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Outline

 Brief history of Drell-Yan and Fermilab dimuon
experiments

* Recent results from Drell-Yan experiments

 What are the remaining puzzles and crucial
future experiments? 1




First Dimuon Experiment

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 !

e “Discovered” the Drell-Yan
process



The Drell-Yan Process

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

Sidney D. Drell and Tung-Mow Yan
Stanford Linear Accelerator 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, Q° 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 W, near threshold.

The Drell-Yan Process: pN — pu = X

p (beam)

d’c _ Aza”
— > e2[q,(x +
i dx, - 9sx1x2 j [q (%)q,(x,)+q,(x))q, (xz)]



Nawe Drell-Yan and Its Successort
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> T-M. Yan
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;‘;‘E Abstract
'; We review the development in the feld of lapton pair production sinee proposing
£ parton-antiparton annibilation as the mechanism of massive lepton pair production,
U The basic physical picture of the Drell-Yan model has survived the test of QCD, and
T the predictions from the QCD improved version have been confirmed by the nomerous
N excpariments performed in the last three decades. The model has provided an active
L-j" theoratical arena for studying infrared and ecllinesr divergences in QCD. It is now

g0 Well understood theoratieally that it has become s powerful tool for new phyises
information such as pracision messuraments of the W mass and lepton and quark sizes,

"Talk grven ak the Direll Fest, July 31, 1998, SLAC on the cocasion of Prod, 5id Dreell's retirement.

 “... 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 successor of the naive
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.”



Success and difficulties of the “naive” Drell-Yan

Success: (From Yan'’s 1998 article)

 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?© distributions)

Difficulties:

o Absolute cross sections (K-factor is needed)

e Transverse momentum distributions (much
larger <p,> than expected) -



Complimentality

l

9.9 9.9
o 16 e
Q L
o | 0O SLAC NMC BCDMS
+ L x=0.000032 4
~ 7 x0.00005 ..
Ry 14 o oo ® HI 96-97 preliminary -

B HI94-97¢'p

12 // oo — NLOQCDFit -
: / 00008 ]
L / x=0.0013 0= 0.6 - (i(x)-0.4)
or M.// x=0.002
[ //y.x”’// x=0.0032
8 7 /WWWV.)/ x=0.005
7 w o
: - Wr‘wu I
6 T f,/./—o—v-""“"'_'!"l x=0.02
/krﬂg e me e EERaEafamgE— 3003
L e s s  mEpamastEgE = X005
4 . . - . x=008
u . x=0.13
RES— e, x018
2 5 ., =035
! _ﬁ x=0.40
x=0.6!
0 \\\‘2\ 3 \\\‘4\ Ll
1 10 10 10 10 10

QZ /GeV?

between DIS and Drell-Yan

+

Drell-Yan
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McGaughey,
Moss, JCP,

Ann.Rev.Nucl.
Part. Sci. 49
(1999) 217

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



Lepton-pair production provides unique
Information on parton distributions
P+W — u X 7 +W >y u X p+p—1"1"X
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Unique features of D-Y: antiquarks, unstable hadrons... 7



Fermilab Dimuon Spectrometer

(E605 /772 /789 /866 /906)

Ring—-Imaging

Station 1

Rotating Solid
Target Wheel

Station 2

Station 3

800 GeV
Protons

Absorber

SM12 Analyzing
Magnet

SM3 Analyzing
Magnet
SMO

1) Fermilab E772 (proposed in 1986 and completed in 1988)
"Nuclear Dependence of Drell-Yan and Quarkonium Production™

2) Fermilab E789 (proposed in 1989 and completed in 1991)
"Search for Two-Body Decays of Heavy Quark Mesons™

3) Fermilab E866 (proposed in 1993 and completed in 1996)
"Determination of d /U Ratio of the Proton via Drell-Yan"

4) Fermilab E906 (proposed in 1999, will run in 2011-2013)

"Drell-Yan with the FNAL Main Injector™

Cherenkov Counter

Calorimeter

Electromagnetic
Calorimeter

Great efforts and contributions by C. Brown, J. Moss, P. McGaughey,

M. Leitch, G. Garvey, D. Kaplan and collaborators

8



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

1.5 ] | I |
a) | i o =0,A"
oy | ‘ o, Cross section
a | & «} on a nucleon

05 = ' t 1 (From review article
o C1p of Kenyon in 1982)
4 CFS -

0 e a is consistent with 1

o 2 4 6 8 10 2
M(ptp)  (Gevrc?) 0



Modification of Parton Distributions in Nuclel
EMC effect observed in DIS

1.2
| © EMC s E136
L1V . NMcC -+ E665
= ]
g\l 1 -
s i
F‘N 0.9 |
0.8 %
| Q=5 GeV*
1Y 2
0.001 0.01 0.1 1

