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Outline

» “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.



First Dimuon Experiment at AGS

- E------E _.:1 :i - & [ SR

May [Genvic=]

P+U > u +u +X 29 GeV proton

| Lederman et al. PRL 25 (1970) 1523

* Experiment originally
designed to search for
neutral weak boson (Z°)

* Missed the J/W signal !

*“Discovered” the Drell-Yan
process



The Drell-Yan Process
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arXiv:hep-ph/9810268v1 6 Oct 1998

... our original crude fit did not
even remotely resemble the
data. Sid and | 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.”

*Talk gwen at the Direll Fest, July 31, 1998, SLAC on the cocasion of Prod. 53 Die=ll's :r-1:I:E|:|.'-e:|:|'|.-e:r|.I:.3



Drell-Yan process provides unique
information on parton distributions
P+W — 1’1 X 7 +W — u' 1 X pP+p—o1"1"X
800 GeV/c 194 GeV/c 1.8 TeV
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Unique features of D-Y: antiquarks, unstable hadrons... 4



d /T flavor asymmetry from Drell-Yan
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Sea-quark flavor asymmetry and the
“Intrinsic” quark sea

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

| p) =P, luud)+ P | uudQQ) +------
The |uudcC) intrinsic-charm can contribute to

charm-production at large X.

No conclusive experimental evidence
for intrinsic-charm so far

Are there experimental evidences for the intrinsic
luudu@), |uuddd ), |uudss) 5-quark states ?

(P9 ~1/m?)



P(x)

0.04

0.03

0.02

0.01

Sea-quark flavor asymmetry and the

“Intrinsic” quark sea

Brodsky et al. (BHPS) give the following probability
for quark i (mass m;) to carry momentum X;

5 Xs) = N55(1—in)[m Z__]_z

P(X,

—— uudcc (BHPS)
------- uudcc

= yudss
------- uuddd

Y
\
VLN
U\
VRN
LN
\“_‘\‘ —_—
".‘\
or
\ \
Y
VY
A
LAY
\ \\
X \

=1

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

P (X, )— N X [(1=x)A+10x, +X2)
—2X (14 x5)In(1/ x;)

One can calculate P(x) for

antiquark Q (T,S,d) numerically



Comparison between the d (x) —U(x) data

and the intrinsic 5-q model

e * E866 EB66 data
S I D BHPS
\. —— BHPS (u=0.5 GeV) measured at
TR BHPS (u=0.3 GeV)

<Q?> = 54 GeV?

oS Need to evolve the
5-q model
ol prediction from the
| | | | initial scale yu to
0O 01 02 03 04 Q2=54 GeV/?

(W. Chang and JCP

1
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Comparison between the s(X)+S(X) data

with the intrinsic 5-q model

X(s+S)

- oe HERMES
N —— BHPS (u=0.5 GeV) _
4 (ﬁb&% — — BHPS (10.3 GeV) S(X)+S(X) from HERMES kaon
- 0% SIDIS data at (Q*) =2.5 GeV~
-1 +
0 : Two distinct shapes in the X distribution:
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i AQe! .
L N
o 7 \
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10 1

(W. Chang and JCP
arXiv:1102.5631, to

dss
appear in PRL) Psuu > — 0032




Comparison between the T(X) + d (X) —S(X) —S(X)

data with the intrinsic 5-g model

® HERMES+CTEQ
—— BHPS (u=0.5 GeV)

03|~ =~ BHPS (1203 GeV) d (X)+U(x) from CTEQ6.6
S(X)+5(X) from HERMES

x(d+u-s-s)

j(a(x) +d (X)—S(X)—5(x)) dx

__ puuddd uudulr uudss
— puudd | pudit _»p

(W. Chang and JCP X
arXiv:1102.5631)

Pl = 0.248, P =(.130, P =0.032

Kaon-induced Drell-Yan could probe strange quark sea



Modification of Parton Distributions in Nuclel

EMC effect observed in DIS
1.2-
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X
(Ann. Rev. Nucl. Part. Phys., Geesaman, Sato and Thomas)

F, contains contributions from quarks and antiquarks

How are the antiquark distributions modified in nuclei?



