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The Drell-Yan Process
S.D. Drell and T.M. Yan, PRL 25 (1970) 316
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Drell-Yan Process with QCD Effect
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Quark-antiquark annihilation 

Quark-antiquark annihilation Quark-gluon Compton scattering



Factorization of Hard Processes

5𝜎𝑝𝑟𝑜𝑡𝑜𝑛 𝑥, 𝑄2 ~𝑓𝑛𝑢𝑐𝑙𝑒𝑜𝑛(𝑥, 𝑄
2)⨂ ො𝜎ℎ𝑎𝑟𝑑(𝑄

2)

DIS Drell-Yan



Parton distributions of Protons

From Global Analysis
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• Naïve Assumption:

• NMC (Gottfried Sum 

Rule):

• NA51 (Drell-Yan, 1994):

• E866/NuSea (Drell-Yan, 

1998):

Light Antiquark Flavor Asymmetry:  

Drell-Yan Experiments
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Origin of ത𝑢(𝑥) ≠ ҧ𝑑(𝑥): 
pQCD or non-pQCD effect?

• Pauli blocking
– 𝑔 → 𝑢ത𝑢 is more suppressed than 𝑔 → 𝑑 ҧ𝑑 in 

the proton since |p>=|uud> (Field and 
Feynman 1977)

– pQCD calculation (Ross, Sachrajda 1979)

• Meson cloud in the nucleons 
(Thomas 1983, Kumano 1991): Sullivan process in 
DIS.

8

g ത𝑞
𝑞

0;  : : 2 :1: 0p N     



Results of തd(𝑥) − തu(𝑥) from 

Lattice QCD
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H.W. Lin et al., PRD 91, 054510 (2015)

C. Alexandrou et al., PRD 96, 014513 (2017)
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ҧ𝑑(𝑥)/ത𝑢(𝑥) Measured by 

FNAL E906/SeaQuest Experiment
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Fermilab E906

 𝑥𝐵𝑥𝑇 =
𝑀

𝑠
; smaller s, larger 𝑥𝑇

 Unpolarized Drell-Yan using 120 

GeV proton beam from Main 

Injector


1H, 2H, and nuclear targets

( ( ) / ( )) up to 0.45Td x u x x



E906/SeaQuest
• Schedules:

– Run 1 (Mar. 2012 – Apr., 2012): commissioning run.

– Run 2 (Nov. 2013 – Sep. 2014) : 1st physics run.

– Run 3 (Nov. 2014 – Jul. 2015):    2nd physics run. 

– Run 4 (Oct. 2015 – Aug., 2016): 3rd physics run.

– Run 5 (Nov. 2016 – Jul., 2017):   4th physics run.
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Preliminary Results of ҧ𝑑/ത𝑢(𝑥)from 

SeaQuest
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Random bg. subtraction 

is found not properly done!

Results to be updated soon… 



Why TMDs?

13

Angeles-Martinez et al., arXiv: 1507.05267

The Z-boson transverse momentum qT spectrum in pp collisions at the LHC

• At large qT, the 

NNLO pQCD

describes the 

data better than 

10%.

• For qT<10 

GeV, pQCD

calculation fails: 

multi-parton 

QCD radiation.

PRD 85, 032002 (2012)



Multi-dimensional Partonic Structures

14http://www.int.washington.edu/PROGRAMS/17-3/

 Beyond collinear 

approximation

 Related to the orbital 

motion and spin-orbit 

effects.

http://www.int.washington.edu/PROGRAMS/17-3/


Leading-Twist Transverse-momentum 

Dependent Parton Density Function (TMDs)
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Dihadron in e+e-: e+e- →h1 h2 X

Accessing TMDs

Hadron production in pp: pp → hX

Drell-Yan: pp → e+e-X

SIDIS: ep → ehX



SIDIS cross-sections
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𝐹𝑈𝑈
cos(2𝜙)

, 𝐹𝑈𝑇
sin(𝜙−𝜙𝑠), 𝐹𝑈𝑇

sin(𝜙+𝜙𝑠) : 

Structure Functions

Avakian et al., Eur. Phys.J. A52 (2016) 150



Polarization-dependent Terms:
Transverse Spin Asymmetry (TSA) 𝐴𝑈𝑇
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𝑓: dilution factor due to non-polarizable content of the target

𝑆𝑇 : polarization degree of nucleon transverse spin

• Advantage: most of the systematics due to instrumental artifacts cancel.

