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Introduction of Drell-Yan Process:

> History & Formalism

° Success and Failure

o QCD effect

Parton Density Function (PDF)

> Flavor asymmetry of sea quarks (E906/SeaQuest Experiment)
o LHCW, Z production: strangeness and charm

> RHIC W production: polarization of sea quarks
Transverse-Momentum-Dependent Distribution (TMD)
o Sivers function (COMPASS Experiment)

> Boer-Mulders function (EB66/COMPASS Experiment)
Generalized Parton Distribution (GPD)

> Exclusive Drell-Yan process (J-PARC Proposal)
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Massive Dimuon Pairs in Hadron Collisions
J.H. Christenson et al., PRL 25 (1970) 1523
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e Target: p+tU—>V+X
e Found: p+tU—>puu +X
* Observation:

o Shoulder-like structure
around 3 GeV.

> Evidence of J/y was absent
due to bad momentum
resolution.

> Rapid fall-off of cross section
with the dimuon mass

(~1/M5).



The Drell-Yan Process
S.D. Drell and T.M.Yan, PRL 25 (1970) 316

MASSIVE LEPTON-PAIR PRODUCTION IN HADRON-HADRON COLLISIONS AT HIGH ENERGIES*

Sidney D. Drell and Tung-Mow Yan
Stanford Linear Acecelerator Center, Stanford University, Stanford, California 94305
(Received 25 May 1970)

On the basis of a parton model studied earlier we consider the production process of
large-mass lepton pairs from hadron-hadron inelastic collisions in the limiting region,
s—=, @*/s finite, @ and s being the squared invariant masses of the lepton pair and the
two initial hadrons, respectively. General scaling properties and connections with deep
inelastic electron scattering are discussed. In particular, a rapidly decreasing cross
section as Q:"/s —1 is predicted as a consequence of the observed rapid falloff of the in-
elastic scattering structure function vW, near threshold.
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Drell-Yan “naive” Parton Model
T.M.Yan, hep-ph/9810268

* Sid and | got interested in the process for
two reasons:
(1) we were looking for application of the
parton model outside deep inelastic
lepton scatterings, and
(2) we wanted to understand if the rapid
decrease of the cross section with the
muon pair mass could be reconciled with
the point-like cross sections observed in
the deep inelastic electron scattering.



Drell-Yan “naive” Parton Model
T.M.Yan, hep-ph/9810268

* The key idea in our approach was the
impulse approximation.

* In infinite momentum frame,
Torobe << Tinitial state . The constituents could
be treated as free.

* The cross section in the impulse
approximation is a product of the
probability to find the particular parton
configuration and the cross section for
the free parton(s).



Drell-Yan “naive” Parton Model
T.M.Yan, hep-ph/9810268

* It is interesting to note that 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 and our belief that future
experiments would be able to definitively
confirm or demolish the model.



Formalism (1)

Kinematics in the Hadronic Frame

Vs

P Py = < (100.+1)
P, = %‘ (1,0,0,— 1)
])2

Therefore ( T = XX, =

Pi=0
Pi=0
s_0
s s

Fractional energy” between
partonic and hadronic system

Hadronic Parton
Cross distribution
section functions

F. Olness, CTEQ 2004 Summer School
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Formalism (2)

Let's compute the Born process: q+qg— e+ +e

u(py)

v(p,)

Gathering factors and contracting g, we obtain:

. e _
—iM=iQ, ; {v(pz)y“u(pl)_} -[:1(p3)yu1"(p4)}

Squaring, and averaging over spin and color, ....

4
2:(1) 2(%) Qf%T"[P—:y“ﬁy"] Ir|psy,pay, |

M

2
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Formalism (3)

Let's work out some parton level kinematics

P;
p; 0

P;
P,

pi=p=pi=p,=0

Py =

Defining the Mandelstam variables ...

(1,0,0,+1)

- <
25| 2 | > |

-~
Loy

(1.0.0,— 1)

<
tay] D |

(1,+5sin(6),0,+cos(0))

2
o:ﬂN|

(1,—sin(0),0,—cos(0))

|

(l—cos(O))

(l+cos(0))

[\_)lc,” b | «>
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Formalism (4)

We'll now compute the matrix element M

Manipulating the traces, we find ...

Ir|psy"piy” | Tr|psy,pav. ]

= 4[pi‘p§+p§pf— g (p -p:)] X 4[p§pi+pﬁp§ — g (ps -m)]
=2 [(p, ps) (02 pa)+ Py 1a) (D2 1)

o [

Where we have used:

2 2 2

Putting all the pieces together, we have:

5 2 (122, A2 93:(})1"'[)3)3:3
W:Q? 0{2 2 (s (f +2?,( ) \Vith 32
3 G xX =
41T
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Formalism (5)

... and put it together to find the cross section

. 1 2 In the partonic
do = 2% M| ar CMS system
d’p &p. , dcos(0)
ar = - 2 21T 46 +p,— -n,) = —F=
(ETT)SZES (2”)32E4 (21) 6 (pi+p—ps— D) 167
Recall,
. -5 N -5
[ = 7(1—005(0)) and U = 7(l+cos(0))

so, the differential cross section 1s ...

— 0’ o’ — = (1+cos’(0
dcos(0) O o 6 S ( cos'{ ))
and the total cross section 1s .
~ - drro’ ,
o = 0, — us 1 deOS (l-l‘LOS (9)) = ;T,fx 0; = o,
S

F. Olness, CTEQ 2004 Summer School



Predictions for Drell-Yan Process
|.R. Kenyon, Rep. Prog. Phys. 45 (1982) 1261

» Scaling: cross sections scales with T =
Q*/s

e Decay angular distributions: 1 + cos%6

» A-dependence of cross sections: ~A*

e Transverse momentum distributions:

intrinsic parton p; should be small (~300-
500 MeV).