Drell-Yan on nuclear targets

o™ - UL (X)
o™ Uy(X)

The x-dependence of U,(X)/Uy (X) can be directly measured
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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 12



Flavor dependence of the EMC effects ?
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Isovector mean-field generated in Z#N nuclei
can modify nucleon’s u and d PDFs
Cloet, Bentz, and Thomas, arXiv:0901.3559

Can provide new constraints on EMC models

How can one check this flavor dependence?
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Pion-induced Drell-Yan and the flavor-
dependent EMC effect
o” (77 +A) U (X
o (r~+D) U, (X)
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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
(A d(X) ™ (7 +A) U, ()
o™ (z +A) du,(x) o™ (" +D) ug(X)
| CBT Model - |
= [ CBT Model N=Z _ X =0.5
= 0.6 F ¥, =0.5 -
+ 1 =L 41 160 GeV
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o4l 13
. — I
LS +
0.2 -
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Future Drell-Yan data with pion beams could
provide important new information

15



Drell-Yan decay angular distributions

© and ® are the decay polar
A4 %W and azimuthal angles of the
\V\‘e/ - u* in the dilepton rest-frame

lepton plane (cm) COIIinS-SOper frame

A general expression for Drell-Yan decay angular distributions:

( 1 j(daj :[i}{l+lcosz 0 + usin 26 cos ¢+ —sin’? «900524
o )\ dQ 4 2

A =1, u=v =0 for "naive" Drell-Yan (collinear). For non-zero P,
A can differ from 1, but should satisfy 1-A =2v (Lam-Tung)
— Reflect the spin-1/2 nature of quarks

(analog of the Callan-Gross relation in DIS)

— Insensitive to QCD - corrections 6



A simple geometric derivation of the generalized
Lam-Tung relation (a la Oleg Teryaev)

In the »~ rest frame:

3 1+/1cos20+,usin29005¢+zsin290052¢
4r 2

)

Z signifies the Collins-Soper frame

Z, 1s along the collinear q — @ axis
Leptons are emitted with uniform

azimuthal distribution, and with 6,

dependence:

do ~1+ 4, cos” 6,

lepton plane (cm)

(4, =1 for spin-1/2 quark;
A, =—1 for spin-0 quark)

cos g, =cos@cos b, +sinfsin G cos ¢
do ~1+A,(cos@cos +sinHsin & cos @)’
=[1+(4,/2)sin* 8]+ cos’ O[A, cos’ 6, — (A, /2)sin” §,]
+sin 260 cos ¢[(A, /2)sin 26, ]+sin” @ cos 2¢[(4, / 2)sin” O] 17



A simple geometric derivation of the generalized
Lam-Tung relation (a la Oleg Teryaev)

1\ do 3 y Therefore, we have
(—j(—j= — || 1+ Acos® @+ usin 26 cos ¢+ —sin” € cos 2¢ .
o )\dQ 4 2 2-3sin"6,
A=4 —
24+ A,sin” 6,
sin2 6,
2+, sin” 6,
2sin’6),
V= 0 .0
2+ A,sin” 6,

and

H=4,

l+§v

2
l—lv
2

A=

(Generalized Lam-Tung relation)

lepton plane (cm)

If 4, =1, we have 2v=1-4 (Lam-Tung relation)
If A, =-1 (spin-0 quark), we have -v=1+41

do ~ 1+ 4,(cos@cos, +sin @sin G, cos @)’
=[1+(A,/2)sin’ 6 ]+ cos” O[ A, cos’ 8, — (A, /2)sin’ 4]
+sin 26 cos #[(A, / 2)sin 26, ]+sin’ & cos 2¢[(4, / 2)sin” ] 18




Decay angular distributions in pion-induced Drell-Yan
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Fig. 3a—¢. Pasameters A, g, and v as a function of Fr in the CS frame. o 140 GeVic; b 194 GeVio: ¢ 286 GeV/e. The error bars correspond
1o the statistical uncertzinties only. The horizontal bars give the size of each interval. The dashed curves are the predictions of perturbative
QT3]

NA10 n+W

Z. Phys.
37 (1988) 545

Dashed curves
are from pQCD

calculations

v #(0 and v increases with p..
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Decay angular distributions in pion-induced Drell-Yan
Is the Lam-Tung relation violated?
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Data from NA10 (Z. Phys. 37 (1988) 545)

Violation of the Lam-Tung relation suggests

new mechanisms with non-perturbative origin
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Boer-Mulders function h,”- @ - @

e h' represents a correlation between quark's k; and

transverse spin in an unpolarized hadron
e h' is a time-reversal odd, chiral-odd TMD parton distribution

e h* can lead to an azimuthal cos(2¢#) dependence in Drell-Yan

( ! j(daj :[3}[1+ﬂ.cosz 6?+,usi112¢9cos¢+§sin2 900s2¢}

o)\ dQ 47
T T e Observation of large
o3l 194 GeV/c ——  cos(2®d) dependence in
ozs- T+ W 1 Drell-Yan with pion beam

0.2
0.15+

o vochl(x)h (X)

0.1

0.05 -

e How about Drell-Yan
o wen  With proton beam?

