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Dilepton production in hadron-hadron collision 

p + p(d) Ÿ ɛ+ɛ- x   at 800 GeV/c 

(a) Continuum: Drell-Yan process 

(b) Vector mesons: J/ɣ, Ɉ 
FNAL E866 

Two components in the 

dilepton mass spectrum 
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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, run started in 2012

n

  

"
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"Drell-Yan with the FNAL Main Injector"
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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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/  flavor asymmetry from Drell-Yand u
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800 GeV proton beam

on hydrogen and deuterium

 mass spectrumm m+ -

Fermilab 

E866 
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Gluon distributions in proton 

versus neutron?   

E866data: ( ) / 2 ( )p d X p p Xs s+ ­  + ­ 

Lingyan Zhu et al., 

PRL, 100 (2008) 

062301 (arXiv: 

0710.2344) 

If gluon distributions in proton and neutron are different, then 

charge-symmetry is violated at the partonic level 

s
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Meson Cloud Models Chiral-Quark Soliton Model Instantons 

Å nucleon = chiral soliton 

Å expand in 1/Nc 

Å Quark degrees of freedom    

in a pion mean-field 

Theses models also have implications on 

Å asymmetry between           and  

 

( )s x ( )s x

 
Å 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¸

8 
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Implications on the ñintrinsicò 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 uudQQð= ð+ ð+

ð

­

In 1980, Brodsky, Hoyer, Peterson, Sakai (BHPS) 

suggested the existence of ñintrinsicò charm 

ñintrinsicò 

ñextrinsicò 
The |  intrinsic-charm

can lead to large contribution 

to charm production at large 

uudcc

x

ð



10 

Evidence for the ñintrinsicò charm (IC) 

No IC 

With IC 

DIS data ȿc production 

With IC 

No IC 

Gunion and Vogt (hep-ph/9706252) 

(Evidence is subjected to the uncertainties of 

charmed-quark parametrization in the PDF) 
10 
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Blue band corresponds to CTEQ6 

best fit, including uncertainty 

Red curves include intrinsic charm of 

1% and 3% (ɢ2 changes only slightly) 

A global fit by CTEQ to extract intrinsic-charm  

No conclusive evidence for intrinsic-charm  11 
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Search for the lighter ñintrinsicò quark sea 

No conclusive experimental evidence 

for intrinsic-charm so far 

Are there experimental evidences for the intrinsic

| , | , | 5-quarkstates ?uuduu uuddd uudssð ð ð

2

5 /1~ Qq mP

The 5-quark states for lighter 

quarks have larger probabilities! 

3 5| | |q qp P uud P uudQQð= ð+ ð+

12 
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How to separate the ñintrinsic seaò from 

the ñextrinsic seaò? 

ÅSelect experimental observables which have no 

contributions from the ñextrinsic seaò 

ÅñIntrinsic seaò and ñextrinsic seaò are expected 

to have different x-distributions 

ïIntrinsic sea is ñvalence-likeò and  is more 

abundant at larger x 

ïExtrinsic sea is more abundant at smaller x 
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How to separate the ñintrinsic seaò from the 

ñextrinsic seaò? 

ÅSelect experimental observables which have no 

contributions from the ñextrinsic seaò 

= 

only sea" intrinsic"  tosensitive is and             

)(sea  extrinsic from oncontributi no has qqgud ­-
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Comparison between the ( ) ( ) data

        with the intrinsic 5-  model

d x u x

q

-

The difference in the 

two 5-quark 

components can also 

be determined 

The data are in good 

agreement with the 5-q 

model after evolution 

from the initial scale ɛ to 

Q2=54 GeV2 

5 5 0.118uuddd uuduuP P- =

(W. Chang and JCP , PRL 106, 252002 (2011)) 



16 

How to separate the ñintrinsic seaò from 

the ñextrinsic seaò? 

