
1 

Nucleon Structure and the Drell-Yan Process 

•  Brief history of Drell-Yan and Fermilab dimuon 
experiments  

• Recent results from Drell-Yan experiments  
• What are the remaining puzzles and crucial 

future experiments? 
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First Dimuon Experiment 

29 GeV protonp U Xµ µ+ −+ → + +

Lederman et al. PRL 25 (1970) 1523 

• Experiment originally 
designed to search for 
neutral weak boson (Z0) 

• Missed the J/Ψ signal ! 

• “Discovered” the Drell-Yan 
process 
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The Drell-Yan Process 
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• “… our original crude fit did not 
even remotely resemble the 
data. Sid and I went ahead to 
publish our paper because of 
the model’s simplicity…” 

• “… the successor of the naïve 
model, the QCD improved 
version, has been confirmed by 
the experiments…” 

• “The process has been so well 
understood theoretically that it 
has become a powerful tool for 
precision measurements and 
new physics.” 
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Success and difficulties of the “naïve” Drell-Yan 

• Scaling of the cross sections (depends on x1 
and x2 only) 

• Nuclear dependence (cross section depends 
linearly on the mass A) 

• Angular distributions (1+cos2Ɵ distributions)  

Success: 

Difficulties: 

• Absolute cross sections (K-factor is needed) 
• Transverse momentum distributions (much 

larger <pT> than expected)  

(From Yan’s 1998 article) 
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Complimentality between DIS and Drell-Yan 

Both DIS and Drell-Yan process are tools to probe the quark 
and antiquark structure in hadrons (factorization, universality) 

DIS Drell-Yan 

McGaughey, 
Moss, JCP, 

Ann.Rev.Nucl. 
Part. Sci. 49 
(1999) 217 
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Lepton-pair production provides unique 
information on parton distributions 

194 GeV/c
W Xπ µ µ− + −+ →

800 GeV/c
p W Xµ µ+ −+ →

1.8 TeV
p p l l X+ −+ →

Probe antiquark 
distribution in nucleon Probe antiquark 

distribution in pion  
Probe antiquark 

distributions in antiproton 

Unique features of D-Y:  antiquarks, unstable hadrons… 
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Fermilab Dimuon Spectrometer 
(E605 / 772 / 789 / 866 / 906) 

"Nuclear Dependence of Drell-Yan and Quark
1) Fermilab E772 
   
2) Fermilab E789

(proposed in 1986 and completed in 1988)

(proposed in 1989 and completed in 199
onium Production"

"Search for Two-Bo
 

  
1)

 dy Decays of Heavy Quark Mesons"

"Determination of /  Ratio of the Proton via Drell-Ya
(proposed in 1993 and completed in 13) Fermilab E866 

   
4) Fermilab E906 

996)

(proposed in 1999, will run in 2011-20
n
)

 

"
13

d u

"Drell-Yan with the FNAL Main Inje  ctor"
Great efforts and contributions by C. Brown, J. Moss, P. McGaughey, 
M. Leitch, G. Garvey, D. Kaplan and collaborators 
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Nuclear dependence of the Drell-Yan process 
• As an electromagnetic process, the Drell-Yan cross section is 

expected to depend linearly on the nuclear mass number A 

(From review article 
of Kenyon in 1982) 

0

0

: cross section
      on a nucleon

Aασ
σ
σ =

 is consistent with 1α 
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Modification of Parton Distributions in Nuclei 
EMC effect observed in DIS 

How are the antiquark distributions modified in nuclei? 

F2 contains contributions from quarks and antiquarks 

 (Ann. Rev. Nucl. Part. Phys., Geesaman, Sato and Thomas) 
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Drell-Yan on nuclear targets  

The x-dependence of                      can be directly measured 

PRL 64 (1990) 2479 PRL 83 (1999) 2304 
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Cloet, Bentz, and Thomas, arXiv:0901.3559 

Isovector mean-field generated in Z≠N nuclei 
can modify nucleon’s u and d PDFs in nuclei 

How can one check this prediction?

Flavor dependence of the EMC effects ? 