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?
10



Drell-Yan on nuclear targets

The Drell-Yan Process: pN — putu= X

N (target)

A —_
o’ Ny (x)

d = —
o™ u,(x)

The x-dependence of u,(x)/u, (x) can be directly measured
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PRL 64 (1990) 2479 PRL 83 (1999) 2304

No evidence for enhancement of antiquark in nicle1 !?
E906 will extend the measurement to larger x 1



Flavor dependence of the EMC effects ?

e Wy U

1.2 | Au' M D .
o e ot : \
= F,A/F,D prediction ;
© ELLIFT i
ﬂ: v —ea,,

1 R
08 Tl 8

| I i | I
0 0.2 0.4 x 0.6 0.8 1

Isovector mean-field generated in Z#N nuclel

can modify nucleon’s u and d PDFs in nuclel
Cloet, Bentz, and Thomas, arXiv:0901.3559

How can one check this prediction?
 SIDIS (JLab proposal) and PVDIS (P.Souder)

* Pion-induced Drell-Yan 12



Pion-induced Drell-Yan and the flavor-
dependent EMC effect
o’ (" +A) _u,(x)
o (z~+D) u,(x)

1 | 1 1 |
_ * MA10 data | = * MNA3 data
O |y S - = — CBT Model
+ 1 ‘\{\I. 7+ V[ |- CBT Model, N=Z
13 \ £ .
- Sy, e
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. __|'l Tu, .
+ s + T ;
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05 - 05 | e A
| 1 | 1
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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
o> (" +A) _ di(x) . (T +A) U, (x)
o™ (x~+A) 4du,(x) o™ (r”+D) Uuy(x)
— CBT Model _ !
= [ cBT Model N=Z _ Xy = 0.5
<065l ¥%=05 |
.| 51 | 160 GeV
3 N — pion beam
Toal 1=
+ - — = .,
L +
0.2 | 1™
35 BAM(GevV) 95 35 65 M(GeV) 95

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

14



/U flavor asymmetry from Drell-Yan
d’c j 47za
Ze [, ()T, (%) + T, (%), (X,)]
[dxldx2 oy 93x1x
Jhy 2.25 ‘FNAL E866/NuSea Drell- Yan
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at X, > X, . Drell-Yan: ¢ /25 ~%(1+ d (x,)/T(x,))

15



Gluon distributions in proton
versus neutron?

E866data a(p+d —>YX)/20(p+ p— Y X)
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Drell -Yan: ™ /26" ~[1+d(x)/U(x)]/2

JIVY,Y: apd/Zapp~[1+gn(x)/gp(x)]/2
Gluon distributions in proton and neutron are very similar
New dataon o(p+d —>J/W¥)/20(p+ p—J /YY) expected for E906 ¢



Origins of T(x) =d (x)?

Meson Cloud Models Chiral-Quark Soliton Model Instantons

+ Al - ] o
T meson * nucleon = chiral soliton instanton dR
. vertex d
/// L
Ve uL

e expand in 1/Nc

ﬂ * Quark degrees of freedom Ur

d In a pion mean-field

b.::

"valence" "sea"

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

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

Theses models also have implications on
« asymmetry between S(X) and S(X)

o flavor structure of the polarized sea

Meson cloud has significant contributions to
sea-gquark distributions 17



Search for the “intrinsic” quark sea
In 1980, Brodsky, Hoyer, Peterson, Sakai (BHPS)

suggested the existence of “intrinsic” charm

| p) = Py [uud) + By, [uudQQ) +---+--
The "Intrinsic"-charm from |uudcC) Is "valence"-like
and peak at large x unlike the "extrinsic" sea (g — cC)

0.04

\

|

\«—— “extrinsic”

\ “intrinsic”

1.0

The |uudcC) intrinsic-charm
can lead to large contribution

| to charm production at large x

18




‘2C(X)

“Evidence” for the “intrinsic” charm (1C)