 

ÅñIntrinsic seaò and ñextrinsic seaò are expected 

to have different x-distributions 

ïIntrinsic sea is ñvalence-likeò and  is more 

abundant at larger x 

ïExtrinsic sea is more abundant at smaller x 

ondistributi )()(  theis example An xsxs +
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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

+

à ð=

The data appear to consist 

of two different components 

(intrinsic and extrinsic?)

HERMES collaboration, Phys. Lett. 

B666, 446 (2008) 
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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

+

à ð=

024.05 =suudsP

sea) QCD from

 are 10 (andsea  intrinsicby 

 dominate aredata  10 Assume

.x

.x

<

>

(W. Chang and JCP, PL B704, 197(2011)) 

This allows the extraction of the 

intrinsic sea for strange quarks 

18 
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How to separate the ñintrinsic seaò from the 

ñextrinsic seaò? 

ÅSelect experimental observables which have no 

contributions from the ñextrinsic seaò 

only sea" intrinsic"  tosensitive is and             

)(sea  extrinsic from oncontributi no has qqgssud ­--+
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(W. Chang and JCP, PL 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

+

+

5 5 5~ 2

(not sensitive to extrinsic sea)

uuduu uuddd uudss

u d s s

P P P

+ - -

+ -

314.02 555 =-+ suudsduudduuudu PPP
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024.0  ;122.0  ;240.0 555 === suudsuuududuudd PPP

Extraction of the various five-quark 

components for light quarks 

314.02 555 =-+ suudsduudduuudu PPP024.05 =suudsP
5 5 0.118uuddd uuduuP P- =



Future Prospect (Experimental) 
 

ÅKaon production in SIDIS at COMPASS and 12 

GeV Jlab/EIC  for more information on s and  s-bar?  

ÅKaon-induced Drell-Yan at COMPAS for probing s 

and s-bar? 

ÅOpen-charm and open-beauty production at forward 

rapidity at LHC to search for intrinsic charm and 

beauty. 

ÅJ/ɣ and Upsilon production at forward xF  to search 

for intrinsic charm and beauty at AFTER? 

22 
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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 

( ) / ( )A Nu x u x

( )

( )

pA

A

pd

N

u x

u x

s

s
º



25 

Drell-Yan on nuclear targets  

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

No evidence for enhancement of antiquark in niclei !?

LHC (AFTER) can explore antiquark 

shadowing/saturation in nuclei at small x 
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Cloet, Bentz, and Thomas, arXiv:0901.355  

(see also Kumano et al.) 

Isovector mean-field generated in ZÍN nuclei 

can modify nucleonôs u and d PDFs in nuclei 

How can one check this prediction?

Flavor dependence of the EMC effects ? 

Å SIDIS (Semi-inlusive DIS) and PVDIS (Parity-violating DIS) 

Å 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

s p

s p

-

-

+
º

+

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

(D. Dutta, JCP, Cloet, Gaskell, arXiv: 1007.3916) 
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W-production at LHC and the flavor-dependent EMC effect 
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(Chang, Cloet, Dutta, 

JCP, 1109.3108)  

Pb beam at AFTER is ideal for 

exploring the negative xF region 
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The Drell-Yan Process:  

pN Xm m+ -­

2 2 /

1 /

pA

pd

Z N d u

A A d u

s

s

+
º

+

Assuming dbar/ubar = 1.5 for the nucleons at 

x=0.15, then the above ratios are: 

1.0 for 40Ca, 1.042 for 208Pb 

Drell-Yan ratios 

for p-A /p-d : 

Could probably be measured at AFTER 

Can one measure /  in nuclei?d u
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Decay Angular Distribution of ñnaµveò Drell-Yan: 

Dilepton angular distribution 

Data from 

Fermilab E772 

2

0(1 cos )
d

d

s
s q= +

W
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Polarization of J/Ɋ in p + Cu Collision 
 dů/dɋ ~ 1 + ɚ cos2ɗ 

 (ɚ=1: transversely polarized, ɚ = -1: longitudinally 

polarized ɚ = 0, unpolarized) 

E866 data 

 hep-ex/030801 

 ɚ is small, but nonzero 

 ɚ becomes negative at large xF 

 No strong pT dependence for ɚ  
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Polarization of Ɉ(1S),Ɉ(2S+3S) 
 p + Cu ŸɈ + x (E866 beam-dump data) 

 ɚ for D -Y, Ɉ(1S), Ɉ(2S+3S) D-Y is transversely polarized 

Ɉ(1S) is slightly polarized 

(like J/Ɋ) 

Ɉ(2S+3S) is transversely 

polarized!       