Drell-Yan Experiments

Home Page

3 HEPDATA HEPDATA
Other Data Reviews i Tati : : o
Aher Data Keviews T mpilation of D n Drell Yan Pr n Cr ns . T
Rencfion Databoee oN-LNg Compilation of Data o cll Yan oduction Cross Sections . .1 N
DATA B publication: DATA
i W J Stirling and M R Whalley 1993 J.Phys. G.Nucl.Part. Phys: 19 D1-D102 i
CONTENTS REVIEW REVIEW
Experiments This is an archive of experimental data on Drell Yan production cross sections. Data are given in both tabular and graphical form for invariant
CERN-NA3 cross seciotns and transverse momentum distributions from experiments at CERN and Fermilab.
CERN-NA10
CERN.WA11 = : .
CERNAVAZS Select data from a specific experimental collaboration:
CERN-R108
CERN-R209 R .
R CERN || Fermilab
CERN-UA2
Fermilab-F283 %0 %
Fermilab-E325 WA11 E326
Fermilab-E326 WA39 E439
E———— R108 E444
Fermflab-EAt}S R209 E537
Fermilab-E444 R303 E605
Fermilab-E537 UA2 E615
Eermilab-E605 E740(D0
Fermilab-E615 L‘g‘%l
Fermilab-E740(D0) ESSSWSEAI
Fermilab-E741(CDF)
Fermilab-Ei72
Eermilab F866(NUSEA) or select data for a specific measurement:
Measurements of:-
Measurement Measurement
pp--=mu+ mu-X
pp-*e+re- X pp--> mu+ mu-X p Nucleus > mu+ mu- X
phbar p > mu+ mu- X pp-re+e-X pbar Nucleus --> mu+ mu- X

pbarp.-=e+re- X

p Nucleus > mu+ mu- X
pbar Nucleus --> mu+ mu- X
pi+ Nucleus - mu+ mu- X
pi- Nucleus > mu+ mu- X

pbar p > mu+ mu- X pi+ Nucleus > mu+ mu- X
pbarp.=e+te X pi- Nucleus > mu+ mu- X

Please send any comments on this service to hepdata@projects.hepforge.org
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Massive Dimuon Pairs in Hadron Collisions
J.H. Christenson et al., PRL 25 (1970) 1523
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Scaling

T.M.Yan, hep-ph/9810268
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A-dependence of Cross Sections
CIP, PRL 42 (1979) 944

The quark-antiquark annihilation that produces dileptons is a point-like electromagnetic
interaction; the cross section on a nucleus is the incoherent sum of the cross section
on its component nucleons and will be proportional to A, the atomic number.
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Angular Distribution

|.R. Kenyon, Rep. Prog. Phys. 45 (1982) 1261
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Figure 17. Measurements of the decay angular distribution of lepton pairs by Kourkoumelis et al (1980},
Antreasyan et al (1980) and Badier et al (1980a). Fits to the form 1+« cos® @ are shown as full curves

and are discussed in the text. (a) 1SR ABCS, 4.5<M <8.7 GeV, (b) 1SR CHFMNP, 6 <M <8 GeV, (¢)
NA3, 7~ 200 GeV, 4<M <6 GeV, p, <1 GeV.

do(Q) < (1+cos® )



Angular Distributions

CIP. PRL 42 (1979) 948
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do(Q) < (1+cos® )



Angular Distribution

CDF, PRL 77 (1996) 2616
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Transverse momentum distributions
T.M.Yan, hep-ph/9810268
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A clear increase of p; of lepton pairs with s.




Absolute Cross Sections

30 Table 1.2: Experimental K-factors,
10 e T ¥ : r T Y 2
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Q L i
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—t ] o
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F. Olness, CTEQ 2004 Summer School



Success and Failure of

the “naive” Drell-Yan parton model

e Success:

o Scaling of the cross sections (depends on x, and
X, only)

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

> Angular distributions (1 + cos?8 distributions)

e Failure:

> Absolute cross sections (a factor of 2-3 larger
than expected)

° Transverse momentum distributions (much larger
<p+> than 200-300 MeV)



Drell-Yan Process with QCD
>W +}>ﬁ,\ﬁ +§W +\4\.M
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Drell-Yan Process with QCD

» Scaling:The logarithmic corrections in Q?
can be absorbed by Q?-dependent quark and
antiquark distribution functions of the
hadrons. Scaling is violated but only
logarithmically

e Absolute cross section: LO, NLO.
e Angular distribution: Lam-Tung relation.

e Transverse momentum distribution: A
large transverse momentum of the lepton
pair can be produced by recoil of quarks or
gluons.



Absolute Cross Sections

—

38.76 GeV

MRST2001 pdfs
M/2 < pu < 2M

|
Vs

PP —>7* +X Rapidity distribution

NNLO

- X EB866 data, 7.2 < M < 8.7
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C.Anastasiou et al., PRL 91 (2003) 182002
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Drell-Yan decay angular distributions

0 and ¢ are the decay polar
o b };ﬁ/ and azimuthal angles of the
S g ut in the dilepton rest-frame

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

— Collins-Soper frame

g—g oc (1+ A c0os* @+ usin 26?cos¢+%sin2 & cos 2¢)

oc (W, (1+cos’® 8) +W, (1-cos’ ) +W, sin 26 cos ¢ +W, , sin’ cos 2¢)
qq annilation parton model:
O(a)) A=1, u=v=0; W, =1, W, =0
Lam-Tung relation (1978)
PQCD: O(«}), W, =2W,,; 1- 1 —-2v=0

28



Transverse Momentum Distribution

of Lepton Pairs with Gluon Effects
F. Halzen and D.M. Scott, PRD 18 (1978) 3378
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Transverse Momentum Distribution
of Lepton Pairs with Gluon Effects
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Vector Bosons

0 Mass spectrum:
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Basics of vector bosons

U Electro-weak gauge bosons (physical states):

W= boson:
M, = 80.4 GeV
g, = g, — weak coupling

V¢ — CMK matrox for quarks
couples only to left-handed

fermions

Z° boson:
M, = 91.2 GeV

cos 6, - weak mixing angle

couples to both left- and
right-hand fermions

Y — photon:
M, =0
e — electro-charge

Q; - fraction in electro-charge

Wu

109 .
=y (1 — y5) Vi
2v/2
—2-(}'-1
—~"(gf + g/ 7s)
cos by 9, oA
1
gy = —5T{
1 . 9
:‘f{r' = 3??%(_5”1'“1'_(3}
_l e Qfﬁfﬂu

J.W. Chiu, CTEQ 2014 Summer School



Parton Distributions in Protons

2{{7‘0“ (P 1 )
P

Ji, PRL91,062001(2003)
i

je"”d?dk
=q"/2E,, t=—G"

Generalized Parton Distr.
F(X,&,1)