DIS data A\, production
107 . . . .
S I A A I I NN |
o0so | FMC: v=168 GeV L With |Q
With IC ] =y

0.001 I |

Gunion and Vogt (hep-ph/9706252)

“Evidence” appears to be rather weak

19



No conclusive experimental evidence for
Intrinsic-charm

PHYSICAL REVIEW D 75, 054029 (2007)

Charm parton content of the nucleon

J. Pumplin,"* H.L. Lai,"**~ and W. K. Tung'-*

Blue band corresponds to CTEQG6

10~%
3 best fit, including uncertainty
i:"ilo—‘3
g Red curves include intrinsic charm

of 0.57% and 2.0%

_4 | -
107" = ¢,C at u =2GeV
F |

1 L4 1181 1 |||I|||| 1 L1
103 10~% X 10-1 109

We find that the range of IC is constrained to be from zero (no IC) to a level 2-3 times larger than previous
model estimates. The behaviors of typical charm distributions within this range are described, and their
implications for hadron collider phenomenology are briefly discussed.




Search for the lighter “intrinsic” quark sea

| p) =P, |uud) + P, |uudQQ) +------

No conclusive experimental evidence
for intrinsic-charm so far

Are there experimental evidences for the Intrinsic
luudul, |uuddd ), |uudss) 5-quark states ?

Py ~1/mg

The 5-quark states for lighter
guarks have larger probabilities! ’



P(x)

X-Distributions for the “intrinsic” quark

sea for lighter quarks

Brodsky et al. (BHPS) give the following probability
for quark 1 (mass m,) to carry momentum X;

9) 9) 2
m.
2 -2
P(X, %) = Ngd(L= > x)[mg = > —]
i—1 i1 X
0.04 .
— uudcs (BHPS) In the limit of large mass for
e U uudcc quark Q (charm):
0.03—:/ A\ — uudss .
AN ddd T
A\ ““ P(Xs) =EN5x§[(1—x5)(1+10x5 +x2)
0.021- ;/ \\ _
P(x) for Q — 2% (1+x:)In(1/ x;)
0.01 14 One can calculate P(x) for
antiquark Q (C,s,d) numerically
0

X 22



How to 1solate the “intrinsic sea” from the
QCD sea?

e Select observables which have no contributions from
the QCD sea

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

d — U has no contribution from QCD sea (g — 0Q)
and Is sensitive to intrinsic sea only 23



Comparison between the d (x) —U(x) data
with the intrinsic 5-g model

3 e e E866 data
= 1 ) —_ BHPS (4=0.5 GeV) measured at
\ ‘ —— BHPS (p=0.3 GeV) <Q2> = 54 GeV?2

0.5

Need to evolve the
5-g model
prediction from the
Initial scale p to

0 01 02 03 04 Q2:54 GeV?2

(W. Chang and JCP , X
PRL 106, 252002

(2011)) P5uuddd . PSUUdUU _ 0118

24




X(s+s)

Comparison between the s(x) +5(x) data
with the intrinsic 5-q model

15 oe HERMES

- BHPS s(X)+5(x) from HERMES kaon

L0 © — BHPS (u=0.5 GeV)

- cﬁ?% """""" BHPS (1=0.3GeV) |  SIDIS data at (Q*) = 2.5 GeV*
10 L q

: o179 The data appear to consist

- PSEIRIN

L \,,. of two different components
10 _ - ! \ (intrinsic and extrinsic?)

10" 1

25



X(s+s)

Comparison between the s(x) +5(x) data
with the intrinsic 5-q model

1 B oe HERMES
S BHPS s(x) +5(x) from HERMES kaon
(& §p — BHPS (1=0.5GeV)
[T 7¥ 0y BHPS (103 GeV) | SIDIS data at (Q?) = 2.5 GeV?
10T ?
[ Jh BN Assume x > 01data are dominate
ST e A . . .
- \\_} by intrinsic sea (and x < 0lare
10 = $ \ from QCD sea)
T/ 0 Al | 1 |.- II'1||||
10" 1
X

P =0.024

26



Comparison between the T(x) +d (x) - s(x) =S (X)
data with the intrinsic 5-g model

m e HERMES+CTEQ

» ---« BHPS _ B

3 03 — BHPS (1=0.5 GeV) d(x)+U(x) from CTEQ6.6
i

x

------- BHPS (1=0.3 GeV)