• SIDIS (JLab proposal) and PVDIS (P.Souder) 

• Pion-induced Drell-Yan  
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Pion-induced Drell-Yan and the flavor-
dependent EMC effect 

( )( )
( ) ( )

DY
A

DY
D

u xA
D u x

σ π
σ π

−

−

+
≈

+

Red (blue) curves correspond to flavor-dependent (independent) EMC 

(D. Dutta, JCP, Cloet, Gaskell, arXiv: 1007.3916) 
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Pion-induced Drell-Yan and the flavor-
dependent EMC effect 

Drell-Yan data from COMPASS with pion beams 
could provide important new information 

( ) ( )( ) ( );
( ) 4 ( ) ( ) ( )

DY DY
A A

DY DY
A D

d x u xA A
A u x D u x

σ π σ π
σ π σ π

+ −

− −

+ +
≈ ≈

+ +

160 GeV 
pion beam 
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/  flavor asymmetry from Drell-Yand u

2 2
1/ 2 ~ (1 ( ) / ( ))
2

Drell-Yan: pd pp d x u xσ σ +

[ ]
2 2

2
1 2 1 2

1 2 1 2. .

4 ( ) ( ) ( ) ( )
9 a a a a a

aD Y

d e q x q x q x q x
dx dx sx x

σ πα 
= + 

 
∑

1 2 :at x x>

800 GeV proton beam
on hydrogen and deuterium

 mass spectrumµ µ+ − 

 

 

Fermilab 
E866 
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Gluon distributions in proton 
versus neutron?   

New data on ( / ) / 2 ( / ) expected for E906p d J p p Jσ σ+ → Ψ + → Ψ

/ 2 ~[1 ( ) / ( )] / 2:
/ , : / 2 ~[1 ( ) / ( )] / 2

pd pp

pd pp
n p

d x u x
g

Drell Ya
x

n
J x g

σ σ

σ σ

−

Ψ

+

ϒ +

Lingyan Zhu et al., 
PRL, 100 (2008) 
062301 (arXiv: 
0710.2344) 

Gluon distributions in proton and neutron are very similar 

E866data: ( ) / 2 ( )p d X p p Xσ σ+ →ϒ + →ϒ
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Meson Cloud Models Chiral-Quark Soliton Model Instantons 

• nucleon = chiral soliton 

• expand in 1/Nc 

• Quark degrees of freedom    
in a pion mean-field 

Theses models also have implications on 
• asymmetry between           and  

 

( )s x ( )s x

 
• flavor structure of the polarized sea 

Meson cloud has significant contributions to 
sea-quark distributions 

(For reviews, see Speth and Thomas (1997), Kumano (hep-ph/9702367 ), 
Garvey and Peng (nucl-ex/0109010)) 

Theory: Thomas, Miller, Kumano, Ma, Londergan, Henley, Speth, 
Hwang, Melnitchouk, Liu, Cheng/Li, etc.  

Origins of ( ) ( )?u x d x≠

17 
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Search for the “intrinsic” quark sea 

3 5

The "intrinsic"-charm  from |  is "valence"-like 
and peak at large  unlike the "extrinsic" sea

|

 

| |

( )

q qp P uud
uudcc

x g cc

P uudQQ〉 = 〉 + 〉 +

〉
→



In 1980, Brodsky, Hoyer, Peterson, Sakai (BHPS) 
suggested the existence of “intrinsic” charm 

“intrinsic” 

“extrinsic” 
The |  intrinsic-charm
can lead to large contribution 
to charm production at large 

uudcc

x

〉
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“Evidence” for the “intrinsic” charm (IC) 

No IC 

With IC 

DIS data Λc production 

With IC 

No IC 

Gunion and Vogt (hep-ph/9706252) 

“Evidence” appears to be rather weak 
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No conclusive experimental evidence for 
intrinsic-charm  

Blue band corresponds to CTEQ6 
best fit, including uncertainty 

Red curves include intrinsic charm 
of 0.57% and 2.0% 
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Search for the lighter “intrinsic” quark sea 

3 5| | |q qp P uud P uudQQ〉 = 〉 + 〉 +

No conclusive experimental evidence 
for intrinsic-charm so far 

Are there experimental evidences for the intrinsic
| , | , | 5-quark states ?uuduu uuddd uudss〉 〉 〉