Main Processes in Global PDF Analysis
Eur. Phys. J. C (2009) 63: 189-285

Process Subprocess Partons X range
={p,n)— X y*q —q q.q.8 x = 0.01
Fn/p— X v*d/u— dju d/u x > 0.01

pp— utu~X wit, dd — y* 7 0.015<x<0.35
pn/pp — ntp—X (ud)/(uit) — y* d/ 0.015<x<0.35
v(VN = ()X W*q — q’ 001 <x<0.5
VN - put X W*s — ¢ 5 001 <x=0.2
DN — utu—X W*s — ¢ 5 0.01 <x <02
etp — etX y*q — gq 2,.9.q 0.0001 <x <0.1
etp— X WTld,s} — {u, c) d.s x = 0.01

et p — etccX y*e — ¢, y*g — c¢ c, g 0.0001 < x < 0.01
etp —jet+ X v*e — qq g 0.01 <x<0.1
pp—jet+ X ge.qg.qq9 — 2j g.q 0.01<x=0.5
pp— (W* = £Fu)X ud — W, iad — W u,d,it,d x > 0.05

pp— (Z—{TE)X uu,dd — 7 d x = 0.05




Complementarity between DIS and Drell-Yan
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Naive Expectation of Nucleon Sea:
SU(3) Symmetric

-0

(a)

0-8+
q(x) = Qv (x)+ s (X)
u, (x) = 2d, (x) 06
8 (0=0,00=0,(0=5,() =0
Uy (x) = 0, () = dy (x) = T, (x) = 5, () = 5 () ©4

0-2

N~ |

O o2 04 06 08 10

X

F.E. Close, “An Introduction to Quarks and Partons”



Parton Distribution Functions (PDF)
of Protons
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Constraint of x(d — 1) in Global

Analysis

> 0.1 . . ———
II: ; Q=2GeV ]
'3 0-08:— B3 NNPDF 21 1
< EJ DIS + DY

E. Pereza and E. Rizvib, arXiv:1208.1178

'Q=2Gev
NNPDF 2.1 ]
E3 DIS + DY ]
E3 DIS only




Is t=d in the Proton?

u d
i d

Gottfried Sum Rule

Se = [ [(FF(x)~ F; (X)) / X]dx

— %jol(uv(x) —d, (X)) dx + %j:(U(X) —d (x)) dx

:é (if T(x) = d (X))



Experimental Measurement of
Gottfried Sum

S. Kumano, Physics Reports, 303 (1998) 183

0.12 1 0.4
0.1 ¢ NMC (94) A § 0.35
| & BCDMS (90) i ]
" 0.3
= 008 ¢ EMC (87) {. £ ] NMC NMC
o | % SLAC(73) i %{I & 0259 e o & +
] o] ]
| 006 ‘% 2 o2
e 004 o ¢ 8 %1 suac | BCDMS
] % 1 EMC
| 0.17 EMC
0.02+ ]
] ¢ x 0.05
¢ x |
Y R - 1 —
0.004 0.0 0.1 i 1970 1980 1990
X Year

New Muon Collaboration (NMC), Phys. Rev. D50 (1994) R1

Sg =0.235 £ 0.026
( Significantly lower than 1/3!)
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x-dependence of Sea Quarks

Acceptance for fixed-target experiment:
Xbeam >> Xtarget

=

0.9 i l.og scale in 7
0.8
0.7
0.6 MiT)

¥ 0s
.

0.4

a% 10

1.3
02 £ MU
0,

f

1E
0 vl e bbbl b,

0 010203 040506070809 1
X,

d’c Ao’

1 . B B
- _2 :e' i (X i (X +0; (X (X
dxbeamdxtarget 9Xbeamxtarget S i |[q|( beam)ql( target) ql( bea ( target)]

e zl 1+ g(xtarget)
2

u(xtarget) 3

O

pp | Xbeam == Xtarget
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Light Antiquark Flavor Asymmetry:

Drell-Yan Experiments

* Naive Assumption: d(z) =

e NMC (Gottfried Sum
Rule):
/ [d(z) — a(z)] da # 0

« NAS5I (Drell-Yan, 1994):

d>uatx=0.18

()
225
- A NAS1
2 — MRSr2
1.75 CTEQ4m
1.5
1.25
2
)
i
075 F NA 51 Drell-Yan
05 L confirms
025 | d(x) > u(x)
0 'S R T N TN TN NN TN AN NN NN NN T NN TN A NN TN NN AN N NN R
0 0.1 02 0.3 04 0.5 0.6
X
pd 1 d
g (7¢)
> ~ - |1+ -
20 S, 2 u(xy)




Light Antiquark Flavor Asymmetry:
Drell-Yan Experiments

e Naive Assumption: d(x) = u(x)

* NMC (Gottfried Sum . —
i) L/ A
[ late) - e e £ 0 e _ Criein

e NA5| (Drell-Yan, 1994): 15 |
d>uatz =018 =

o E866/NuSea (Drell-Yan, o7 ¢
1998): 05
d(z)/u(x) for 0.015 < x < 0.35 025 |




Origin of u(x)#d(x)?

 Pauli blocking of valance

quarks 12
. - E866/NuSea Peng et al.
e Meson cloud in the A LY SHENVERS Meson Cloud
- \". ------- Alberg, Henley
nucleons (Thomas 1983, il and Miller
. 08 Bk -\ﬁ- eson Clou
Kumano [991): Sullivan process ! \+
in DIS. L}
06 F |k
+, 3 = - LA
Y n (ud) o i k Pobylitsa et al.
04 | Chiral Quark Soli.
u . u TN - *l{ Dorokhov and
¥ | i Kochelev
N N(A) H: :H 02 I Instanton
. 0 i =
¢ Chlra‘l qua‘rk mOdeI i fb:’;;’.:,.’,. E866 Systematic Error
. | e QQ‘vV,_"‘
(Eichten et al. 1992;Wakamatsu 0 L e

1992): Goldstone bosons couple

to valence quarks. T u&)
U —U

- ——d
p p



Momentum Dependence of the Flavor

Structure of the Nucleon Sea;: NMC vs E866

J.C.Peng et al., PLB 736 (2014) 411

(x)

0

d(x) -

(%)

0

d(x) -

o
[N

o
V)

o
NN

o

o

e

Q

1 JR14

= 5l (@)~ du(2)] -

3

NMC

= [Ff (2) - F3 ()]

O E866 Q*=54 GeV*
L] NMC/JR14Q =34 Ge \/
— JR14 Q’=34 GeV*

O EB866 Q*°=54 GeV?
L] NMC/JR14Q =45 Ge V
— JR14 Q*=45 GeV?

