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The “Naïve” Drell-Yan process

Viewed from the dimuon rest-frame
(back-to-back muon pair)

Cited ~1800 times
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Transverse polarization in the “Naïve” Drell-Yan
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Lepton Angular Distribution of “naïve” Drell-Yan:
Drell-Yan angular distribution

Data from Fermilab 
E772

(Ann. Rev. Nucl. Part. 
Sci. 49 (1999) 217-253) 
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Helicity conservation and parity conservation
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Drell-Yan lepton angular distributions for pT > 0

Collins-Soper frame

Θ and Φ are the decay polar 
and azimuthal angles of the μ- 

in the dilepton rest-frame
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A general expression for Drell-Yan decay angular distributions:

Reflect the spin-1/2 nature of quarks
     (analog of the Callan-Gross relation in DI
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Decay angular distributions in pion-induced Drell-Yan
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Z. Phys.

37 (1988) 545 

T0  and  increases with pν ν≠

Dashed curves 
are from pQCD 

calculations

NA10  π- +W
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Decay angular distributions in pion-induced Drell-Yan

Data from NA10  (Z. Phys. 37 (1988) 545)

Is the Lam-Tung relation (1-λ-2ν=0) violated?
140 GeV/c 194 GeV/c 286 GeV/c

Violation of the Lam-Tung relation in NA10 and E615 suggests interesting 
new origins (Brandenburg, Nachtmann, Mirkes, Brodsky, Khoze, Muller, 
Eskolar, Hoyer,Vantinnen, Vogt, etc.)




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Brandenburg, Nachtmann & Mirkes, Z. Phy. C60,697(1993)
Nontrivial QCD vacuum may lead to correlation between the 
transverse spins of the quark (in nucleon) and the antiquark (in 
pion). 

The helicity flip in the instanton-induced contribution may lead to 
nontrivial vacuum and violation of the Lam-Tung relation. 
Boer,Brandenburg,Nachtmann&Utermann, EPC40,55(2005).
●This vacuum effect should be flavor blind.

QCD vacuum effects

κ0=0.17, mT=1.5

22 11
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Boer-Mulders function h1
┴                   

1 1
1

1 1

Boer pointed out that the cos2  dependence can be caused by
    the presence of the Boer-M

   can lead to an azimuthal dependence wi

ulders

th 

 function.

h hh
f f

ν
⊥ ⊥

⊥   
• ∝   

 

•



φ

Boer, PRD 60 (1999) 014012

The puzzle is resolved. It also leads to the first 
extraction of the Boer-Mulders function

ν
The violation of the Lam-
Tung relation is due to the 
presence of the Boer-
Mulders TMD function
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With Boer-Mulders function h1
┴: 

ν(π-Wµ+µ-X)~ [valence h1
┴(π)]  * [valence h1

┴(p)]

ν(pdµ+µ-X)~ [valence h1
┴(p)] * [sea h1

┴(p)] 

Azimuthal cos2Φ Distribution in p+d Drell-Yan
Lingyan Zhu, JCP et al., PRL 99 (2007) 

082301; PRL 102 (2009) 182001

Sea-quark BM function is much smaller than valence BM function

Fermilab E866
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Angular distribution data from CDF Z-production
TeV 1.96sat   =++→+ −+ Xeepp

λ 1 2λ ν− −ν

• Strong pT (qT) dependence of λ and ν
• Lam-Tung relation (1-λ = 2ν) is satisfied within 

experimental uncertainties (Boer-Mulders function  
is not expected to be important at large pT)

arXiv:1103.5699 (PRL 106 (2011) 241801) 



CMS (ATLAS) data for Z-boson 
production in p+p collision at 8 TeV

• Striking qT (pT) dependencies for λ and ν were observed at 
two rapidity regions (with very weak dependence on the 
rapidity). Both λ and ν data can be described by pQCD

• Is Lam-Tung relation violated? 13

(arXiv:1504.03512, PL B 750 (2015) 154)

λ ν
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Recent data from CMS for Z-boson production 
in p+p collision at 8 TeV

• Yes, the Lam-Tung relation is violated (1-λ > 2ν)!
• Can one understand the origin of the violation of 

the Lam-Tung relation (It cannot be due to the 
Boer-Mulders function)?
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Interpretation of the CMS Z-production results
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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
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 is independent of the producti
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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
 Angle  satisfies the relation tan /

ˆ  and  have head-on collision along the  axis
ˆ ˆ  and a
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How is the angular distribution expression derived?
Define three planes in the Collins-Soper frame

1 1

 Contains the beam  and target  momenta
 Angle  satisfies the relation tan /
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How is the angular distribution expression derived?

