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Outline
« What have we learned from Drell-Yen
experiments?

* What are the remaining puzzles from existing
data?

* What are the crucial future experiments?
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First Dimuon Experiment
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P+U > u +u +X 29 GeV proton
Lederman et al. PRL 25 (1970) 1523

* Experiment originally
designed to search for
neutral weak boson (Z9)

* Missed the J/W¥ signal !



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, Califormia 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—», Q%/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 szs —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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Namve Drell-Yan and Its Successort
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;‘;‘E Abstract

'; We review the development in the feld of lapton pair production since proposing
£ parton-antiparton aunibilation as the mechanism of massive lepton pair produetion.
U The basic physical pictare of the Drell-Yan model has survived the test of QCD, and
"t the predicdons from the QCD improved version have been conflrmed by the nomerous
e experiments performed in the last three decades, The model has provided an active
L—j" theoratical arena for studying infrared and collinesr divergences in QCD. It is now

z0 well understood theoratically that it has become a powerful tool for new phyises
informaticn such as pracision messurements of the W mass and lepton and quark sizes,

 “... 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.”

"Talk gren st the Dhrell Fast, July 31, 1998, SLAC on the cocasion of Prof. 53 Drell's retwement.



Success and difficulties of the “naive” Drell-Yan
Success:

* Scaling of the cross sections (depends on x1
and x2 only)

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

 Angular distributions (1+cos?© distributions)

Difficulties:

» Absolute cross sections (K-factor 1s needed)

* Transverse momentum distributions (much
larger <p> than expected) 5



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



Lepton-pair production provides unique
information on parton distributions
P+W — 1’1 X 7 +W — u' X pP+p—o1"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
Cherenkov Counter

Muon
Station 1 Detectors

Rotating Solid
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Calorimeter

Station 3

800 GeV
Protons

Absorber Electromagnetic
SM12 Analyzing SM3 Analyzing Calorimeter
Magnet Magnet
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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 /T Ratio of the Proton via Drell-Yan"

4)Fermilab E906 (proposed in 1999, will run in 2010-2013)
"Drell-Yan with the FNAL Main Injector"

Great efforts and contributions by C. Brown, J. Moss, P. McGaughey,
M. Leitch, G. Garvey, D. Kaplan and collaborators



Nuclear dependence of the Drell-Yan process

* As an electromagnetic process, the Drell-Yan cross section 1s
expected to depend linearly on the nuclear mass number A
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(From review article
of Kenyon in 1982)

o 1S consistent with 1
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Modification of Parton Distributions in Nuclel

EMC effect observed in DIS
1.2-

| © EMC a E136
LI nme « Eees %
QEN . . T
(2] |
ULHN 0.9 |
0.8 %)
| Q%= 5 GeV?
o7
0.001 0.01 0.1 1

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

Extensive study by Kumano et al. and Strikman et al.
F, contains contributions from quarks and antiquarks
How are the antiquark distributions modified in nuclei?
10



Drell-Yan on nuclear targets
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No evidence for enhancement of antiquark in nicle1 !?
E906 will extend the measurement to larger X 1



Flavor dependence of the EMC effects ?
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Isovector mean-field génerated in Z#N nucleli

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’ (7" +A) _Uu,(X)
o® (7 +D) U, (X)

1 I 1 1 I
NA10 data : ® NA3J data

— CBT Model

----- CBT Model, N=Z

-

(n + .P'l'.)n’(‘lt- + H})

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
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New data from COMPASS or Fermilab with pion

beams could provide important new information ,




d /U flavor asymmetry from Drell-Yan
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Gluon distributions in proton
versus neutron?