Boer, PRD 60 (1999) 014012 21
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Azimuthal cos2® Distribution in p+p and p+d Drell-Yan

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

[ = T+ W at 252 GeV/c

Lo [ AT +Wat194 Gevic P

0.6 - i

With Boer-Mulders function h;™:
V(W= 1 X)~ [valence h, ()] * [valence h;"(p)]
V(pd—> w+u-X)~ [valence hi(p)] * [sea hi(p)]

Sea-quark BM functions are much smaller than valence quarks

| Smallv Is observed
“— for p+d and p+p D-Y

22



Results on cos2® Distribution in p+p Drell-Yan
L. Zhu, J.C. Peng, et al., PRL 102 (2009) 182001

o L L L L N
0255 = p+pat 800 GeV/c ~ :
" F o p+dat800GeVic B
02 | : 1) e
[ + ]
015 [ PP \
x [T 1 (Boer, Vogelsang;
0.05 | S N I . (B g 9
5 %D e = .1 Berger, Qiu,
0 —= piziziilli / .,Iﬁ ___________________ . Rodriguez_
: 1 Pedraza)
0.05 [ p+d =
_0_1:I||||I||||I||||I||||I||||I||||I||||I||||I:
0 0.5 1 1.5 2 2.5 3 35 4

pr (GeV/c)
Combined analysis of SIDIS and D-Y by Melis et al.

More data are anticipated from future DY exps.



Decay angular distributions in pion-induced Drell-Yan

E615 Data 252 GeV 1+ W
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A#1, ,u;tO v #0 and they vary withm,, p;,and X,

1 <(1-2)(1+A—-v)/4 predicted by O. Teryaev based on positivity
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Is the 1° <(1-A)(14+ A —v)/4 inequality valid?
A=A+ A-v)/4— 1> >0?

0.5

0.4 |

0.3

o
Y

©

((1=1)(1+2=v)/4) =4

o o
W N

-0.4

-0.5

E615 data

Drell-Yan
with pion

beam l

P.(GeV)

The inequality
appears to be
violated!

(Teryaev and JCP)

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

25



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

a) Boer-Mulders functions:
- Unpolarized Drell-Yan: do,, oc h (X, )07 (X;) cos(2¢)

b) Sivers functions:
- Single transverse spin asymmetry in polarized Drell-Yan:
A o T (%) By (%)

c¢) Transversity distributions:

- Double transverse spin asymmetry in polarized Drell-Yan:
I:')I'Y oC hl (Xq )hl (Xq_)

e Drell-Yan does not require knowledge of the fragmentation functions
e T-odd TMDs are predicted to change sign from DIS to DY

(Boer-Mulders and Sivers functions)

Remains to be tested experimentally! 26




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

* Does the quark k; distribution depend on X?

* Do valence quarks and sea quarks have different k-
distributions?

* Do U and d quarks have the same k; distribution?

* Do nucleons and mesons have different quark Kk
distribution?

Do gluons have k; distribution different from quarks?

* Important for extracting the TMD parton distributions

* Interesting physics in its own right

27



What do Drell-Yan data tell us about the quark
transverse momentum distribution?

Protons Pions 1070998-010
! L ! | ' 1 ' T I
(a) JT =022 20l (b) /& =028
3.0} ¢ OMEGA - 0 OMEGA
- o _ o E444
o 2.5—3 E288 +— ~, 1.5 % NA3 |
¢ 2012 | cHFMNP E
A 154 CMOR = i N
- N
v 1.0 4 o
vV 0.5 .
0.5 _ 3 2 _
<P.> |_ 0]39 |+ 0.028 F <Pl> _| 0.59 + ol.oozas
0 20 40 60 0 200 400
/5 (GeV) s (GeV?)