2
5 /1~ Qq mP

The 5-quark states for lighter 
quarks have larger probabilities! 
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X-Distributions for the “intrinsic” quark 
sea for lighter quarks 

25 5
2 2

1 5 5
1 1

( , , ) (1 )[ ]i
i p

i i i

mP x x N x m
x

δ −

= =

⋅⋅⋅ = − −∑ ∑

2 2
5 5 5 5 5 5

5 5 5

1( ) [(1 )(1 10 )
2

2 (1 ) (1/ )

P x N x x x x

x x ln x

= − + +

− +



( ) for   P x Q

Brodsky et al. (BHPS) give the following probability 
for quark i (mass mi) to carry momentum xi  

In the limit of large mass for 
quark Q (charm): 

     One can calculate ( ) for
antiquark  ( , , ) numerically

P x
Q c s d
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How to isolate the “intrinsic sea” from the 
QCD sea? 

• Select observables which have no contributions from 
the QCD sea 

• QCD sea and intrinsic sea are expected to have 
different x-distributions 

= 

onlysea  intrinsic  tosensitive is and
)(sea  QCD from oncontributi no has qqgud →−
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Comparison between the ( ) ( ) data
        with the intrinsic 5-  model

d x u x
q

−

E866 data 
measured at 

<Q2> = 54 GeV2 

Need to evolve the 
5-q model 

prediction from the 
initial scale μ to 

Q2=54 GeV2 

5 5 0.118uuddd uuduuP P− = 
(W. Chang and JCP , 
PRL 106, 252002 
(2011)) 
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Comparison between the s( ) ( ) data
        with the intrinsic 5-  model

x s x
q

+

2 2

( ) ( ) from  HERMES kaon 
SIDIS data at 2.5 GeV

s x s x
Q

+

〈 〉 =

The data appear to consist 
of two different components 
(intrinsic and extrinsic?)
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Comparison between the s( ) ( ) data
        with the intrinsic 5-  model

x s x
q

+

2 2

( ) ( ) from  HERMES kaon 
SIDIS data at 2.5 GeV

s x s x
Q

+

〈 〉 =

 024.05 =suudsP

sea) QCD from
 are 10 (andsea  intrinsicby 

 dominate aredata  10 Assume
.x

.x
<

>
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(Chang and Peng, Phys. 
Lett., B704, 197(2011)) 

Comparison between the ( ) ( ) - ( ) ( ) 
           data with the intrinsic 5-  model

u x d x s x s x
q
+ −

( ) ( ) from CTEQ6.6
( ) ( ) from HERMES

d x u x
s x s x

+
+

 
Kaon-induced Drell-Yan could probe strange quark sea  

024.0  ;122.0  ;240.0 555 === suudsuuududuudd PPP

5 5 5~ 2
(not sensitive to extrinsic sea)

uuduu uuddd uudss

u d s s

P P P

+ − −

+ −
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Decay Angular Distribution of “naïve” Drell-Yan: 

Drell-Yan angular distribution 

Data from 
Fermilab E772 

2
0 (1 cos )d

d
σ σ θ= +
Ω
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Drell-Yan decay angular distributions 

Collins-Soper frame 

Θ and Φ are the decay polar 
and azimuthal angles of the 
μ+ in the dilepton rest-frame 

2 21 3 1 cos sin 2 cos sin cos 2
4 2

d
d
σ νλ θ µ θ φ θ φ

σ π
      = + + +      Ω      

A general expression for Drell-Yan decay angular distributions: 

Reflect the spin-1/2 nature of quarks
     (analog of the Callan-

 can differ from 1, but sho

Gross relation in DIS
  

uld satisfy  1 2  (L

 Insensitive to QC

am-T

D - correctio

u g

)

n )

ns

λ λ ν

−

− =
−
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Decay angular distributions in pion-induced Drell-Yan 

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 violated? 