AN '
| | | | | ‘ |
02=54 GeV? O E866 o =54 GeV’
® NMC/JR14 Q2=63 GeV? ® NMC/JR14 Q2=95 GeV?
Q*=63 GeV? — JR14 Q*=95 GeV?
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E906/SeaQuest Experiment

Fermilab E906

B First round of data taking: 225 ¢
Nov, 2013 — July, 2015. 2 f
B 1H, 2H, and nuclear targets 175
B Unpolarized Drell-Yan using LS
120 GeV proton beam pE
= 0.75
0.5
0.25
0

KEK, RIKEN, Tokyo Tech, Yamagata

: @ £906 4
o 3.4 10" POT

- A NA51

- [] cTEQS6

B ER’66

— MRS12
CTEQ4m

yd

E866 Systematic Error

(d(x)/U(x)) up to x ~ 0.45
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E906/SeaQuest Experiment

Mass 737

5000

4000

3000

ents / 100 MeV

e
(=]
(=]
(=]

1000

J /1, Monte Carlo

Y’ Monte Carlo
Drell-Yan Monte Carlo
Random Background
Combined MC and bg

» 0.1 x 102 protons
* Approximately 5% of
final data set

Mass (GeV)

»  Run2 DB—EDT—AEALV: (BRROGET—2ELEDH 5%)
- BRHEFEIBETEEYICELTLS

o AXRUEERIZET

« Bl Mass S REEZIFD (~180 MeV) . MC DFHELE—F

2015/3/24

JPS meeting 2015 Spring @Waseda Uniw.

Shou Miyasaka (Tokyo Tech)



E906/SeaQuest Experiment

Cross section ratio, a?? /2aPP vs Bjorken X,
1.6

14 SeaQuest Preview - SeaQuest

= E866

cP9/26PP

1.2

1

* '**; bt

0.8 +
0.6 e
= 1.0 % 10" protons
0.4 . .= Approximately 5% of final data set
Preview systematic: Final systematic error < 2% expected :
0.2 . Position of error band is arbitrary chosen. . : :
.
1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1
% 04 02 03 04 _ 05
Bjorken X,

* Run2 DB—HOT—2ZALV: (REMGET—2HREDH 5% )
«  Systematic error [& study P, T BIIZIL 2% LLFICHGSRELY
- REGTARATFMBLTLS

« IREERuN3I D QAZITOTLVS

2015/3/24 IPS meeting 2015 Spring @Waseda Univ.

Shou Miyasaka (Tokyo Tech)



d /i

at large x

Advange of relatively low beam energy

J-PARC Proposal P-04 (Peng and Sawada)

_20:GeV proton beam

1.4
: ¢ EB866 Data 800 GeV |

/_\1.3_— ¢ Main Injector 120 GeV 7]
o ® J—PARC 50 GeV ]
-|-1.2_—
IRy
g if o %HHH
N~ [¢
—~ 1
° I
_|_
30.9—
o

0.8+

0.7 | | [ PR R

10" protons per spill (3 s)
1 50-cm long LH, / LD, targets
+: 60-day runs for cach targets

assuming 50% efficiency

Joint APS/DNP and JPS Meeting , Oct. 7, 2014, Jen-Chieh Peng



W* and W Production at Colliders

% (pp > X =K \fxximbmmmxnduwuﬂ+_Shaﬁ%w&mwaj
A leese) + 50 V. [lede) +dey)]

P P le)Br) + G, ey ) [+ Pl () + B et |

d—“(pp—>W X)=K, 2”\?_ xlxz{ V. [u(xl)d(x2)+d(x1)u(x2) —|—|V;S‘2;(xl)s(x2)+s(x1)1;(x2):
Vo leaste) +suee) |+ e + e ecs)

?[e( )b + b ey

vl o) + 06 ate) [+

+ ub ch

u Vud2 — V082 -~ 095, VU82 — VCd2 - 005, VUb2 - 10-5, VCb2 - 10-3

- s(x)=s(x), c(x)=c(x), b(x)=b(x)

= The W charge asymmetry is mainly from u-d quark interactions.



W*W-,Z Production at Colliders

A. Kusina et al., PRD 85 (2012) 094028
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Lepton Charge Asymmetry at LHC

ATLAS, PRD 85 (2012) 072004
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Lepton Charge Asymmetry at LHC

LHCb, JHEP 12 (2014) 079
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Sea—quark polarization from W
production in polarized pp collision

Parity-violating asymmetry

ﬂ? , AW de™ +do" = (do~" +do )
\ wx //V{) L7 dett +dot +dot +do"
_ 0\ ) )
q,q /ﬁ, SV -u<\ L —Au(x)d(xy) + Ad (e u(xy)
/ £ uCx)d(xz) + d(x)u(xz)
ﬂ \
U w- _ —Ad (x1)u(x;) + At(xy)d (x2)
g d(xq)u(xz) + ulxg)d(xy)
o X, > X, oX, > X;
A\Iiw ~ AU(Xl) A\ZV‘ ~ _M W* A_(T(Xl) W™ AU(Xl)
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Parity-violating spin asymmetries in
WV production

PHENIX, PRL 106, 062001 (2011)
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Parity-violating spin asymmetries in
W production

STAR, PRL 106, 062002 (2011) STAR, PRL 113, 072301 (2014)
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Parity-violating spin asymmetries in
W production

PHENIX, arXiv:1504.07451
0'5; a) W+2° I b) W+2Z°
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Longitudinal Polarization of Sea-
Quarks in NNPDFpol .|

NPB 877 (2014) 276
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Parton Distributions in Protons

2{{7‘0“ (P 1 )
P

Ji, PRL91,062001(2003)
i

= /2Eq,t:—q2

Generalized Parton Distr.
F(X,&,1)

Transverse Momentum
Dependent PDF f(x’ kT )




Quark Distribution Functions
At leading twist
g (X) = @ Quark Momentum Distribution

AQ(X) = @ —@ Quark Helicity Distribution
0g(X)= @—@ Quark Transversity Distribution

0g(X):

Positivity Bound ‘5q (X)‘ <q (X)

Soffer Bound |5 (x)| < %[q(x)+Aq (X)]




Prehistory of Transverse Spin Effect

e |966 Christ and Lee: transverse single-spin
asymmetry (SSA), a chiral-odd quantity, is
prohibited by time-reversal invariance in DIS.