• Disadvantage: unpolarized structure function 𝐹𝑈𝑈 has to be well known.
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SIDIS and single-polarized DY x-sections at twist-2 (LO)
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Key Issues of TMDs to be 

Answered/Tested by Experiments

• Signals

• Factorization and universality: different 

processes

• QCD evolution: different energies

• Flavor dependence (𝑢, 𝑑, ത𝑢, ҧ𝑑, 𝑠, ҧ𝑠, 𝑔): 

different targets and tagged hadrons

20



Leading-Twist Transverse-momentum 

Dependent Parton Density Function (TMDs)
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Sivers Asymmetry 𝐴𝑆𝑖𝑣 in SIDIS 

(Left-Right Asymmetry w.r.t. 𝑆𝑇 )

22
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Nonzero Sivers 

Asymmetries from SIDIS

23

Sivers Functions

PRD 86, 014028 (2012) 

[arXiv:1204.1239]

COMPASS, PLB 744 (2015) 250
TS

Signals of Sivers functions in SIDIS. 

Flavor dependence.



Non-Universality of Sivers Functions
J.C. Collins, Phys. Lett. B 536 (2002) 43

A.V. Belitsky, X. Ji, F. Yuan, Nucl. Phys. B 656 (2003) 165

D. Boer, P.J. Mulders, F. Pijlman, Nucl. Phys. B 667 (2003) 201

Z.B. Kang, J.W. Qiu, Phys. Rev. Lett. 103 (2009) 172001
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Sivers | Sivers |DY SIDIS

Drell-Yan SIDIS

• QCD gluon gauge link (Wilson line) in the initial state (DY) vs. final 
state interactions (SIDIS).

• Fundamental predictions from TMD physics will be 
tested.



2015 U.S. Long Range Plan 

25
https://science.energy.gov/~/media/np/nsac/pdf/2015LRP/2015_LRPNS_091815.pdf

https://science.energy.gov/~/media/np/nsac/pdf/2015LRP/2015_LRPNS_091815.pdf


Transverse SSA of W production 

in polarized pp collisions at RHIC
STAR, PRL 116 (2016) 132301
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QCD evolution of Sivers function
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COMPASS Collaboration
(Common Muon and Proton Apparatus for Structure and Spectroscopy)

28

• 24 institutions from 

13 countries –

nearly 250 

physicists

• Fixed-target 

experiment at SPS 

north area

• Physics programs:

• Nucleon spin 

and partonic

structures

• Hadron 

spectroscopy



COMPASS Setup (Drell-Yan Runs)

29

Beam:
Target:

π- 190 GeV/c

Polarized NH3 target

Nuclear targets

Target Region

Small Angle 

Spectrometer

(SAS)

Large Angle Spectrometer (LAS)



Polarized NH3 Target

30

Cryogenic


3He-4He dilution refrigerator
 T~50mK

Magnet
Superconducting solenoid : 2.5 T
Dipole filed: 0.5 T

Target
Materials: p(NH3)
Dilution factor: ~0.15
Polarization: >90%Two 55 cm long target cells spaced by 20 cm



Hadron Absorber & Nuclear Targets

31

• Absorber: 236 cm long, 
made of Al2O3.

