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The Drell-Yan Process
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On the basia of & parton model studied earlier we conalder the production proceas aff
large-mass leptos palra frofm hadron-hedros Isslantle colllslona in the limiting reglon,
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Nawe Drell-Yan and Its Successort
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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) .



Fermilab Dimuon Spectrometer
(E605 / 772/ 789 / 866 / 906)

Ring—-Imaging
Cherenkov Counter

Muon
Detectors

Rotating Solid
Target Wheel

Calorimeter

800 GeV
Protons

Absorber

SM12 Analyzing
Magnet

Electromagnetic
Calorimeter

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"



Complimentality
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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, universality)

Scaling violation has not been observed in Drell-Yan yet °




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
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M(ptpT)  (Gevre?) ,



Modification of Parton Distributions in Nuclel
EMC effect observed in DIS

1.2
| © EMC s E136
L1V . NMcC -+ E665
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0.001 0.01 0.1 1

X
(Ann. Rev. Nucl. Part. Phys., Geesaman, Sato and Thomas)

Talk by Kumano
F, contains contributions from quarks and antiquarks

How are the antiquark distributions modified in nuglei?



Drell-Yan on nuclear targets
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The x-dependenc& of u,(x)/u,(x)canbe directly measured
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PRL 64(1990) 2479 PRL 83(1999) 2304

No evidence for enhancement of antiquark 1n nicle1 !?
E906 will extend the measurement to larger x 7



Flavor dependence of the EMC effects ?
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Isovector mean-field ge“nerated 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 10



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

12



W-production at LHC and the flavor-dependent EMC effect

N do(p+ A—>W" +X)
*Q Rap =
< do(p+D —>W" +x)
(%)
Up (X,)
R- _do(p+tA->W"+Xx)
AP do(p+D > W™ +x)
_du(x)
dp(X,)
Ri=d0(p+A—>W++X)
A do(p+ AW +X)
~ cT|0(X1) UA(Xz)
U, (X)) dalx;)

(Chang, Cloet, Dutta, JCP) 13



/U flavor asymmetry from Drell-Yan
d’c j 47za
Ze [, ()T, (%) + T, (%), (X,)]
[dxldx2 oy 93x1x
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X

at X, > X, . Drell-Yan: ¢ /25 ~%(1+ d (x,)/T(x,))

14
See talks by Wen-Chen Chang and Fu-Guang Cao



Gluon distributions in proton
versus neutron?

E866data o(p+d —>YX)/20(p+ p— Y X)

/‘a\1,2 ‘ ‘ ‘ I I I ‘ ‘ ‘
= E f
Tul oo 0o ¢ [ 7 ee 4] -
= 1 = + | L 7 _ 1 Lingyan Zhu et al.,
S ¢ Y 9 + 1 PRL, 100 (2008)
~0°r 7 062301 (arXiv:
Saal 1 0710.2344)
T 0.8
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X

Drell -Yan: ™ /26" ~[1+d(x)/U(x)]/2

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

Ratios at lower energies might deviates from 1 due to g g-gbar annihilation 1



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® 16



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

17



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

&
(1Y do) r : In the p rest frame:
[l " j—g |=[4i]l 1+.F.',n:::|s:E+;:sin23rn&$—%sm;ﬂcnsiéi| g
LG, x il 2 A . : : .
o z signifies the Collins-Soper frame
H.f“ / Z, 1s along the collinear ¢ —q axis
/ . : .
Hf / Leptons are emitted with uniform
,f - p {' P, w azimuthal distribution. and with &,
F i . =
£ —_— e e .
,, W dependence:
*, A o 1 !
/ e Z do ~1+ 4,c08 g,
fepeon plane (en) (A, =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” & | 17




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] 18




Decay angular distributions in pion-induced Drell-Yan

g

I

140 GeV/c

194 GeV/c

286 GeV/c

T4 =
1.2

3 #+'*‘+*

08 -
[LE N o

oz -

T T T ! ! T T

|
o. T T 11
018

-
D.ﬂ.’h-l

I

-0.15 |- 4
0 t——+—F+—F+—+—+— ——t—t—t——1 [ B R N B m
0t |- 1 r 1 F —
03 |- =4 —+—
0.2 - __+__ | . —— 4 L 4 —_—
n | - e . i :
[} . e -
IS o A s I o URIESE
I --- L 4 F i
—ou1 ] I j — 1 | 1 I 1 ] L L1 1 | i 1 l i i i
‘0. o4 0B 12 16 2 o o4 o8 12 18 2 1] D4 DB 12 1B

(o)

Fig, 3a—<. Patameters 4, g, and v as a function of By in the CS frame. a 140 GeV/e; b 194 GeVic: ¢ 286 GeVic. The crror bars cor
inties only. The horizontal bars give the size of each interval, The dashed curves are the predictions of perturbative

to the statistical uncerta
QCTH 3]