Measurement of Upsilon 

polarization in p+p and p+d 

at AFTER would be very 

interesting (nuclear 

dependence?) 

  
Brown et al. PRL 86, 2529 (2001)  

ɚ 

ɚ 

pT (GeV) 

xF 
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Forward-backward asymmetry in decay angular 

distribution of  Drell-Yan: 

Parity violation in Drell-Yan?  

)coscos1( 2

0 qqs
s

ba
d

d
++=

W

 termcos violating-parity

 zero-non  tolead can diagrams

  and  between ceInterferen 0

q

g Z

Parity violation in D-Y 

can probe Weinberg 

angles at low Q2 
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Forward-backward asymmetry in decay angular 

distribution of  Drell-Yan: 

Parity violation in Drell-Yan?  

)coscos1( 2

0 qqs
s

ba
d

d
++=

W

 termcos violating-parity

 zero-non  tolead can diagrams

  and  between ceInterferen 0

q

g Z

Parity violation in D-Y 

can probe Weinberg 

angles at low Q2 (Never 

been studied yet) 



36 

Drell-Yan decay angular distributions 

Collins-Soper frame 

Ū and ū are the decay polar 

and azimuthal angles of the 

ɛ+ in the dilepton rest-frame 

2 21 3
1 cos sin 2 cos sin cos2

4 2

d

d

s n
l q m q f q f

s p

å õå õ è øè ø
= + + +æ öæ öé ùé ùWç ÷ç ÷ ê úê ú

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

l l n

-

- =

-



37 

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 

al.)et  (Nachtmann fieldcolor  QCD in ncorrelatio spin qq-¶
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Boer-Mulders function h1
í                    

 
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

f

^

^

^

¶

¶

¶ ) dependence in Drell-Yan

 

Boer, PRD 60 (1999) 014012 

ǒ Observation of large 

cos(2ū) dependence in 

Drell-Yan with pion beam 

ǒ  

 

ǒ B-M functions have 

same signs for pion and 

nucleon 

 

194 GeV/c 

 ́+ W 

2 21 3
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With Boer -Mulders function h 1
ˑ:  

Ȇ(Ù-WĄµ+µ-X)~ [valence h 1
ˑ(Ù)]   * [valence h 1

ˑ(p)]  

Ȇ(pdĄµ+µ-X)~ [valence h 1
ˑ(p)] * [sea h1

ˑ(p)]  

Azimuthal cos2 ű Distribution in p+p and p+d Drell -Yan 

E866 Collab., Lingyan Zhu et al.,                      
PRL 99 (2007) 082301; PRL 102 (2009) 182001  

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

39 Sea-quark BM functions are much smaller than valence quarks 
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Results on cos2ű Distribution in p+p Drell -Yan 

QCD           
(Boer, Vogelsang; 

Berger, Qiu, 

Rodriguez-Pedraza) 

p+p 

p+d 

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

Data at larger pT (from AFTER) 

would be very interesting  
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Nuclear modification of spin-dependent PDF? 

Bentz, Cloet, Thomas 

et al., arXiv:0711.0392 

EMC effect 

for g1(x) 

Remains to be tested by experiments 

Measure the nuclear modification of Boer-Mulders 

functions with Drell-Yan ?                                  

(only unpolarized Drell-Yan is required)  



Polarized Drell-Yan with polarized proton beam?   

ÅPolarized Drell-Yan experiments have 

never been done before 

ÅProvide unique information on the quark 

(antiquark) spin   

Quark helicity 

distribution 

Quark transversity 

distribution 
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