« <P;%> increases linearly with s (expected from QCD)

* Proton-induced D-Y has smaller mean P+ than pion (expected
from the uncertainty principle, reflecting the larger size of the
proton) 28



Comparison of the mean P

of proton, pion, and

kaon induced Drell-Yan

Drell-Yan with proton beam:

(P)=(043+0.03) ++/5(0.026+0.001) GeV/c
Drell-Yan with pion beam:
(P)=(0.59+0.05)++/5(0.028+0.003) GeVic
NA3 data also show that (P.) for DY with kaon
beam s larger than Drell-Yan with pion beam:

(P*)=1.51+0.08(GeV/c)* for kaon beam
(P*)=1.4440.02(GeV/c)® for pion beam
with 150 GeV/c beams

New Drell-Yan data with meson and
antiproton beams are essential

The data suggest:

K Viaon > K1) on > (K roon
We know

(N aon << i <D™ oton
(ry'? =0.58 £ 0.02fm for kaon
(ry"?* =0.67£0.02fm for pion
(r)'? =0.81fm for proton,,




Flavor and x-dependent k;-distributions?
(Bourrely, Buccella, Soffer, arXiv:1008.5322)

B —

"-1| T T
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coooxuk) L xa(ok)

_ 5
© = 2 7
ol \ - — |
2_4_ ,E‘///’ X=0.2 %; 2 X=0.2
e ! 1 14 | 1
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o b e e ) [ _ _ . 1
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e (k;) increases when x increases

e (k) for sea quarks is smaller than for valence quarks
T 30



Test of possible x-dependent k;-distributions
E866 p+d D-Y data (800 GeV beam)

52 <M< 6.2GeV 7.2 <M< 8.7 GeV
10 gy 10 g
- —0.05<X<0.15 - 0.15<X<0.35 ]
1 = 1B 4

e
O E g ;
o 1 -3 1
910 F —0.05<X,<0.157 ' F 0.15<X;<0.35 -
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Lo I \ T 10 ‘ ‘ ‘
nQ
o i
N
mb 1T
o100 ]
W
10_2E ]
_3 _

107 0.35<%,<0.55  9F 0.55<%<0.8 4
o A BN AU IVUFIIVEN P e d I EATIN TR R
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Py (GeV/C) P, (GeV,/C) Py (GeV/C) P, (GeV,/C)

Data from thesis of J. Webb
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<P:> GeV/C

Possible x-dependent k.-distributions
E866 p+d D-Y data (800 GeV beam)

1.5 r ™
- 1 14 | .
14 1 - - 1
13 C ** v ] 1.3 B + v ‘ * —
i ! o v i o b ° a7 | N
i L T ] L |
- = v ] 1.1 o v _
1.1 - = , i
- | - e m 4 !
i - i s ]
B ] 09 | 4.2<M< 5.2 GeV .
0.9 |- 4.2<ML 5.2 GeV 7 i © 1
i 1 08 - 5. 2<M< 6.2 GeV N
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L o - ] 07 - 6.2<M< 7.2 GeV -
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i 1 06 - 7.2<ML 8.7 GeV 7]
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o E o 10.89<M< 12.85 GeV ] 05 o o 0n 508 005 0T 53 0 oae s on
~ o0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

XF . X2

<p.> scale with x, ?

Analysis Is ongoing. Future data at lower beam
energies are essential 3



J/W¥Y production as an alternative to Drell-Yan?
At 800 GeV, J/W production is At 30 GeV J/W¥ production is dominated

dominated by gluon-gluon fusion by quark-antiquark annihilation
tE 0[PP > u/v+x at 30Gev
310 F )
S 2
< <
O O
o - o
© P+CU > J/¥ |\ ©
-2
0 800 GeV beam
¢ © E789 DATA
_3wf"f”\H‘\H‘\H‘\H‘\H‘\H‘m\}?‘ _5‘.f;‘m”\”‘\H‘\H‘\H‘\H‘m:’m
10—0.8 -0.6 -0.4 -0.2 O 0.2 04 06 0.8 10—0.8 -0.6 -0.4 -0.2 O 0.2 04 06 08

X¢ X¢

J/W¥ production at 30 GeV is sensitive to
quark and antiquark distributions



Single-spin asymmetry in polarized p-p at J-PARC

Single-spin asymmetry (Ay) can probe Sivers

function
— Sivers function in Drell-Yan 1s expected to have a sign
opposite to that in DIS
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- J/W¥Y production could also probe the Sivers function

- Much higher statistics could be obtained in J/¥ production y




Conclusion: We’ll get the data!
Future experiments

= Fermilab E-906/Drell-Yan .

— Better statistical precision {unpﬂianzed) s i

= COMPASS
— Pion beam—valence distnbutions

= GSI FAIR—PAX experiment

— Antiproton beam will sample valence
distributions of targets

= JINR Dubna-NICA
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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 1nequalities 1n 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/Ps1 as an alternative tool for DY physics at low energies
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