* 1975 Large SSA in pTp—nX

e | 976 Large transverse polarization of A in
pp—AX

e | 978 Kane, Pumplin and Repko: SSAs shall
vanish in the massless limit.



History of Transverse Spin Effect

* 1990 Sivers: SSAs originating from the intrinsic

motion of quarks in a transversely polarized
hadron.

e 1993 Collins: a spin asymmetry in the
fragmentation of transversely polarized quarks,
correlating with pt, into an unpolarized hadron

which enables the measurement of SSAs in
SIDIS.

e 1993 Collins: Sivers function should vanish due
to parity and time reversal invariance.



History of Transverse Spin Effect

e 2002 Brodsky, Hwang and Schmidt: SSAs in
SIDIS might be finite taking account of orbital
motion of quarks and multiple gluon scattering.

» 2002 Collins: Sivers function could be non-
zero due to the gauge link. The Sivers
functions for SIDIS and Drell-Yan processes
are of opposite sign.



Transverse momentum dependent
(TMD) PDF

j Leading Twist TMDs O—» Nucleon Spin @ Quark Spin

Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized BOGI’-M ulders h lJ_ (X, kT )
(L) (m) function

correlation between the

U - @ h," = @ - @ transverse spin and the

Boer-Mulders transverse momentum
of the quark in unpolarized

L gﬁ@" - @" hﬂL:@»— @-. nucleons
®-®

Helicity

h, =
T f1TL = - @ gﬂ_J- = @ — é) Transversity
Sivers -

1
Sivers function flT (X’ kT)
correlation between the
transverse spin of the nucleon
and the transverse momentum

of the quark.
arXiv:1212.1701

sensitive to orbital angular momentum

| Nucleon Polarization |




How to measure SSAs?

w Chiral-odd — not accessible in DIS
=/ >\~ Require another chiral-odd object

e Semi-Inclusive DIS: ambiguity associated with
fragmentation process
o Single-hadron (Collins fragmentation function, Sivers

function)
> Two hadrons (Interference fragmentation function)

> Vector meson polarization
> A\ — polarization
e Drell-Yan: small cross sections but free from fragmentation
* Proton-proton collision: inclusive single-hadron, prompt
jet, prompt photon production



High energy spin experiments

C.A. Aidala, S.D. Bass, D. Hasch, G.K. Mallot, Rev. Mod. Phys. 85, 655-691 (2013)

Experiment ‘ Year ‘ Beam ‘ Target ‘Energy (GeV) ‘Qz (Ge\*"z)‘ T
Completed experiments
SLAC — ER0, E130 1976-1983| e~ H-butanol <23 1-10 0.1-0.6
SLAC — E142/3 1992-1993| e~ NII3, NDj <30 1-10 0.03-0.8
SLAC — E154/5 1995-1999| e~ NHs, °LiD, *He < 50 1-35 0.01-0.8
CERN  EMC 1985 't NH;z 100, 190 130 0.01 0.5
CERN - SMC 1992-1996 ,qu H/D-butanol, NH3 100, 190 1-60 0.004-0.5
FNAL E581/E704 1988-1997 P p 200 ~1 0.1 <zrp < 0.8
Analyzing and/or Running
DESY — HERMES 1995-2007| e, e~ H. D, *He ~ 30 1-15 0.02-0.7
CERN ~ COMPASS 2002 2012 ™ NHs, °LiD 160, 200 1-70 0.003-0.6
JLab6 — Hall A 19992012 e~ “He <6 1-2.5 0.1-0.6
JLab6 — Hall B 1999-2012| e~ NHs, ND3 =6 1.-5 0.05-0.6
RHIC — BRAHMS 2002-2006 P p (beam) 2% (31-100) ~16 |=0.6<zp <06
RHIC — PHENIX, STAR| 2002+ p p (beam) 2x (31-250) | ~ 1-400 ~ 0.02-0.4
Approved future experiments (in preparation)
CERN — COMPASS-II | 2014+ |pu*, p~| unpolarized H» 160 ~ 1-15 ~ 0.005-0.2
T NHs 190 —02<zp <08
JLab12 — HallA/B/C 2014+ e~ |HD, NHs, ND3, *He <12 ~ 1-10 ~ 0.05-0.8

67



Semi-Inclusive DIS (SIDIS)

g’ =(1-1=-0Q° Bjorken scaling variable
/ A X:QZ/(ZPq)
\)/ Energy fraction carried by y
Y%% < y=(P-q)/(P-1)=(E-E")/E

current
fragmentation

Energy fraction carried by h

h z=(P-R)/(P-q)=E,/(E-FE)

fragmentation

W? = (P +q)°



Collins and Sivers Asymmetries in SIDIS
Ya

» do(S,)-do(-S,) = . .
= = —= =S, |-[Dy -SIn(@, + @, — )+ A, -SIn(g, —
A = o) 1o (5~ o/ [P A -sintdh + s =)+ A, sin(g, —4,)]
Collins asymmetry Sivers asymmetry
a0 A0 p]  ,  _TalfAn(xPr/2) Dyt By
Coll —

slea)Djen]  Za[&-atpr/2)-Di@)]



Global Analysis of Sivers Functions from
SIDIS

M.Anselmino et al.,, PRD 86 (2012) 014028
HERMES PROTON - TMD
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Global Analysis of Sivers Functions from
SIDIS

M.Anselmino et al.,, PRD 86 (2012) 014028
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Global Analysis of Sivers Functions from
SIDIS

M.Anselmino et al., PRD 86 (2012) 014028
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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, PJ. Mulders, F. Pijlman, Nucl. Phys. B 667 (2003) 201; Z.B. Kang, J.W. Qiu, Phys. Rev. Lett. 103
(2009) 172001

Drell-Yan SIDIS

Sivers |, = —1*Sivers |5 \

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

e Experimental confirmation of the sign change will be a
crucial test of perturbative QCD and



“Opposite Sign of SSA for SIDIS and DY’ NLO QCD
Z-B Kang, B-W Xiao and FYuan, PRL 107, 152002 (201 1)

