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Transverse structures of the nucleons
Why is it interesting?

« Transverse degrees of freedom offer new
Insights on the nucleon structure

« TMDs provide stringent tests for various
nucleon models

* The progress of lattice QCD calculations allow
direct comparison with the experiments

* Novel parton distributions are accessible by
experiments using lepton as well as hadron
beams



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)
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Naive Drell-Yan and Its Successor*

T-M. Yan
Floyd R. Newman Laboratory of Nuclear Studies
Cornell University

Ithaca, NY 14853

September 23, 2013

Abstract

We review the development in the field of lepton pair production since proposing
parton-antiparton annihilation as the mechanism of massive lepton pair production.
The basic physical picture of the Drell-Yan model has survived the test of QCD, and
the predictions from the QCD improved version have been confirmed by the numerous
experiments performed in the last three decades. The model has provided an active
theoretical arena for studying infrared and collinear divergences in QCD. Tt is now
so well understood theoretically that it has become a powerful tool for new phyises
information such as precision measurements 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 given at the Drell Fest. July 31, 1998, SLAC on the occasion of Prof. Sid Drell’s retirement.



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



Transverse Momentum Dependent (TMD)
Quark Distributions

Leading-Twist Quark Distributions
( A total of eight distributions)

Three survive & é
after K. . gir ~ -

Integration

Transversity

The other five | é
are transverse  fir -

momentum (K.) f Q@ - Boer-Mulders
dependent 1 function

(TMD) é
hlleo—’ - hllT - 6 -

Sivers function
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Three parton distributions describing
transverse momentum and/or transverse spin
1) Transversity

h = _

Three transverse quantities:

1) Nucleon transverse spin
Sh

2) Quark transverse spin

Correlation between S' and Sl\'

2) Sivers function

ca
SL

fiT - -
3) Quark transverse ?
momentum Correlation between S and k?
k® .
- 3) Boer-Mulders function

— Three different correlations

“-Q - ®

Correlation between S and k|




Transversity and TMD PDFs are probed in
Semi-Inclusive DIS '

f1 =°
Boer-Mulders u;, =@ - @
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S, and S;: Target Polarizations; Ae: Beam Polarization



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

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

oy () (%)

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! 9




Extraction of Transversity and Collins fragmentation
function from SIDIS and Belle data
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Torino group, Anselmino et al., PRD 87, 094019 (2013)
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Extraction of Transversity and Collins fragmentation
function from SIDIS and Belle data

Torino group, Anselmino et al., PRD 87, 094019 (2013)

Transversity Collins pion FF
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Extraction of nucleon tensor charge
Torino group, Anselmino et al., PRD 87, 094019 (2013)

® Su=0.39"013 ® 5d = —025703% 5 1o g T ()
A du=031707 A 6d=—027010 4= Jo [ () = (x)]dx
-__;L— T = | 1 : Extractions from global fits
—  Su 2 od = (using two different Collins FF
- o 3 L o parameterizations)
. 4 o
; R 5 | o 2-10: Predictions from various
R 6 . models (including LQCD)
i . 7 L
8 ’ e Tensor charges are smaller
i . 9 | . than axial charge
—— 100 | s e Difference between data and theory

0 0.5 1 15 =06 =04 =02 0 could be partly caused by neglecting
sea transversity in the extraction?

AU =0.787 Ad =-0.319

°12



Recent progress in LQCD suggests the possibility to
calculate the x-dependence of parton distributions

PRL 110, 262002 (2013) PHYSICAL REVIEW LETTERS 28 TUNE 2073

Parton Physics on a Euclidean Lattice

s 1.2
Xiangdong Ji'~

fB]m’Een-x Depemfence of
. NucleontPDFs

Transvers ity Dis tribution
on‘tﬁe Lattice

§ Exploratory study

su(x) - 6d(x)
11V & We found dur < éd with f dx p ~ -0.320 (18)
tudy-wen il large sea asymmetry T
University of Washington & Chiral quark-soliton model f dx (du(x) - ﬁd(x)) -0.082

A B. Dressler et al.,
14-

2 E he h/9809487
The x-dependence of 512 PR MINARY - cas model.
the quark and antiquark % gg E:

transversity distributions = os: AN I o\
y 0! _— ) 0 J

can be calculated (I’]Ot —i.[i o5 0 05 10 15 1o
P. Schweitzer et al.
just their moments)

PRD 64, 034013 (2001)
Predicts large sea-quark transversity! -3



Some remaining guestions on transversity
to be addressed by future experiments

Magnitude and sign of the sea-quark transversity?

Large sea-quark flavor asymmetry for transversity
from recent lattice QCD (similar to the unpolarized
sea and the helicity sea)?

Other methods to extract the transversity (without
using the Collins fragmentation functions)?

Verify the expected slower Q?-evolution with data
at much higher Q? (EIC)?