E866data o(p+d —)YX)/ZG(p+ Pp— Y X)
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Gluon distributions in proton and neutron are very similar
New dataon o(p+d —>J/¥Y)/20(p+ p—>J/Y¥) expected for E906 4



Drell-Yan angular distribution

Decay Angular Distribution of “naive” Drell-Yan:
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Drell-Yan decay angular distributions

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

lepton plane (cm) COIIinS-SOper frame

A general expression for Drell-Yan decay angular distributions:

( 1 j(do-j :[i}{l+lcosz 6 + usin 26 cos ¢+ —sin’ «900524
o )\ .dQ 4 2

Lam-Tung relation: 1-A4 =2v

— Reflect the spin-1/2 nature of quarks
(analog of the Callan-Gross relation 1n DIS)

— Insensitive to QCD - corrections
18



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?
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Violation of the Lam-Tung relation suggests

new mechanisms with non-perturbative origin
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Decay angular distributions in pion-induced Drell-Yan
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Is the 1 <(1-A)(14+ A —v)/4 inequality valid?

A=A+ A=v)/4— 1> >0?

(=N

E615 data 7

1 l

L L
v ‘

“““““““ o

The inequality
appears to be
violated!

Our knowledge of D-Y azimuthal angular
dependence is still incomplete 2



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

o )\.dQ 47

0.35F /

oz 194 GeV/c I
0.25 T + W

2 2.5

QT [GeV]

Boer, PRD 60 (1999) 014012

3

( ! j(daj = [3}{1+Zcosz 6?+,usin2¢9003¢+§sin2 6’cos2¢}

e Observation of large
cos(2®) dependence in
Drell-Yan with pion beam

o voc b (x)h (%)

e How about Drell-Yan
with proton beam?

23



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 ]

With Boer-Mulders function h;™:

V(W= 1 X)~ [valence h, ()] * [valence h;"(p)]
V(pd-> t+p-X)~ [valence hi(p)] * [sea hi(p)]

Sea-quark BM functions are much smaller than valence quarks | »4




Extraction of Boer-Mulders functions from
p+d Drell-Yan

(B. Zhang, Z. Lu, B-Q. Ma and |. Schmidt, arXiv:0803.1692)

Parametrization of the BM functions:

h=(x, pr) =H X (1-x) £, (x) exp(—p} / Pgy )

H

u

H,

H._

u

Hy

2
Pewm

C

z” /dof

3.99

3.83

0.91

-0.96

0.16

0.45

0.79

e H, and H, have the same sign and similar magnitude

(in agreement with model calculations (bag-model,
quark-diquark, relativistic CQM, Lattice) and the

picture given by M. Burkardt)

e H. and H - are smaller by factor of 4 and have opposite sign

Predictions were made for p+p cos(20) distributions




Results on cos2® Distribution in p+p Drell-Yan

L. Zhu, J.C. Peng, et al., PRL 102 (2009) 182001
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Transversity and Transverse Momentum
Dependent PDFs are also probed in Drell-Yan

a) Boer-Mulders functions:
- Unpolarized Drell-Yan: do,, oc h (X, )h7 (X;) cos(2¢)

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

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! 27




Aﬁn {‘hrr't'bs::

Sivers Effect in Drell-Yan

COMPASS: np'

04 r
0.3 F
02 ]
0o1f —— ]
0Ff ]
01 F J ':
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03| 02<x<05
| Eg=160 GeV GRVPI ]
-0.4 I TR IR R T R | ]

M (GeV)

Aﬂ”NJﬂJs}

0.15

0.1F

0.05 +

M (GeV)

Anselmino et al., arXiv: 0901.3078
* Use Sivers distributions deduced from SIDIS

* Assume sign change from SIDIS to D-Y
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Future prospect for Drell-Yan experiments
* Fermilab p+p, p+d, p+A

— Unpolarized beam and target

e RHIC

— Doubly and singly polarized p+p collision
e COMPASS

— 7-p and ©-d with polarized targets
* FAIR

— Polarized antiproton-proton collision
e J-PARC

— Possibly polarized proton beam and target
« JINR

— NICA with polarized target
e IHEP

— SPASCHARM with polarized target p-p and n-p
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



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

31



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

Protons Pions 1070998-010
L ' T T T T
(a) F=0.22 2_0_(b}ﬁ=0.28
3.0 - ¢ OMEGA ] ¢ OMEGA
— o o E444
©° 25| ~ E288 +— N 15| NA3 ]
5 ;