«Ji-Ma-Yuan factorization
Collins-Soper-Sterman resummation

w 7 ACJ = —AC'

DY 9 IsiDIS

(a)

FIG. 2. Leading order Born diagram calculation of Wyp(Q, b).

dAo(S))

L — goeBST WP (0:q)), 2
a0 dPa, €SIVl C L) )

b ..
we(Q:q.1) Zf(%)g b We (0:b) + Y& (Q:q.1),
q, <Q
We (Q:b) = e~ Sul@Dyye (C, /b, b)

— (—ib® /2)€_SUI‘{Q2J9)2,£ .
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Single transversely-polarized Drell-Yan cross-section in LO

QCD Parton Model
S.Arnold, et al., Phys. Rev. D79 (2009) 034005
dGLO

d*qdQ)
2

. Aem ALO COS 2@
= Fq2 {(1 + D[sz e]A cos Z(p)

+ |§T| [AT ®s sin @

A o BM(h) |, ®BM(h) |

A" o Density(f,) |, ®Sivers(fz)| —

o« BM(h;) |, ®pretzelosity(h; ), /

A7) o BM(N]) |, ®transversity(h) |




Transversely-polarized
Drell-Yan experiments !!!




Planned Polarized Drell-Yan Experiments

:\J':;Al\a) P +p S/cs)llidz?)reev %,=0.1-0.8 R
:):I-IIEIE;X p'+p flzllii%ro GeV %, =0.05-0.1 2x10% em® s >2018
e g B, weemor s
WO v P, eeser o o
2“1‘(\);9";" tat s o f/:(l G1§\é-;ev x,=0.1-0.45  3.4x10%cm2s! 2016
2‘1‘(‘);7";" S | g f/:(i G1§\é-;ev X,=0.35-0.85  2x10% cm?s? 2018

Wolfgang Lorenzon



COMPASS Collaboration

(Common Muon and Proton Apparatus for Structure and Spectroscopy)

« 24 institutions from
13 countries —
nearly 250
physicists

* Fixed-target
experiment at SPS
north area

* Physics programs:

* Nucleon spin
and partonic
structures

« Hadron
spectroscopy
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COMPASS Setup (Drell-Yan Runs)

Beam:
Polarized lepton beam : p*, p~ 50-280 GeV/c ~ Muon Wall 2

Hadron beam : n*, n*, K*, K-, p
Target:

Polarized NH, and °LiD target
Liquid hydrogen target
Nuclear target SM2

. Muon Wall 1
Target Region AN

SM1 @ —
| !

I Angle
Ij|adron Absorber :' \w Spectrometer
NH3 Polarized Target N 4 : ‘ (SAS)
N ‘ Hodoscopes
] Large Angle Spectrometer (LAS) 80




Polarized NH; Target

Cryogenic
= 3He-4He dilution refrigerator

s T~50mK

| 1000 mm |

| | Magnet

sSuperconducting solenoid : 2.5 T
«Dipole filed: 0.5 T

Target

sMaterials: p(NH;)
=Dilution factor: 0.22
=Polarization: >90%

Hi L.
'S
LIt iR
T




Polarized NH; Target

Dilution refrige

L Q’Q _‘ |
: .';_‘»,,,”’
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Hadron Absorber & Nuclear Targets