Violation of the Lam-Tung relation suggests 
new mechanisms with non-perturbative origin 

140 GeV/c 194 GeV/c 286 GeV/c 
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Boer-Mulders function h1
┴                    

 
1

1

1  represents a correlation between quark's  and
    transverse spin in an unpolarized hadro
   is a time-reversal odd, chiral-odd TMD parton distributio

   can lea

n

d

n 

 to an azimuthal cos(2

T

h

h

h

k

φ

⊥

⊥

⊥

•

•

• ) dependence in Drell-Yan
 

Boer, PRD 60 (1999) 014012 

● Observation of large 
cos(2Φ) dependence in 
Drell-Yan with pion beam 

●  
 
● B-M functions have 
same signs for pion and 
nucleon 

 

194 GeV/c 
π + W 

2 21 3 1 cos sin 2 cos sin cos 2
4 2

d
d
σ νλ θ µ θ φ θ φ

σ π
      = + + +      Ω      

ν
1 1  ( ) ( )q qh x h xν ⊥ ⊥∝
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Three parton distributions describing quark’s 
transverse momentum and/or transverse spin  

1) Transversity  

2) Sivers function  

3) Boer-Mulders function  

Correlation between  and q Ns S⊥ ⊥



Correlation between  and q qs k⊥ ⊥



Correlation between  and  N qS k⊥ ⊥



Three transverse quantities:
1) Nucleon transverse spin

2) Quark transverse spin

3) Qaurk transverse 
    mo

Three diff

me

er

ntum

ent correlations

N

q

q

S

s

k

⊥

⊥

⊥

⇒
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Quark-diquark Models for Boer-Mulders 
Function h1

┴   
Recent quark-diquark model including axial-
diquarks Gamberg, Goldstein & Schlegel, arXiv: 
0708.0324. 

B-M u-quark B-M d-quark Sivers d-quark Sivers u-quark 

Same sign for the u and d quarks B-M functions 
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A simple explanation for the signs of the up- and 
down-quark Boer-Mulders functions    

1) Transversity  

2) Sivers function  

3) Boer-Mulders function  

Correlation between  and q Ns S⊥ ⊥



Correlation between  and q qs k⊥ ⊥



Correlation between  and N qS k⊥ ⊥


1

1

1

1

11

From fits to SIDIS data,
we know that
1) transversity 

2) Sivers function

3) Boer-Mulders function 
One expects

( ) 0

( ) 0

(

( ) 0

( 0

) )

)

( 0 0

T T

h u

f u

h u

h d

f d

h d

⊥

⊥

⊥

⊥

<

<

>

>

<<
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With Boer-Mulders function h1
┴:  

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

┴(p)] 

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

┴(p)]  

Azimuthal cos2Φ Distribution in p+p and p+d Drell-Yan 
E866 Collab., Lingyan Zhu et al.,                      

PRL 99 (2007) 082301; PRL 102 (2009) 182001 

Sea-quark BM functions are much smaller than valence quarks 

Smallνis observed 
for p+d and p+p D-Y 

 38 
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Sea-quark Boer-Mulders Functions  
1) Use quark-spectator-antiquark model to calculate pion B-M 
functions. Pion-induced Drell-Yan data are well reproduced. 

(Lu and Ma, hep-ph/0504184)  
2) Use pion-cloud model convoluted with the pion 
B-M function to calculate sea-quark B-M for proton. 

, 2
1 ( , )u

th x k⊥ , 2
1 ( , )d

th x k⊥
(Lu, Ma, Schmidt, 
hep-ph/0701255) 



Polarized Drell-Yan with polarized proton beam?   
• Polarized Drell-Yan experiments have 

never been done before 
• Provide unique information on the quark 

(antiquark) spin   

Quark helicity 
distribution 

Quark transversity 
distribution 
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Transversity and Transverse Momentum 
Dependent PDFs are also probed in Drell-Yan 

1 1

1

a) Boer-Mulders functions:

b) Sivers functions

     - Unpolarized Drell-Yan: 

     - Single transverse spin asymmetry in polarized Drell-Yan:
      

:

c) Transv

( ) ( ) cos(2 )

( ) ( )

e

DY q q

DY
N T q q q

d h x h x

A f x f x

σ φ⊥ ⊥

⊥

∝

∝

1 1

rsity distributions:

  Drell-Yan does not require knowledge of the fragmentation functions
  T-odd TMDs are pre

      - Double transverse spin asymmetry in polarized Drell-Yan:
     ( 

d

) ( )DY
TT q qA h x h x

•

∝

•
icted to change sign from DIS to DY

    (Boer-Mulders and S
Remains to be te

ivers functions)
sted experimenta     lly!
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• Does Sivers function change sign between 
DIS and Drell-Yan? 