S(x) +5(x) from HERMES

0.2} +
0.1 r *.-“- \"s U + (T - S — §
| -1 : __ Duudut uuddd uudss
1 H R +RT 2R
:0_-5 e E— (not sensitive to extrinsic sea)

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

P5uuddd_ — 0.240: P5uuduU —0.122: P5uuds§ 0024

Kaon-induced Drell-Yan could probe strange quark sea



Drell-Yan angular distribution

Decay Angular Distribution of “naive” Drell-Yan:
do

—— =0, (L+cos’ 0)
dQ
“F 800 GeV p+Cu i
i 11 GeV/? < M(u*u™) < 17 GeV/c? i
“ fitto 1 + A cos?0 .
oef + : Data from
O i i .
e | ﬁ . Fermilab E772
\6’;«4
1 Porges, :
o A=0.96 + .04 + .06

el -08 -0.6 -04 -02 0 0.2 0.4 0.6 0.8 1

cos® 28



Drell-Yan decay angular distributions

© and ® are the decay polar

Fa - W and azimuthal angles of the
— u* in the dilepton rest-frame
)
oo Collins-Soper frame

A general expression for Drell-Yan decay angular distributions:

( 1 j(daj = {i}{lwlcosz 0 + 118in 26(:os¢+%sin2 «900324

o )\ dQ A7

A can differ from 1, but should satisfy 1- A =2y (Lam-Tung)
— Reflect the spin-1/2 nature of quarks

(analog of the Callan-Gross relation in DIS)
— Insensitive to QCD - corrections

29



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

:
[éj[ j%}[%]{ 1+ Acos® 6+ ;:smiﬂfnsﬁ-—%smlﬁcnsiaﬁ] I:“ tlhe .‘F rest ﬂ':ffﬂlel: |
T - z signifies the Collins-Soper frame
H.f“' / z, is along the collinear g — g axis
Hf f Leptons are emitted with uniform
"f”m:..pl {' | B ﬁp‘ azimuthal distribution. and with &,
) : “M—E dependence:
/ £ H}f;’ Z, do ~1+J,cos’ 8,
Iepeon plané () (4, =1 for spin-1/2 quark:
Ay = —1 for spin-0 quark)

Cos &, =cos B cos G, +sin &sin &, cos ¢

do ~ 1+ ,(cos Bcos @, +sin &sin G, cos @)’
=[1+(4,/2)sin” §]+cos’ B[4, cos” 6, — (4, / 2)sin” &,]
+sin26cos @[(A,/2)sin 26, |+ sin” @ cos 2¢ [(A,/2) sin” & |




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

Therefore, we have
i z-asm:f_ﬁ
"2+ A, sin” 8,
2+, sin” G,
2sin’ 8,

2+ Ay sin’” 6,

p :
1 d—g]= =N 1+£!cu:-s:H+ysm13co5¢+£5mzﬁmslqﬁ

4r

H=A,

V=4,

and

Ay = = (Generalized Lam-Tung relation)

1—%|f

L

If A4, =1, we have 2v=1-4 (Lam-Tung relation)
If 4, =-1 (spin-0 quark). we have -v =1+ 4

do ~ 1+ A,(cos@cos G, +simmsin g, cos @)
=[1+(A,/2)sin” 6] +cos” B[ A, cos” 8, — (A, /2)sin” & ]
+s1in 26 cos ¢[(A, /2)sin 26,]+sin” & cos 2¢[(A, / 2)sin” 6]




Decay angular distributions in pion-induced Drell-Yan
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Decay angular distributions in pion-induced Drell-Yan
Is the Lam-Tung relation violated?

0.3
0.2
01F ¢
of
AN r
o —0.11
n :
< ~0.2¢
103t

—o4§

~0.5)

—-0.6¢

-0.74%

140 GeV/c

0O 0.5 1

pr (GeV/c)

152253

0.3¢
0.2f
0.1F
of
& -0.1f
L _oof
0.3
T _oaf

~0.5

~0.6F

-0.74%

194 GeV/c

0O 0.5 1 1.9 2 2.5 3
pT(GeV/c>

0.3¢
0.2f
0.1F
| of
1 &-01f
Dy
1 I —0.3F
|7 _oaf
~0.5
~0.6F

-0.74%

286 GeV/c

0O 0.5 1 1.9 2 2.5 3
pT(GeV/c>

Data from NA1O (Z. Phys. 37 (1988) 545)
Violation of the Lam-Tung relation suggests

new mechanisms with non-perturbative origin
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Boer-Mulders functionh,” @ - @&

e h represents a correlation between quark’s k, and
transverse spin in an unpolarized hadron

e h isatime-reversal odd, chiral-odd TMD parton distribution
e h" can lead to an azimuthal cos(2¢) dependence in Drell-Yan