* Absorber: 236 cm long, made of
Al,O,.

~~~~~~~~ * Beam plug: 120 cm long, made of

| tungsten.

* Radiation lengths (multiple scattering for
w): x/X, = 33.53

* Hadronic interaction lengths
(stopping power for n)l X/?‘int =7.25

e 7cm Al target

S —

Absorber geonetry, MHO1-13, alunina density 3,80

Aluminum cone * [
s F—3
MMO1
20cm
20 downstream last
=3 A alumina layer in
§ o the simulations
@
Space for -20 |4
vertex detector Stainless Steel
-4 20 cm
aluminum -89 F
box cover s B alumina

-50 <] 50 100 150 <
Z (cn) 21
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Theoretical Predictions vs. Expected Precision
2<M,, <25GeV/c 4<M  <9GeV/c?

sing, cos 2 sing, cos 2
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M. Anselmino et. Al, Eur.Phys.].A39:89-100,2009.
V. Barone et al., Phys. Rept. 359 (2002) |.
B. Zhang et al., Phys. Rev. D77 (2008) 05401 |,




Overlapping Kinematic Region

Q® vs. x at COMPASS
Drell-Yan (MC)

Q2 (GeV/c)
2,

lllllll

I

I

10— SIDIS (2010 proton data)

I T T TTTI

llllll

107 10° 107!

SIDIS and DY have overlapping acceptance at COMPASS
=>» Consistent extraction of TMD PDFs in the same region.

1 | ] ) I [ (]|




COMPASS DY Run Schedule

e Oct = Dec 2014;: commission runs
(completed).

» May — Nov 2015: polarized Drell-Yan
measurement. Physics data-taking started
from June.
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Dimuon Vertex Distributions
(2014 DY)

T
beam NH

—_—

O
I =108/ sec

3

oncrete ungsten plug (max &

Aluminur
cone

ISpace for ver]

detector

Aluminum
box

i / 19.5cm)
Absorber g = alunina ity 3,80

7 |

_’/MMi

-\Stalnless
J steel
| N

* - S E!umlna |
568 1680 158

Events

8|I|I|IIII|I||||\I\\‘||||‘||||‘||||||III|IIII

COMPASS DY 2014

1
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-100 o 100
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Dimuon Invariant-mass Distributions

(2014 DY)

Events

COMPASS DY 2014

— Total

o
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Nucleon Partonic Structure

Ji, PRL91,062001(2003

(A
P X

Generalized Parton Distr.

H(X, 2, 1)
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Generalized Parton Distribution
(GPD)

e / * non-local
Y .
S __,. * non-diagonal

/C 7 Blo et =2
N N

P+ H +a4,— ro- P+ — ixP*v— ro-
5 dy=e™ " (p [ (0)y Yy (0| p) o dy~e™ " (p (g (0)y Ty vy (0| p)
" yr=y1 =0 y+=y, =0
= HY(x.&,1) N(p)y*N(p) = HY(x,&,1) N(p)y vsN(p)
_ A - -, +
+E9(x,&,1) N(p)ic™ —=N(p), +E9(x,&,1) N(p)ys N(p),
2myN 2mn
M. Guidal, H. Moutarde and M. Vanderhaeghen, Rep. Prog. Phys. 76 (2013) 91
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Generalized Parton Distribution

valence

cloud quarks
/ xP /P f
T
-

longitudinal | '

(a) x~0.8

1+2D description of the nucleon structure

, arXiv:1208.1244

10 JLab Hall A JLab CLAS HERMES
-l x =0.36 x =0.25 x =0.09
=
— Y999 |
0 02 04 0 02
-1 (GeV?)

04 0 02 04
-1 (GeV?) 5 ?

T
O
-

Correlations among longitudinal momenta and transverse positions

Connection to quark orbital angular momentum


https://www.jlab.org/div_dept/physics_division/GeV/doe_review/CDR_for_Science_Review.pdf

Generalized Parton Distribution (GPD)

_

P’ 1
~ A H (&) =F(-1)

\/ I 1

X-

X+&

(= (P_PY [ XD, (x &0 = Fy(-1
(xS H, (x,&,1) =G, (-t
" i | XZ, (X, &,1) =G, (1)
nospin flip| H, (x,&,t) |H,(x,&,1) L .
d E.(x,5,1)=G_(-
spin flip| E, (x,&,t)  |E, (X&) i XZ (.6 D=6, ()
1 11 Ji's sum rule

J, =§Azf + L =§jxdx [H,(x,&,0)+E, (x,&0)]

-1
The orbital angular momentum of quarks can be



Worldwide Activities for Measuring
GPD

overlap with
otertabs (ol 1 [ unique to JLab
1 0 ' g T Y T T .} T | — 1 2 T
i-H1,ZEUS ¢
: K | e\l‘ ........
4 I }‘9‘,- :
g High xg only reachable
I with high luminosity
1 <
1 eq
l e
l."‘.‘ o....
.oi .o'. QA
I ’ q,e
i
|
LY
1
1

arxiv:1208.1244
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Spacelike vs. Timelike Processes
Muller et al., PRD 86 (2012) 031502

Deeply Virtual Compton Scattering Timelike Compton Scattering
e
o-

q°>0

(b)
(a)

FE=n19% = F(=—n1-92,

SL—TL

Fen @) =[x ¥ ST O g wd)

u,d, g 95



Spacelike vs. Timelike Processes
Muller et al., PRD 86 (2012) 031502

Deeply Virtual Meson Production Exclusive Meson-induced DY
e ;

q2<0 T n
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J-PARC High-momentum Beam Line
(Hi-P BL)

* High-intensity secondary Pion beam
* High-resolution beam: Ap/p ~ 0.1%

15kW Loss Target (SM) ]
N\ !
P \V,,f
- - = 4’ T%" = =
30 GeV profRiFr R e
e = Py T B
77 | S
==
/% _____ JJ Lt
//// = — —|_L{ N v |
= H [ -




Counts/sec

J-PARC High-momentum Beam Line
(Hi-P BL)

* High-intensity secondary Pion beam

* High-resolution beam: Ap/p ~ 0.1%

1.0E+09
1.0E+08
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1.0E+06
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1.0E+04
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Negative Hadron Beams
(Prod. Angle =0 deg.)
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Positive Hadron Beams
(Prod. Angle = 3.1 deg.)
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* Sanford-Wang: 15 kW Loss on Pt, Acceptance :1.5 msr%, 133.2 m



tN=>—u+u-N
E.R. Berger, M. Diehl, B. Pire, PLB 523 (2001) 265
Q?=q%*>0 Q” Q° _(p—p)

~y

— ~ 77 n+
<:“f ‘ 2pq  S—M? (p+p)
u
Y (@) do

r(q)

dQ'2dtd(cost)dy
2
_ Yem T oA/, A2 .2
= 35627 08 Z M sm- 6,
N(p) N'(p") A4
t=(p-p)? .
MOA’.A(N—!) N y*n) H (&, ?]'-.TI
. 4r fr 1 - 4 a7 8 ‘;b:"r (Z)
= — .}\. _= — z
e 3 Qf (p_'_pf)Jr”(p - ) 3065 dz [— 252
~1
X [Wyﬁﬂd“(—m N, 1) 1
X /dx|: cd — Cu :|
r + N . e e
+ yﬁ(Pz—MP) Ed”(—n, 0. r)}u(p, A 7 E—x—1€e &E4x—ie

X [ﬁd(x._ n,t)— ﬁ“(x, n, r)],