• Radiation lengths (multiple 

scattering for ): x/X0 = 33.53 

• Hadronic interaction lengths 
(stopping power for ): x/int = 
7.25

• 7 cm Al target

• 120 cm W beam dump

WAl



Hadron Absorber & Nuclear Targets
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Sivers Asymmetries (𝑥,𝑧,𝑝𝑇
ℎ,𝑄2) 

in SIDIS

33COMPASS, PLB 770 (2017) 138

Sivers asymmetry extracted in 

SIDIS at the hard scales of the

Drell–Yan process at COMPASS



COMPASS-II Transversely 

Polarized Drell-Yan Program

• Schedules:

– 2014 Oct – Dec: commission Drell-Yan runs

– 2015: first year of transversely polarized Drell-

Yan runs with 190 GeV 𝜋− beam
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Tungsten 

beam plug

AlNH3

Dimuon Vertex Distributions 

(2015 Trans.-pol. Drell-Yan Runs) 

35

COMPASS, PRL 119 (2017) 112002



Dimuon Invariant-mass Distributions 

(2015 Trans.-pol. Drell-Yan Runs)
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COMPASS, PRL 119 (2017) 112002



Kinematic Acceptance

(2015 Trans.-pol. Drell-Yan Runs)
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COMPASS, PRL 119 (2017) 112002
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Transverse Spin Asymmetries 

in Trans.-pol. Drell-Yan: Sivers
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Sivers Asymmetry in Drell-Yan:

Hint of Sign Change!   

39

sign change

no sign change

sin
0.060 0.057( .) 0.040( .)s

TA stat sys

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COMPASS, PRL 119 (2017) 112002

0 1 GeVTq 

2018: Polarized Drell-Yan program (improved statistics 

errors of Sivers asymmetries are expected).
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Angular Distribution in the “Naïve” Drell-Yan



Angular Distributions of Lepton Pairs
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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



Leading-Twist Transverse-momentum 

Dependent Parton Density Function (TMDs)
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Boer [PRD 60, 014012 (1999)]:

Hadronic Effect, Boer-Mulders Functions 
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Spin-orbit correlation of transversely polarized noncollinear partons inside an unpolarized hadron



Angular Distributions of Z Production 
CMS, PLB750, 154 (2015)
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0 2A A

Violation of Lam-Tung relation



Angular Distributions of Z Production 
ATLAS, JHEP08, 159 (2016)

46

0 2A A
Violation of Lam-Tung relation



Observations and Interpretations 

of DY Angular Distributions
• Strong 𝑞𝑇 dependence and certain rapidity 

dependence of 𝐴𝑖 (𝜆, 𝜇, 𝜈).

• Lam-Tung Violation: (𝐴0 ≠ 𝐴2)
– Small 𝑞𝑇:

• Intrinsic partonic transverse momentum 𝑘𝑇
• Boer-Mulders functions (Boer 1999)

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

2) or higher)

• A simple and intuitive interpretation: 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

 Angle  satisfies the relati

1) Hadron Plane ( )

ˆ ˆ2) Quark Plane 

on tan /

ˆ  and  have head-on collision along the  axis
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*Collins-Soper ( /Z rest) Frame
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How is the angular distribution expression derived?

0

2

0cos1 cosa
d
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
   



0 1 1 1cos cos cos sin sin cos( )        

: forward-backward asymmetry coefficienta
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How is the angular distribution expression derived?
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Some implications of the angular distribution 

coefficients A0 – A7
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Violation of Lam-Tung relation



𝜃1 and 𝜙1 at 𝑂(𝛼𝑠
1): 𝑞ത𝑞 → 𝛾∗/𝑍𝑔
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𝜃1 and 𝜙1 at 𝑂(𝛼𝑠
1): 𝑞𝑔 → 𝛾∗/𝑍𝑞
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Origins of the non-coplanarity
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higheror  order at   Processes1) 2

s

2) Intrinsic  from interacting partonsTk



Compare with CMS data on λ
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Compare with CMS data on ν
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Summary
• Unique information of the x-dependence of sea 

quark flavor structure has been obtained with 
Drell-Yan experiments. SeaQuest experiment will 
extend the measurement of ҧ𝑑(𝑥)/ത𝑢 𝑥 to the 
large-x regions.

• COMPASS experiment has found that DY Sivers 
asymmetry is consistent with the predicted sign 
change. It provides a further good understanding 
of transverse orbital motion of valence quarks. 

• Violation of the Lam-Tung relation is observed at 
large-𝑞𝑇 regions of Z production. It could be 
interpreted by the non-coplanarity effects induced 
by the higher-order QCD processes.
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