• Does Boer-Mulders function change sign 
between DIS and Drell-Yan? 

• Are all Boer-Mulders functions alike (proton 
versus pion Boer-Mulders functions) 

• Flavor dependence of TMD functions 
• Independent measurement of transversity 

with Drell-Yan 
 

 

Outstanding questions to be addressed by 
future Drell-Yan experiments 

Can be studied at COMPASS, 
RHIC, FAIR, JPARC, JINR, etc 
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• Does the quark kT distribution depend on x? 
• Do valence quarks and sea quarks have different kT 

distributions?  
• Do u and d quarks have the same kT distribution?  
• Do nucleons and mesons have different quark kT 

distribution? 
• Do gluons have kT distribution different from quarks? 

 
 

What do we know about the quark and gluon 
intrinsic transverse momentum distributions?  

• Important for extracting the TMD parton distributions 

• Interesting physics in its own right 
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What do Drell-Yan data tell us about the quark 
intrinsic transverse momentum distribution?  

• <PT
2> increases linearly with s (expected from QCD) 

• Proton-induced D-Y has smaller mean PT than pion (expected 
from the uncertainty principle, reflecting the larger size of the 
proton) 
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Comparison of the mean PT of proton, pion, 
and kaon induced Drell-Yan 

(0.43 0.03) (0.026 0.001) GeV/c

(0.59 0.05) (0.028 0.003

Drell-Yan with proton beam:

Drell-Yan with pion beam:

NA3 data also show that for D-Y with kaon
beam is larger than Drell-Yan w

) GeV/c

T

T

T

P s

P s
P

〈 〉 = ± + ±

〈 〉 = ± + ±
〈 〉

2 2

2 2

ith 
1.51 0.08(GeV/c)  for kaon beam

1.44 0.02(GeV/c)  for pion beam
with 150 GeV/c beams

pion beam:

T

T

P
P
〈 〉 = ±

〈 〉 = ± 1/ 2

1/ 2

1/ 2

1

1/ 2 1

/ 2

/ 2

0.58 0.02fm for kaon
0.67 0.02fm for pion
0.81fm for

The data suggest:

We know

 proton

 
T kaon T pion T proton

kaon pion proton

k k

r r

r

k

r

r

r

〈 〉 > 〈 〉 > 〈 〉

〈 〉 < 〈 〉 <

〈 〉 = ±

〈 〉 = ±

〈

=

〉

〈 〉

 

New Drell-Yan data with meson and 
antiproton beams are essential  
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Flavor and x-dependent kT-distributions? 

( , )Txu x k

 for sea quarks
 increases

 is smaller than for valence qu
 when x

ar
 incre

ks
ses

 
aT

Tk
k

• 〈
• 〈 〉

〉

( , )Txu x k( , )Txu x k

X=0.2 

X=0.4 

X=0.2 

X=0.4 

(Bourrely, Buccella, Soffer, arXiv:1008.5322) 



47 

Test of possible x-dependent kT-distributions 

 

E866 p+d D-Y data (800 GeV beam) 

Data from thesis of J. Webb 
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Possible x-dependent kT-distributions 
E866 p+d D-Y data (800 GeV beam) 

Analysis is ongoing. Will also check the flavor 
dependence of kT-distribution (p+p vs. p+d) 

<pT> scale with x2 ? 
X2 

G
eV

/C
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Summary 
• The Drell-Yan process is a powerful experimental tool 

complimentary to the DIS for exploring quark 
structures in nucleons and nuclei.  

 
• Unique information on flavor structures of sea-quark 

has been obtained with Drell-Yan experiments. First 
results on TMD have also been extracted. 

 
• Future Drell-Yan experiments can address many 

important unresolved issues in the spin and flavor 
structures of nucleons and nuclei. 
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