0
2

0cos1 cosad
d
σ θ θ∝ + +
Ω

0 1 1 1cos cos cos sin sin cos( )θ θ θ θ θ φ φ= + −

How to express the angular 
distribution in terms of θ and φ?

Azimuthally symmetric !

Use the following relation
(addition theorem):
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How is the angular distribution expression derived?
0
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All eight angular distribution terms are obtained!
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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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Some implications of the angular distribution 
coefficients A0 – A7
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Compare with CMS data on λ
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(Z production in p+p collision at 8 TeV)
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Compare with CMS data on ν
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Origins of the non-coplanarity
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Compare with CMS data on Lam-Tung relation

30

77.0sin2cossin

and processes,   41.5%
and  58.5% of mixturea 

  tocorrespond curves Solid

1
2

11
2 =θφθ

qq
qG

Violation of Lam-Tung relation 
is well described with a finite 

non-coplanarity angle 



Compare with CDF data
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How do the angular coefficients A0 – A7 depend on 
the rapidity?
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Compare CMS data on A1, A3 and A4 with calculations
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Phys. Rev. D 99 (2019) 014032

1 3 4The data on , ,
have strong rapidly
dependence, as expected

A A A
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A0

35

8 TeV
CMS

13 TeV
LHCb

No visible dependence on the rapidity or beam energy 



A0-A2
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8 TeV 13 TeV

No visible dependence on the rapidity or beam energy 



Other implications of the “geometric model”

• Extend this study to semi-inclusive DIS at high pT 
(involving two hadrons and two leptons)
– Relevant for EIC measurements

• Rotational invariance, equality, and inequality 
relations formed by various angular distribution 
coefficients
– See preprint arXiv: 1808.04398 

• Comparison with pQCD calculations
– See preprint arXiv: 1811.03256 
– Lambertson and Vogelsang, PRD 93 (2016) 114013

37

(PRD 99 (2019) 014032)

(Phys Lett B789 (2019) 352)



Geometric interpretations on the rotational 
invariance of some quantities

38

Quantities invariant under rotations along the y-axis (Faccioli et al.)
(Phys Lett B789 (2019) 352)
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the  invariant under rotation along  y-dilepton rest frame; axis
y zθ φ ′=



Comparison between pion and proton induced 
Drell-Yan angular coefficients in pQCD 

(Phys. Rev. D 99 (2019) 014032)
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 The pion-induced Drell-Yan is dominated by the  contribution,
   while the proton-induced Drell-Ya
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Other implications
Extend this study to W-boson production at CDF

40

W-boson production in p-pbar collision from CDF 

No corresponding data from LHC on W-boson 
production in p-p collision !



Other implications

• Extend this study to Z plus jets data at LHC
– The angular distribution coefficients are expected to be 

different, in general, for Z plus single jet and Z plus 
multi-jets events

– Lam-Tung relation is expected to be satisfied by Z plus 
single-jet event, but badly violated by Z plus two or 
more jets.

– The qT dependence of A0 would be different for Z plus a 
single quark jet events and Z plus a single gluon jet 
events (can lead to the validation of various algorithms 
for quark/gluon jets separation)

– Would be great to have these data from LHC!
41



Expected Z plus jets results

42

Z plus single gluon jet

Z plus single quark jet

Z plus single jet
Phys. Lett. B797 (2019) 134895

Very different results for Z plus 
single jet, depending on whether 
it is a quark jet or gluon jet.
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Summary
  A "geometric model" is developed to understand many 

    features of the lepton angular distributi
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Future prospects

  Can one extend this geometric approach to other processes
    at LHC (W production, Higgs physics,

i
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  How are the angular distributions for Z-production modified in 
   relativistic heavy ion collisions? Can one measure them in A-A 
   collision at LHC

nclusive DIS, Diffractive proesses, TMD physics)?
•

 It would be very interesting to check how the angular distribution for
    Z-boson production depend on the associated number of quark/gluon
    jets, using the abundant CMS/ATLAS data 

?
•
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