( 1 j(daj :[3}{1%10032 6 + 115in 26C0S ¢+ —sin> 900324
o )\ .dQ 41 2

0.4

ol / e Observation of large
o3l 194 GeV/c ~——  €c0s(2®) dependence Iin
ozs- T+ W 1 Drell-Yan with pion beam

o vochy(x)hy (%)

- e B-M functions have
oy S@Mme signs for pion and

Boer, PRD 60 (1999) 014012  hucleon 34




Three parton distributions describing quark’s
transverse momentum and/or transverse spin
1) Transversity

Three transverse quantities: Byr = -

1) Nucleon transverse spin

Correlation between S| and ST

S
2) Quark transverse spin
By 2) Sl irs function
3) Qaurk transverse
momentum Correlation between SN and k°
K .
= Three different correlations 3) Boer-Mulders function

Q@ - @

Correlation between S} and IZf

laY =
JJ




Quark-diquark Models for Boer-Mulders
Function h,™
Recent quark-diquark model including axial-

diquarks Gamberg, Goldstein & Schlegel, arXiv:
0708.0324.

Liul2)

B T — xh
o8 f_f N IJ_[dl-"-']
- ’ N —_— 1‘.’:1 o
0.6 ' A {u)
/ : —- X
Xk \ T
oAk S N
| f, ) \.
-I'! - |-II \.
0.2 /. .
i e,
0=t | e
7 r - i
i ka 2 D_i#‘_,..- 0.8
I:l.:_ -h"'—u__..-"’
Pl
/ X\

B-M d-quark  B-M u-quark  Sivers d-quark Sivers u-quark
Same sign for the u and d quarks B-M functigns



A simple explanation for the signs of the up- and
down-quark Boer-Mulders functions

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

h(u)>0 h(d)<O
2) Sivers function
fir(U)<0  f7(d)>0
3) Boer-Mulders function
One expects

h(u)<0  h(d)<0

1) Transversity

Correlation between s/ and ST

2) Sivers function

Correlation between ST and IZf

3) Boer-Mulders function

Correlation between 5% and k °
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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

- e p+dat800Gevic' ' _ '
- ® n +Wat 252 GeV/c

bg [ 4 W +Wat194 GeVic T

.
- . -
-
-
-
— ’ —
B -
-
- ’ -
-

| Smallv I's observed
"~ for p+d and p+p D-Y

v vy v v by by vy by oy by by by
0 0.5 1 1.5 2 2.5 3 3.5 4

p; (GeVic)
With Boer-Mulders function h;™:

v(m W= rX)~ [valence h, ()] * [valence h(p)]
v(pd->p+p-X)~ [valence hi(p)] * [sea h;(p)]
Sea-quark BM functions are much smaller than valence quarks | s




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.

05 :
04l 140 GeV S 194 GeV 1L 286 GeV

03

02f
>

01}

0.0

0.1 ~ . - - : s
0
(@ Q, GeV (b) Q GeV © Q, GeV

(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.

h-? (x,k7)

—___ (Lu, Ma, Schmidt,
hep-ph/0701255)

39




Polarized Drell-Yan with polarized proton beam?

 Polarized Drell-Yan experiments have
never been done before

* Provide unique information on the quark
(antiquark) spin

o) el (D-(
q(x) Aq (Ix) hl%x)

Quark helicity Quark transversity
distribution distribution




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

a) Boer-Mulders functions:
- Unpolarized Drell-Yan: do,, oc hy(x,)h; (x;) cos(2¢)
b) Sivers functions:
- Single transverse spin asymmetry in polarized Drell-Yan:
AY o T (%) fy (%)
c) Transversity distributions:
- Double transverse spin asymmetry in polarized Drell-Yan:

ooy (%,)hy ()

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! a1




Outstanding questions to be addressed by

future Drell-Yan experiments

* 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
Can be studied at COMPASS,

RHIC, FAIR, JPARC, JINR, etc 2




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

» Does the quark k; distribution depend on x?

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

* Do uand d quarks have the same k; distribution?