L 2.4 28
P, [GeV/cl

2 N 2
P, [GeV/cl
(b)

2. 24 2.8
P, [Gev/cl
(c)

respond

NA1O w +W

Z. Phys.
37 (1988) 545

Dashed curves
are from pQCD
calculations

v #0 and v Increases with p-

20



Decay angular distributions in pion-induced Drell-Yan
Is the Lam-Tung relation violated?
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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 ~——  €0s(2®) dependence in
ozs- T+ W 1 Drell-Yan with pion beam

o vochy(x)hy (%)

o e How about Drell-Yan
2 ZST[Ger with proton beam?

Boer, PRD 60 (1999) 014012 22




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
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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 | »




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

O L B R L L L L L L
0255 = p+pat800GeVic ~ :
o p+dat800GeVic E
0.2 | : » S
[ + N
015 [ PP | \
> 01 [ k QCD
: L 1 (Boer, Vogelsang;
0.05 | g B N I - (B g J
r [T .1 Berger, Qiu,
0 f—=< I SR / - RIX ___________________ 3 Rodriguez-
r 1 Pedraza)
-0.05 | p.|_d 3
0.1 :IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:
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pr (GeV/c)

More data are anticipated from Fermilab E906
and COMPASS
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Recent result from CDF on Lam-Tung relation
D+P—e +e +X at/s =1.96TeV
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arXiv:1103.5699



Recent result from CDF on Lam-Tung relation
D+P—e +e +X at/s =1.96TeV
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d : 1
7 (14 cos?8) + =Ap(1 — 3cos®0) + Ay cosh
d cos 2
do

5 x 1+ fF3cosod + (B2 cos2@ + [B7sm ¢ + [5 sin 20
[

,53 = 3?1243/16, _,Bg = 442/4, ;3? == Si’r"-fl?flﬂ

Lam - Tung relation = A, = A,

Ag (XIU_I)
0.17 +£0.14 £ 0.07
0.42 + 0.25 £ 0.07
0.86 &+ 0.39 £ 0.08
3.11 £ 0.59 £ 0.10
4.97 £ 0.61 £0.10

Asg (x1071)
0.16 4= 0.26 &= 0.06
—0.01 £ 0.35 4 0.16
0.52 4= 0.51 £ 0.29
2.88 4 0.84 £ 0.19
4.83 £1.24 £0.02

<Ay - A,>=0.02 + 0.02
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Decay angular distributions in pion-induced Drell-Yan
E615 Data 252 GeV m+ W Phys. Rev. D 39 (1989) 92
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A#1, y;éO v #0 and they vary withm

1’ <(1-2)A+A-v)/4 predicted by O. Teryaev based on positivity

p;,and X_
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Is the ° < (1-2)A+ A —v)/4 inequality valid?
(1= A)A+A—v)/4— 12 >07?

S :

i £615 data

o« I Drell-Yan
ez b with pion f . |
s | | The inequality
X o beam i
T | appears to be
< violated!
T

(Teryaev and JCP)

o o
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—e
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_._
_._
—.—

© ¢
™

o
i

—-0.5 . vy by by by by 1

P.(GeV)

Our knowledge of D-Y azimuthal angular dependence is

still incomplete (New data from COMPASS are essential)
28



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! 29




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

30



Conclusion: We’ll get the data!

Future experiments .
= Fermilab E-906/Drell-Yan &

— Better statistical precision {lulpﬂlarﬁad) -

= COMPASS
— Pion beam—valence distnbutions

= GSI FAIR—PAX experiment
— Antiproton beam will sample valence

distributions of targets
= [INR D'Ilbﬂﬂ-NICA 5 Hasdren Esparmantal Faci iy
bt .l L e Py s

= [.PARC This work is supported in part

by the LS. Department of
Energy, Office of Muclear

Phyysics, under Contract No.

[ RHIC DE-ACDZ-D6CH11357.

Pmul E. Reimer
| 26 Apeil 2010 24

31
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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 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
transverse momentum distribution?
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« <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) 23



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
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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
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o (k;) Increases when x increases
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o (k) for sea quarks is smaller than for valence quarks
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Test of possible x-dependent k;-distributions
E866 p+d D-Y data (800 GeV beam)
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Data from thesis of J. Webb
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Possible x-dependent k.-distributions
E866 p+d D-Y data (800 GeV beam)
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<p.> scale with x, ?

Analysis is ongoing. Will also check the flavor
dependence of k-distribution (p+p vs. p+d) =



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.

e On-going and future Drell-Yan experiments at COMPASS
can address many important unresolved issues in the spin
and flavor structures of nucleons and nucleil.
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