& 2012 | cHFMINP
A 15| & CMOR

<P$>(Gewc
=

v 10| -
0.5f -
0.5 _ | 2 _
<Py >=039+0028% <P]> =059+ 0.00295
0 20 40 60 0 200 400
/S (GeV) s (Gevd)

« <P;%> increases linearly with s (expected from QCD, see many
papers by Jianwei Qiu on P+ distribution of Drell-Yan)

* Proton-induced D-Y has smaller mean P+ than pion (expected
from the uncertainty principle, reflecting the larger size of the
proton) 32



Comparison of the mean P of proton, pion, and

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

(P)=(0.43%0.03) ++/5(0.0260.001) GeV/c
Drell-Yan with pion beam:
(Py=(0.59%0.05)++/5(0.028£0.003) GeV/c

NA3 data also show that (P ) for D-Y with kaon

| o The data suggest:
beam s larger than Drell-Yan with pion beam: K i > K5 Y > Kt oo
(P*)=1.51+0.08(GeV/c)* for kaon beam We know
(P*)=1.44£0.02(GeV/c)’ for pion beam (" aon <M ion <D oton
with 150 GeV/c beams (r)""* =0.58+0.02fm for kaon

(ry"?* =0.67+£0.02fm for pion
(r)""* =0.81fm for proton,,




Flavor and x-dependent K -distribtions?
(Bourrely, Buccella, Soffer, arXiv:1008.5322)
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e (k;) increases when x increases

e (k) for sea quarks is smaller than for valence quarks
T 34



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

5.2 <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

=10 E
O F 7 F E
O 3| ] _<F ]
g“’% —O.O5<XF<O.15E 10 3 0.15<X:<0.35 E
‘%107407\\\\,‘I\\\\Z‘\\\\g\\\\; 107407\\\\’:\\\\‘2\\\\3‘\\\\74
< P, (GeV/C) P, (GeV/C)
fﬂ;m 10 \ \ \
nQ
© 1 ? ]
~
mb —1r
©10 E = =
L F

-2

10 F o]

i b 35 E
107 0.35<%,<0.55  9F 0.55<%<0.8 4

10 7\\\\‘\\\\‘\\\\‘\\\\7 10 7\\\\‘\\\\‘\\\\‘\\\\ Ll Ll Ll [ I
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

P, (GeV/C) P, (GeV/C) P, (GeV/C) P, (GeV/C)

Data from thesis of J. Webb

35



Test of possible x-dependent k.-distribtions
E866 p+d D-Y data (800 GeV beam)
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<p+> depends on X, (or Xg)?

Analysis is ongoing. Will also check the flavor
dependence of k;-distribution (p+p vs. p+d) 36



Summary

* The Drell-Yan process 1s a powerful
experimental tool complimentary to the DIS
for exploring quark structures in nucleons and
nuclei.

e Unique information on flavor structures of sea-
quark has been obtained with Drell-Yan
experiments. First results on TMD have also
been extracted.

* On-going and future Drell-Yan experiments at
various hadron facilities can address many
important unresolved issues 1n the spin and
flavor structures of nucleons and nuclei.

37



	Overview of Drell-Yan experiments
	First Dimuon Experiment
	The Drell-Yan Process
	Success and difficulties of the “naïve” Drell-Yan
	Lepton-pair production provides unique information on parton distributions
	Fermilab Dimuon Spectrometer
	Nuclear dependence of the Drell-Yan process
	Drell-Yan on nuclear targets
	Pion-induced Drell-Yan and the flavor-dependent EMC effect
	
	Decay Angular Distribution of “naïve” Drell-Yan:
	Drell-Yan decay angular distributions
	Decay angular distributions in pion-induced Drell-Yan
	Decay angular distributions in pion-induced Drell-Yan
	Decay angular distributions in pion-induced Drell-Yan
	Extraction of Boer-Mulders functions from p+d Drell-Yan
	Sivers Effect in Drell-Yan
	Future prospect for Drell-Yan experiments
	Comparison of the mean PT of proton, pion, and kaon induced Drell-Yan
	Flavor and x-dependent kT-distribtions?
	Test of possible x-dependent kT-distribtions
	Test of possible x-dependent kT-distribtions
	Summary