* Do nucleons and mesons have different quark k-
distribution?

* Do gluons have k; distribution different from quarks?

* 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?

Protons Pions 1070998-010
' | ! | ' | ! | ! | !
(a) F=0.22 2_0_(b}ﬁ=0.28
3.0 ¢ OMEGA N ¢ OMEGA
— o o E444
© 252 E288 +— ~ . 15| = NA3 _
Sk ot
o 202 | cHFmNP 3
A 15} 4 CMOR 15 1.0 7]
(-
o N -
v 1.0} — ?’- o5l |
0.5 - = 2 _
< PT > |_ 0]39 T 0.028|J§ < PT > _| 0.59 + 0|.00293
0 20 40 60 0 200 400
/5 (GeV) s (Gevz)

« <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) 44



Comparison of the mean P+ of proton, pion,

and kaon induced Drell-Yan
Drell-Yan with proton beam:

(P.)=(0.43£0.03) s (0.026+0.001) GeV/c
Drell-Yan with pion beam:

(P.)=(0.59£0.05) +4/5(0.028+0.003) GeVic

NA3 o_Iata also show that (PT>for D-\_( with kaon Vi e sLeet

beam Is larger than Drell-Yan with pion beam: K Diaon > ke Y > Ke oo
(P.%y=1.51+0.08(GeV/c)’ for kaon beam Wi oo
(P.%y=1.4440.02(GeV/c)* for pion beam (MY aon <D o <M oion
with 150 GeV/c beams (r)*"? =0.58 +0.02fm for kaon

New Drell-Yan data with meson and | [{r"* =0.67+0.02fm for pion
antiproton beams are essential (r)*? =0.81fm for proton,



Flavor and x-dependent k.-distributions?

(Bourrely, Buccella, Soffer, a

Q* = 2376ev* x = 02 04, 08

e Loxu(x ke )

AR o X=02

xu{:{.kT.Qz] (GeV 2

| X=04
2L
ol L e e
0 0.2 0.4 0.6 0.8 1
ky (GeV)

xﬁ{‘x,kT,Qz) (GeV™™)

rXiv:1008.5322)

3 ——

o (k;) Increases when x increases

@ = 2am6ev x = 02 0.4, 06

a(k)

o X=02

o (k) for sea quarks is smaller than for valence quarks
T 46
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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 10 gy 10 S
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_47\ |- ‘ L1 1 ‘ | ‘ L1 1 \7 10_47\ L1 1 ‘ L1 1 ‘ | ‘ 1 | \7 N§‘]O_47\\ ‘ ‘ \\‘\\\\7 10_47\ L1 1 ‘ || ‘ \\‘\\\\
0 1 2 3 4 0 1 2 3 4 [} 0 1 2 3 4 0 1 2 3 4
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1 = 3 1 e E 1 B —
e 6 _f
= "o10
E L E
2L . 10 2L

1°F 0.35<%,<0.55 § 10F 0.55<%.<0.8 & 0k E

_47\\\\‘\\\\‘\\\\‘\\\\7 10_47\\\\‘\\\\‘\\\\‘\\\\7 10_47\\\\‘\\ ‘ \\‘\\\\

0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
P, (GeV/C) P, (GeV,/C) P, (GeV/C)

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

<P:> GeV/C

1.5
| 1.4 |
1.4 5 L
13 |- *+ v N S A+ M '
: | oA | 1.2 f * w7 +
12 | T+ u R v . Tr L9
n 1 11 o "y
1.1 d Y ] . e m 4
# ] 1 B
1 7] i
i ] 0.9 - 4.2<M< 5.2 GeV
09 |- 4.0<M< 5.2 GeV . : ©
i ] 08 | 5.2<M< 6.2 GeV
0.8 5.2<M< 6.2 GeV . [
: o o ] 0.7 F 6.2<M< 7.2 Ge
07 I 6.2<M .2 Ge\ N :
B ] 0.6 - 7.2<M< 8.7 GeV
0.6 |- 7.2<M< 8.7 GeV 5 !
os b1 985SNS 1285 GeY ] 05 o 001 008 008 o0 o o e o o2
~ 0 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. Will also check the flavor
dependence of k-distribution (p+p vs. p+d) 4



Summary

* The Drell-Yan process is a powerful experimental tool
complimentary to the DIS for exploring quark
structures in nucleons and nuclel.

 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 nuclel.
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