gluon (𝑞𝐺) Compton scattering
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Lam-Tung Relation [PRD 18 (1978) 2447]



E615 @ FNAL: Violation of LT Relation
PRD 39, 92 (1989)
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252-GeV +W (fixed-target)

cos2  modulation at large Tp
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Angular Distributions of Z Production 
CMS, PLB750, 154 (2015)
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Violation of Lam-Tung relation

1 3 4 0 2A , A  and A  show y-dependence, but not A  and A .



Angular Distributions of Z Production 
ATLAS, JHEP08, 159 (2016)
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1 3A  and A  show y-dependence.

0 2A A
Violation of Lam-Tung relation



Drell-Yan Angular Distributions

• Features:

– Distinctive 𝑞𝑇 dependence.

– Lam-Tung violation:

• 1 − 𝜆 − 2𝜈 ≠ 0 for fixed-target experiments

• 𝐴0 − 𝐴2 ≠ 0 for collider experiments.

– Rapidity dependence for 𝐴1, 𝐴3, and 𝐴4.

• Can these features be understood by pQCD?

• Is there any simple picture for interpretation?
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CMS vs. NNLO:𝑂(𝛼𝑠
3)
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These predictions can be readily tested using existing LHC data.
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ATLAS vs. NNLO:𝑂(𝛼𝑠
3)
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Lam-Tung Violation: 𝐴0 − 𝐴2
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CMS: Z + jet(s)
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𝐴0 − 𝐴2 𝑍+2𝑗𝑒𝑡𝑠 ≫ 𝐴0 − 𝐴2 𝑍+𝑋

J.C. Peng et al., PLB 797, 134895 (2019)

𝐴0
𝑍+ 𝑞−𝑗𝑒𝑡

≠ 𝐴0
𝑍+ 𝐺−𝑗𝑒𝑡



E615 vs. NNLO:𝑂(𝛼𝑠
2)
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1 2;: ( : () )s sNNLO O NLO O 

Signs of L-T violation for the data 

and pQCD calculations are opposite!

TMD Boer-Mulders Effect

[Boer, PRD 60, 014012 (1999)]

W.C. Chang et al., PRD 99, 014032 (2019)



COMPASS: pQCD calculations
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Drell-Yan Angular Distributions

• Features:

– Distinctive 𝑞𝑇 dependence.

– Lam-Tung violation: 

• 1 − 𝜆 − 2𝜈 ≠ 0 for fixed-target experiments

• 𝐴0 − 𝐴2 ≠ 0 for collider experiments.

– Rapidity dependence for 𝐴1, 𝐴3, and 𝐴4.

• Can these features be understood by pQCD?

Partially YES!

• Is there any simple picture for interpretation?
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A geometric picture:
J.C. Peng, W.C. Chang, R.E. McClellan, O. Teryaev, PLB 758, 394 (2016)

W.C. Chang, R.E. McClellan, J.C. Peng, O. Teryaev, PRD 96, 054020 (2017)



Natural Axis Ƹ𝑧′
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Lepton angular distributions

with respect to the natural axis Ƹ𝑧′:

10 1 1cos cos cos sin sin cos( )       

Express the measured lepton angular distributions

(cos 𝜃 , 𝜙) with respect to the natural axis Ƹ𝑧′:

• Drell-Yan, trans. polarized quarkonium: 

𝜆0=+1

• Unpolarized quarkonium: 𝜆0= 0

• Longi. polarized quarkonium: 𝜆0= 1

Quantization axis: Faccioli et al., PRD 83, 056008 (2011)

Intrinsic 𝑘𝑇, non-collinear effects: 𝜃1, 𝜙1 ≠ 0



Lepton angular distributions

w.r.t. the natural axis Ƹ𝑧′
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0 7 1 1 are entirely described by , and .A A a 
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(Non-)Coplanarity of 

Quark Plane and Hadron Plane 

• 𝑂(𝛼𝑠
1):𝜙1 = 0, 𝜋. 𝐴0 = 𝐴2 • 𝑂(𝛼𝑠

2) or higher:
𝜙1 ≠ 0, 𝜋
 𝐴0 > 𝐴2 (1 − 𝜆 − 2𝜈 > 0)

• Intrinsic 𝑘𝑇 of 
interacting partons: 
𝜙1 ≠ 0, 𝜋
 𝐴0 > 𝐴2 (1 − 𝜆 − 2𝜈 > 0)
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Cancelation Effect for A1(𝜈), A3 and A4

• 𝑂(𝛼𝑠
1):𝜃1 = 𝛽, 𝜋 − 𝛽;  𝜙1 = 0, 𝜋
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A cancelation effect leads to a strong 

rapidity-dependence of A1(𝜈), A3 and A4.
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Summary

• pQCD calculations describe the Drell-Yan angular 
distributions from colliders at large 𝑞𝑇. Deviation 
seen in the fixed-target data.

• Angular distributions of Z+jets are different for the 
quark and gluon jets. 

• Features of the data and pQCD calculations could 
be interpreted by a geometric picture of the natural 
𝑞 − ത𝑞 axis: 
– Violation of the Lam-Tung relation (𝐴0 ≠ 𝐴2) is 

caused by the non-coplanarity between the quark 
plane and the hadron plane. 𝐴0 > 𝐴2 from NNLO.

– A cancelation effect leads to strong rapidity 
dependence of 𝐴1, 𝐴3 and 𝐴4 (or 𝜇).
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Thanks for your attention!


