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Other Physics Opportunities in 
Future Drell-Yan Experiments

Jen-Chieh Peng 

Workshop on “Opportunities for Drell-Yan Physics at RHIC”
BNL, May 11-13, 2011 

University of Illinois at Urbana-Champaign 

• “Intrinsic sea-quarks” of the nucleons. 
• Flavor dependence of the EMC effect.
• Equalities and inequalities in Drell-Yan azimuthal

angular distributions.
• Flavor and x-dependence of quark intrinsic transverse 

momentum distributions. 
• Drell-Yan and quarkonium duality.

Outline
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First Dimuon Experiment at AGS

29 GeV protonp U Xμ μ+ −+ → + +

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

• Missed the J/Ψ signal !

•“Discovered” the Drell-Yan
process

Lederman et al. PRL 25 (1970) 1523
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The Drell-Yan Process
μ+

μ-p (beam)

N (target)

x1 q

x2 q
_

γ*

• “… 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 process has been so well 
understood theoretically that it 
has become a powerful tool for 
precision measurements and 
new physics.”
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Drell-Yan process 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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Sea-quark flavor asymmetry and the 
“intrinsic” quark sea

3 5| | |

The |  intrinsic-charm can contribute to
charm-production at large 

q q

F

p P uud P uudQQ

uudcc
x

〉 = 〉 + 〉 +

〉

In the 1980’s, Brodsky et al. (BHPS) suggested 
the existence of “intrinsic” charm

No conclusive experimental evidence 
for intrinsic-charm so far

2
5

Are there experimental evidences for the intrinsic
| , | ,

(

| 5-quark states ?

~ 1/ )uudQQ
q Q

uuduu uuddd uudss

P m

〉 〉 〉
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Sea-quark flavor asymmetry and the 
“intrinsic” quark sea
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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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Comparison between the ( ) ( ) data
        and 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

1

5 5
0

( ( ) ( )) 0.118uuddd uuduuP P d x u x dx− = − =∫
(W. Chang and JCP 
arXiv:1102.5631, to 
appear in PRL)
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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

+

〈 〉 =

Two distinct shapes in the  distribution:
ine txt ririns nsici  statc ( ) and eg ss uudss

x
→

5 0.032uudssP =

Assume 0.1 data are from the
 intrinsic  5-quark state

x
uudss
>

(W. Chang and JCP 
arXiv:1102.5631, to 
appear in PRL)
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(W. Chang and JCP 
arXiv:1102.5631)

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

u x d x s x s x
q
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Kaon-induced Drell-Yan could probe strange quark sea 
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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
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(Ann. Rev. Nucl. Part. Phys., Geesaman, Sato and Thomas)
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Drell-Yan on nuclear targets
μ+

μ-p (beam)

N (target)

x1 q

x2 q
_

γ*

The x-dependence of                      can be directly measured( ) / ( )A Nu x u x

( )
( )

pA
A

pd
N

u x
u x

σ
σ

≈

PRL 64 (1990) 2479 PRL 83 (1999) 2304

No evidence for enhancement of antiquark in nuclei !?
Some EMC models are disfavored by D-Y data
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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

Flavor dependence of the EMC effects ?

How can one check this flavor dependence?

Can provide new constraints on EMC models 
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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

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

Future Drell-Yan data 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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Drell-Yan decay angular distributions

ẑ

P1 2P ĥ φ

lepton plane (cm)

θ

l’

l

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:

For non-zero ,
 can differ from 1, but should satisfy 

1, 0 for "naive" Drell-Yan (collinear). 

Reflect the spin-1/2 nature of quarks
     (analog of 
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A simple geometric derivation of the generalized 
Lam-Tung relation (a la Oleg Teryaev)
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A simple geometric derivation of the generalized 
Lam-Tung relation (a la Oleg Teryaev)
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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
┴
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Boer, PRD 60 (1999) 014012

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

●

● How about Drell-Yan
with proton beam?

194 GeV/c
π + W
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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+p and p+d Drell-Yan
E866 Collab., Lingyan Zhu et al.,                      

PRL 99 (2007) 082301; PRL 102 (2009) 182001
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Sea-quark BM functions are much smaller than valence quarks

Smallνis observed 
for p+d and p+p D-Y
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Results on cos2Φ Distribution in p+p Drell-Yan

QCD           
(Boer, Vogelsang; 
Berger, Qiu, 
Rodriguez-
Pedraza)

p+p

p+d

L. Zhu, J.C. Peng, et al., PRL 102 (2009) 182001 

More data are anticipated from future DY exps. 

Combined analysis of SIDIS and D-Y by Melis et al.
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Decay angular distributions in pion-induced Drell-Yan
Phys. Rev. D 39 (1989) 92 

1, 0, 0  and they vary with , , andTm p xμμ πλ μ ν≠ ≠ ≠

E615  Data 252 GeV π- + W

λ λ λ

μ μ μ

ν ν ν

2(GeV/c )mμμ xπ (GeV/c)Tp

2 (1 )(1 ) / 4 predicted by O. Teryaev based on positivityμ λ λ ν≤ − + −
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2Is the (1 )(1 ) / 4 inequality valid?μ λ λ ν≤ − + −
2(1 )(1 ) / 4 0?λ λ ν μ− + − − ≥

Our knowledge of D-Y azimuthal angular dependence is 
still incomplete (New Drell-Yan data are essential)

Drell-Yan
with pion

beam The inequality 
appears to be 
violated!
(Teryaev and JCP)
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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
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e
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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 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?

• Important for extracting the TMD parton distributions

• Interesting physics in its own right

What do we know about the quark and gluon 
transverse momentum distributions?
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What do Drell-Yan data tell us about the quark 
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
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New Drell-Yan data with meson and 

antiproton beams are essential



30

Flavor and x-dependent kT-distributions?

( , )Txu x k

 for sea quarks
 increases

 is smaller than for valence qu
 when x

ar
 incre

ks
sesaT

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)
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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. Future data at lower beam 
energies are essential

<pT> scale with x2 ?
X2

G
eV

/C
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J/Ψ production as an alternative to Drell-Yan?
At 800 GeV, J/Ψ production is 

dominated by gluon-gluon fusion
At 30 GeV J/Ψ production is dominated 

by quark-antiquark annihilation

J/Ψ production at 30 GeV is sensitive to 
quark and antiquark distributions
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Single-spin asymmetry in polarized p-p at J-PARC
Single-spin asymmetry (AN) can probe Sivers
function 
– Sivers function in Drell-Yan is expected to have a sign 

opposite to that in DIS

2
1

2

( ) ( )

( ) ( )
q T q q qqDY

N
q q q q qq

e f x f x
A

e f x f x

⊥

=
∑
∑

- J/Ψ production could also probe the Sivers function 

- Much higher statistics could be obtained in J/Ψ production

From Y. Goto
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Slide from Paul Reimer
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Summary
• Intrinsic sea quark contents of the nucleons.

– Probe strange-quark content with kaon-induced DY
• Flavor dependence of the EMC effect.

– Pion-induced DY on nuclei
• Equalities and inequalities in Drell-Yan azimuthal

angular distributions.
– Unpolarized, singly, and doubly polarized DY

• Flavor and x-dependence of quark intrinsic transverse 
momentum distributions.
– DY data at low energies 

• Drell-Yan and quarkonium production duality.
– J/Psi as an alternative tool for DY physics at low energies
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