Differential Cross Sections (Q?2,t,t)

E.R. Berger, M. Diehl, B. Pire, PLB 523 (2001) 265

do
)
43’1’&'3111 1.2 2 du 2 1y 7dux odu
= — Q;Sfﬂ’ x[(l—r})’H ‘ — 21~ Re(H"*&€M)
2 ‘ duﬂ
4M2 .'
t=(p—p)* r=§p;qzs?l;/ls=x8

Q?=q%>0 n:(p—p')* _ 7
(p+p) 2-7
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GPD H(x,n,t) Double Integration

E.R. Berger, M. Diehl, B. Pire, EPJC 23, 675 (2002)

H"(x. n,t) — H(x, n,t)
= [7{“(;{, n) — h(x, ) |ga(t)/ga(0). (6)

We take the parameterization g4 (t)/gAo(0) = (1 — ¢/
M 2y =2 with M4 = 1.06 GeV trom [17]. The functions

1—x'
(z,m) / rlr/
1—|—:E

x 0(x —ax" —ny ) Aqv (2w (', ). (38)
3(1—2a")% -y
m ;".-'!; = — - 39

H(x,n = 0,t = 0)=polarized valance distribution
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GPD E(x,n,t) Pion-pole Dominance
E.R. Berger, M. Diehl, B. Pire, EPJC 23, 675 (2002)

E“(x, n.t) — Ed(x, n.t)

| :
=0 (n— |I|);¢n(i)F(f)

i
44GeV?[ Bm2 —1)
F(tr)= 1 - —= (8)
mz —t (1 —Cr)?
with B = 1.7 GeV2 and C = 0.5 GeV 2. Note
[ ]
— ,";r[* 1 other

.' contributions
X+ 5) 4m*g4(0)

m2 —t

B e 0] < ey e (5

103



TN—p+u-N

E.R. Berger, M. Diehl, B. Pire, PLB 523 (2001) 265

Cross sections increase toward small s!

Q' =q'* =5 GeV?

< <
o 2k ()
Q o 1
S S
2 2
= 1 = -
N o B
g g O
O O
5 OfF B
o o
1+ Ar
I | | | Ly
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
It| (GeV?)
Q 12 Q 12

— (1 — 2= 2 = ~ =0.2
t=(p—p')°=-0.2 GeV 3 2pq  S—M?
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TN—p+u-N:
CERN (190 GeV) vs. |-PARC (15 GeV)

M, > 1.5 GeV

-—
o

(6)]

do/dQ? (pb/GeV?)
=)

o of exclusive DY (pb)
\l
(6}

N
)
|
V
on
-
O

I | I | |
10 125 15 175 20

Momentum of pion beam (GeV)

CERN, Pr=190 GeV, 5=0.65 pb
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Missing mass Spectroscopy

2.3 Tm Dipole _— K*

DC PID
) Use forward D mesons
PID H, TGT i i production
_ 1 No Bias measurements
Beam 7 ll_ﬂ-:
up to 3GeV/c? of
\ Charmed Baryon mass
High rate
Trackers TOF T
(Fiber, SSD)
LAMPS

* Large Acceptance, Multi-Particle
— K, mwfrom D° decays
— Soft m from D*- decays
— (Decay products from Y_*)

* High Resolution

* High Rate
_ SFT/SSD op. >10M/Spi|| atK1.8 ° Good mass resolution is required

— D% meson: 4.5 MeV, D* meson: 0.7 MeV
Stage-1 approved by J-PARC PAC-18, August 12, 2014. 106




mTp o pTuTn
Missing Mass Technique in E-50 Spectrometer +

MulD

< 2m s Ring Image

~ 7

Internal TOF .FM magnet Cherenkov

Counter
\

Internal DC~__ === p(r*)

Al

LH,-target /@ﬁ _
20 GeV/c_Beam GC_ )
I jl

R
Al

' ,’ i
L '_/ /)

Fiber tracker ~NN——— X ,\

\ | 10]<60°
/ . TOF wall

DC \n Scintillator Muon
Internal TOF _°  trigger glevice

INEALE.
Beam n~ v

Acceptance: ~ 60% for D*, ~80% for decay =*
Resolution: Ap/p~0.2% at ~5 GeV/c (Rigidity: ~2.1 Tm) 107



Experimental Conditions

e Target: 57cm LH, (n;.=4 g/cm?)
» ¢(DAQ, Tracking, PID) = 0.9%0.7%0.9

* Beam momentum resolution: Ap/p =
0.1 %

e Detector resolution: AIMIM =1 %

e Exclusive DY:~ |.2 events/day/pb for
lyearn=107 T1/s

e Beam Time: 50 days



Yield Estimation

Total Cross Section
Inclusive Drell-Yan (M ,>1.5 GeV)

Event Generator

o

- Inclusive Drell-Yan

Pythia 6.4.26 10 GeV 2.11 nb 0.323 nb
15 GeV 2.71 nb 0.493 nb
- Exclusive Drell-Yan 20 GeV 3.08 nb 0.616 nb
= G_PD: Exclusive Drell-Yan (M,>1.5 GeV, |t-t,]<0.5 GeV?)
Pire 2001: EPJC 23, 675 (2002)
Kroll 2013: EPJC 73, 2278 (2013) - ™ ™
. . (Kroll (Kroll
Kroll 2015: arXiv: 1506.04619 (Pire 2001) 2013) 2015)
. Background 10 GeV 6.28pb 1753 pb 140 pb
L JAM 1.132 I5GeV  466pb 10.64pb 20 pb

20 GeV  3.69pb  7.24pb

Particle Transportation Hadronic Background

+ Detector - =
Geant 4.9.3 10 GeV 26.9 mb 24.8 mb
(E-50 spectrometer + Muon ID) 15 GeV 25.8 mb 24.1 mb
20 GeV 25.1 mb 23.5mb




mTp = U
My In E-50 Spectrometer + MulD

m beam 50 days | 1.5<M,., <2.9 GeV/c?

Beam Momentum

& 10 GeV & 15 GeV & 20 GeV

S 2007 T T ‘ T T T T ‘ T T T T ‘ T T T T 32007 T ‘ T T T T ‘ T T T T ‘ T 32007 T ‘ T T T T ‘ T T T T ‘ T T T T

o 150F 1 150t — 150} 1

o I E ; o I i o I

. xclusive D ) Exclusive DY )

© | o | | Inclusive

= 100 Inclusive DY = '°f Idclusive DY = '%

c Y © r c :

g | | @ | [ & | Exclusive DY

2 50 2 50[ < 50|
| BG ~ ; |

ol ol sonmirns bt A

0.5 1.0 1.5 2.0 2.5 0.5 1.0 1.5 2.0 2.5 0.5 1.0 1.5 2.0 2.5

Missing Mass M, (GeV/c?) Missing Mass M, (GeV/c?) Missing Mass M, (GeV/c?)

S. Sawada (KEK)
S. Kumano (KEK)
J.C. Peng (UIUC)
T. Sawada (AS)

W.C. Chang (AS)
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GPD(x,,t;Q?%) from space-like and
time-like processes

Large-Q? region

o) 10 Il “mmllmllmmn —p=m

? i il

) [ i

O I [ 3 s i
G W” ||rﬁ|’u,-“!!‘lIml I m’l‘lﬂiﬂ i T ﬁ
G 8 [ "mﬂ‘ \|I|M‘| ‘mﬂmﬁ[m ermn

IIIIIII I 2 g

J-PARC 15-20 GeV
— J-PARC 10-15 GeV
— J-PARC 5-10 GeV

0 1 1 1
0 0.2 0.4 0.6 0.8

* J-PARC: time-like approach and large-Q? region.
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Impacts of GPD measurements at |-
PARC

* Information of GPD at large-Q? region.

* Test of universality of GPD in space-like
and time-like processes.

e Test of QCD-evolution properties of
GPD.

e Test of factorization of exclusive Drell-
Yan process.



Summary

Drell-Yan process, based on the EM annihilation of
quarks and antiquarks from two hadrons, is a powerful
experimental tool for exploring nucleon quark
structures.

Unique information of sea quark distributions has been
obtained with Drell-Yan/W-boson experiments.

The measurement of exclusive meson-induced Drell-
Yan process at J-PRAC will determine GPD in time-like
process and large-Q? region.
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