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The Drell-Yan Process
S.D. Drell and T.M. Yan, PRL 25 (1970) 316
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Angular Distribution in the “Naïve” Drell-Yan



Drell-Yan Process with QCD Effect
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Quark-antiquark annihilation 

Quark-antiquark annihilation Quark-gluon Compton scattering



Angular Distributions of Lepton Pairs
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Lam-Tung Relation [PRD 18 (1978) 2447]
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Angular Distributions of Lepton Pairs 

from 𝑍/𝛾∗
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Angular Distribution
I.R. Kenyon, Rep. Prog. Phys. 45 (1982) 1261
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NA10 @ CERN: Violation of LT Relation
Z. Phys. 37 (1988) 545 

8T0  and  increases with p 

+W
Lam-Tung relat 1io : =n 2 0  



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

1 2 0   cos2  modulation at large Tp



Angular Distributions of Z Production 
CDF, PRL 106, 241801 (2011)
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Angular Distributions of Z Production 
CMS, PLB750, 154 (2015)
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Violation of Lam-Tung relation



Angular Distributions of Z Production 
ATLAS, JHEP08, 159 (2016)
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0 2A A
Violation of Lam-Tung relation



LHC:𝐴0 − 𝐴2, NLO vs. NNLO

13𝐴0 − 𝐴2 can be described by fixed-order NNLO QCD.

p+p at √𝑠= 8 TeV



E615: 1 − 𝜆 − 2𝜈, NLO vs. NNLO
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252-GeV +W

1 − 𝜆 − 2𝜈 cannot be described by fixed-order NLO and NNLO QCD.



Theoretical Interpretations of Lam-Tung 

Violation in pion-induced DY
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Boer-Mulders

Function

QCD chromo-

magnetic effect

Glauber gluon

Origin of effect Hadron QCD vacuum Pion specifically

Quark-flavor 

dependence

Yes No No

Hadron

dependence

Yes No Yes

Large PT limit 0 Nonzero 0

Reference PRD 60, 

014012 (1999)

Z. Phy. C 

60,697 (1993)

PLB 726, 262 

(2013)

Measurements with different beams , , ,  over wide kinematical ranges 

would help differentiating the origin. 

p K p  



Observations and Interpretations 

of Lam-Tung Violation

• Lam-Tung Violation: (1 − 𝜆 − 2𝜈 ≠ 0 ; 𝐴0 ≠ 𝐴2)

– Small 𝑞𝑇:
• Intrinsic partonic transverse momentum 𝑘𝑇
• TMD Boer-Mulders functions (Boer 1999) or non-pert. effects

– Large 𝑞𝑇:
• Hard multi-gluon radiation (𝑂(𝛼𝑠

2) or higher)

• A simple and intuitive interpretation of Lam-Tung 
Violation: the geometric picture
– J.C. Peng, W.C. Chang, R.E. McClellan, O. Teryaev

Phys. Lett. B 758, 394 (2016).

– W.C. Chang, R.E. McClellan, J.C. Peng, O. Teryaev
Phys. Rev. D 96, 054020 (2017).
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How is the angular distribution expression derived?

Define three planes in the Collins-Soper frame

 Contains the beam  and target  momenta

 An

1) Hadron Plan
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*Collins-Soper ( /Z rest) Frame
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How is the angular distribution expression derived?
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How is the angular distribution expression derived?
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: forward-backward asymmetry coefficienta
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How is the angular distribution expression derived?
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Angular distribution coefficients A0 – A7
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Some implications of the angular distribution 

coefficients A0 – A7
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Angular Distributions of Z Production 
CMS, PLB750, 154 (2015)
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Violation of Lam-Tung relation



𝜃1 and 𝜙1 at NLO(𝛼𝑠
1): 𝑞ത𝑞 → 𝛾∗/𝑍𝑔
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𝜃1 and 𝜙1 at NLO(𝛼𝑠
1): 𝑞ത𝑞 → 𝛾∗/𝑍𝑔
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𝜃1 and 𝜙1 at NLO(𝛼𝑠
1): 𝑞𝑔 → 𝛾∗/𝑍𝑞
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*Collins-Soper ( /Z rest) Frame
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Origins of the non-coplanarity
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2

0 1

1 1 1

2

2 1 1

sin

1
sin 2 cos

2

sin cos2

A

A

A



 

 









Compare with CMS data on Lam-Tung relation
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Violation of Lam-Tung 

relation is well described

J.C. Peng, W.C. Chang, R.E. McClellan, O. Teryaev

Phys. Lett. B758, 394 (2016)

2 2

2 2

2 2

2 2

2

2 3

2 5

2 15

T

T

T

T

Q q

Q q

Q q

Q q















2

2 2

2

2 2

2
for

2 3

10
for

2 15

T

T

T

T

q
qq ZG

Q q

q
qG Zq

Q q





 


 




Compare with CDF data
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Violation of Lam-Tung 

relation is not ruled out

J.C. Peng, W.C. Chang, R.E. McClellan, O. Teryaev

Phys. Lett. B758, 394 (2016)



𝜃1 and 𝜙1 at NLO(𝛼𝑠
1): 𝑞ത𝑞 → 𝛾∗/𝑍𝑔
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*Collins-Soper ( /Z rest) Frame



𝜃1 and 𝜙1 at NLO(𝛼𝑠
1): 𝑞ത𝑞 → 𝛾∗/𝑍𝑔
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*Collins-Soper ( /Z rest) Frame



𝜃1 and 𝜙1 at NLO(𝛼𝑠
1): 𝑞𝑔 → 𝛾∗/𝑍𝑞
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*Collins-Soper ( /Z rest) Frame



Rapidity Dependence of 𝐴𝑖
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A cancelation effect leads to a strong rapidity (y) dependence of A1, A3 and A4.



Compare with CMS data on Lam-Tung relation
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Weak Rapidity 

dependence of A0 and A2.

W.C. Chang, R.E. McClellan, J.C. Peng, O. Teryaev

Phys. Rev. D 96, 054020 (2017)



Compare with CMS data on Lam-Tung relation
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Rapidity of A1, A3 and A4

are well described
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W.C. Chang, R.E. McClellan, J.C. Peng, O. Teryaev

Phys. Rev. D 96, 054020 (2017)



Summary

• The lepton angular coefficients 𝐴0-𝐴7 are 
described in terms of the polar and azimuthal 
angles of the q − തq axis.

• The striking 𝑞𝑇 dependence of 𝐴0 (or 𝜆) can be 
well described by the mis-alignment of the q − തq
axis and the CS z-axis, i.e. finite 𝜽𝟏.

• Violation of the Lam-Tung relation (𝐴0 ≠ 𝐴2) is 
described by the non-coplanarity of the q − തq axis 
and the hadron plane, i.e. finite 𝝓𝟏. 

• Many salient features of the data could be nicely 
interpreted within the framework of geometric 
picture.
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