Extraction of Transversity and dihadron interference
fragmentation function from SIDIS and Belle data

é O.I—MQ/ — CO‘V_PASS 2007/2010 proron dara
éin.o - 5 habes
ef’: :
v ot | Tred, 3 | S® § N
0,03 I ?§i+ L 'F"}’ jc} + S §“¥+ +
0.1 -
\QQ_!PASS, arXiv: 1202.@_59/ 015
HERMES, arXiv: 0803.2367 W e e T e 113
———— . e X z M[" (GeV/cY)
X hlf"(x)— X h?"(x),f’él
o o
E o W E Y . EYmm
E LA - v E RAE 3
3 ‘ . 0.4 PRELIMINARY
5: D.ZSGeWc’-:mz-:lJ.dU GeVic? : D.4lJGeWc’<rnz<0.50GeWc2 : O.SOGeWcz-:m,-:O.BZGeWc’
;_H'_- _*_- _*'- { /"’
: oy ¥ .: -- E v ] { ﬂa {
3 3 m N : m
é: D.EZGeWc’-:I‘nz-:lJ.T? GeVic? : D.??Ge\ﬂc’-:rnz-:ﬂ.gDGeW!é: O.QOGeWczq.m?-:EIDGer O-_l — ! _l i {
: : N 1
5-_- __ . 100 . .
. gL ?§7LL0E7'2F<))§Z , arXiv:1206.1836
2 il n )
: 1.1DGeVIc’<n12<1.50GeV/I 3 1,50GeWc’<Irnz<2,lJDGeW E d 1 1
- (2011) Xtracted transversity consistent

- 04 06 08 1 12 14 16
m, [GeVic?]

B I I I I I I
04 06 08 1 12 14 16
m, [GeVic?]

with single-hadron SIDIS method

15



Sivers Function (proposed in 1990) fifé - ?

* On the basis of time reversal arguments:
fir (x,p+%)=0
Collins, NPB396, 161(1993)

* Final-state interaction from gluon exchange
between the quark and the spectator lead

to nonzero Sivers function.
Brodsky, Hwang & Schmidt, PLB530, 99(2002).

® Final-state interaction can be reproduced
by a prescription of the light-cone singularities 0w o
or an extra gauge link at the spatial infinity
for the parton distributions.
Ji & Yuan, PLB543,66(2002).

« Add final state interaction to the time reversal arguments:

flTJ_(X :pTZ)SIDIS:'flTJ_(X P1°)oy
Collins, PLB536, 43(2002)
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Extraction of Sivers function from SIDIS data
Torino group, Anselmino et al.,

Eur. Phys. J. A39 (2009) 89
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Outstanding questions on Sivers function

* Does Sivers function change sign between
DIS and Drell-Yan?

* Sign and magnitude of the sea-quark Sivers
functions?
e Q2-evolution of the Sivers function?



Sivers function on the lattice

Musch, Haegler, Engelhardt, Negle & Schaeffer, PRD 85 (2012) 094510

~[11(0)
/[, (GeV)

~L[1](1)

my [,

T

0.6
04

02

00}

SIDIS
Sivers—Shift, u—d — quarks i 1 .- .
i | ey
B ot X SN
»
+
=039, .
|br| = 0.12 fm, *. ] g
MR L o o o R ST ‘
my = 518 MeV 1 > °
«— DY SIDIS —| - *

o =10 =5 0 5 10 o Drell-Yan

nlv| (lattice units)

As the vertical gauge link goes from «o (SIDIS) to
-oo (Drell-Yan), the sign of Sivers function changes
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Polarlzed Drell-Yan W|th 190 GeV/c plon beam

trigger-hodoscopes

g
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_,.1Siﬂ (,35*'-; . COMPASS DY beam test 2009
. Am (Sivers asymmetry) ™
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See talk by Michela Chiosso 20



Proposal to measure Sivers in polarized
Drell-Yan at Fermilab
Proposal (P-1027) ( Polarized Drell-Yan with polarized proton beam)

Recycler Ring (above MI)

Polarized Source\

—_— \Spin Rotator Polarimeter

L A
/ \
/' Snake

Fast Uncalibrated and CNI

RFQ's

Pulsed Quads

\Partial Snake

Beamline CNI Polarimeter

%7— Sources

4 SeaQuest

Fast Polarime

(W. Lorenzon, P. Reimer, et al.)

Anselmino et.al

0.05

< 0.08] +———%———+———}———§— -
-0.05— FNAL pol DY
= 3210 POT
1 | | 1 | | | 1 1 | 1 1 1 | 1 | L
0.0 02 0.4 0.6 0.8
X¢

Main goals: 1) Accelerate polarized proton beam at the Main Injector
2) Test "sign-change" of T-odd Sivers function in Drell-Yan

* Propose using the existing dimuon spectrometer

* Possibility of polarized target is also being considered
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Another proposal to measure sea-quark Sivers In
polarized Drell-Yan at Fermilab

P-1039 Collaboration:

Co-Spokespersons: A. Klein, X. Jiang
Los Alamos National Laboratory

Polarized
Target

Proton Beam
120 GeV/c

0.6

Drell-Yan Target Single-Spin Asvimmetry
pp' = WX, 4<M <9 GeV
# 8 cm NH | target, P rméﬂ_f:{)_f'_?:

B=2 sun ond Yuan, 2013
—— Anselmino et al. 2009

R TR R P
0.1 0.15 0.2 0.25 0.3 0.35 0.4

"‘rargr:t

Statistics shown for one calendar year of running :
L£=14%10%/cm?2 €=>» POT=2.1%1018
Request for two calendar years of beam time
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Comparison between three polarized DY experiments
(for probing the Sivers functions)

COMPASS, P-1027 and P-1039

Beam | Target Favored Physics Goal
Pol. Pol. Quarks
COMPASS X V Valence ?gn cha_ngt.a anid SEE
ivers distribution for
— 1 4+ -\ quark
™ p = uu valence quark
_ Sign change and size of
TP 102_|_7 . “ X VaLeaane Sivers distribution for
pp— M H X G valence quark
Size and sign of Sivers
FT:’ 103:_9 _ X V Sea quark | distribution for Sea
pp = ppm X quarks, if DY A2 0.

From A. Klein and X. Jiang
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he Boer-Mulders function

A long-standing puzzle in Drell-Yan angular distributions

I © and ® are the decay polar
ey om ﬁ and azimuthal angles of the

0 ~ u* in the dilepton rest-frame

lepton plane (cm)

A general expression for Drell-Yan decay angular distributions:

( 1 j(do_j =[i}[l+/10032 0+ usin 26’<:os¢+%sin2 6’00324

o)\ dQ A
Naive Drell-Yan gives A =1, 4 =0,v =0.
A can differ from 1, but should satisfy 1- A4 = 2v (Lam-Tung)
— Reflect the spin-1/2 nature of quarks
(analog of the Callan-Gross relation in DIS)

24



Decay angular distributions in pion-induced Drell-Yan

(ij(g—gj ={i}[l+lcosz 6+ psin 29cos¢+%sin2 900324

o iy

140 GeV/c 194 GeV/c 286 CeV/c NAlO T +W

af - N R N -

o - I —
|

|'|f:==:j=5=|_‘+lri;:1 ""_-*-: ZPhyS
Pt ++++ +++—P 37 (1988) 545

! . —{ | Dashed curves
0.2 - _+_“ -4 F —— - - _{__
et ] ] e ] are from pQCD
_:'1uf__tz alla 11.2 '1| ; I L_ 1 u'. I l ! — I ‘—'—Dl,. ! : |' ' 1 ' CaICUIatlonS

B 3 24 28 oa 12 18 2 24 24 i) o8 12 B 2 24 18
P, [GeV/cl P, [Gev/cl P, [GeV/cl
(a) (b) (c)

Fig. Ja—c. Parameters 4, g, and v as a function of By in the CS frame. a 140 GeV/e; b 194 GeVje, ¢ 286 CeV/c. The error bars correspond
to the statistical uncertainties only. The horizontal bars give the size of each interval. The dashed curves ure the predictions of perturbative
00T 3]

v =0 and v Increases with p,

*25
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Decay angular distributions in pion-induced Drell-Yan
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0.1F
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—0.2f
-0.3}
T _o4f
~0.5}
-0.6F

-0.7-%

Is the Lam-Tung relation violated?

140 GeV/c

Data from NA1O (Z. Phys. 37 (1988) 545)

A
\I
\I

0.3r
0.2
0.1F
of
0.1}
—0.2f
-0.3}
T _o4f
~0.5}
-0.6F

-0.7-%

194 GeV/c

0.3r
0.2
0.1F
of
0.1}
—oz?
-0.3}
T _o4f
~0.5}
~0.6f

-0.7-%

286 GeV/c

Violation of the Lam-Tung relation suggests interesting new origins
(Brandenburg, Nachtmann, Mirkes, Brodsky, Khoze, Miiller, Eskolar,
Hoyer,Vantinnen, Vogt, etc.)
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Boer-Mulders functionh,* @ - @

e Boer pointed out that the cos2¢ dependence can be caused by
the presence of the Boer-Mulders function.

L In L
e h’ can lead to an azimuthal dependence with v o (hl j[h;_ j
1 1

0.4

T T T T T
v 035 /

0.3 J

M.M
(x, k) =T, — oA

e 1,(x)

2 2
v =16k, ZQTMC —
525 3 (Qr +4Mc)
Qr [GeV]
Boer, PRD 60 (1999) 014012 x;=0.47, Mc=2.3 GeV

v>0 Implies valence BM functions for pion and
nucleon have same signs



Azimuthal cos2® Distribution in p+d Drell-Yan

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

[ *p+dat800Gevic = ' |

= 1+ W at 252 GeVic ]

og L 4 T tWat194 GeVic T
* p+ p at 800 GeV/c o

s [ P1p/dat800 GeVic ' h

I SN BRI S B A W i i
12 4 6 8 10 12 14 16 -0-2 ||||I||||I|||II||||I||||I||||I||||I||||

Mass (GeV/c?) 0 0.5 1 1.5 2 25 3 3.5 4

With Boer-Mulders function h;™:

v(m W= X)~ [valence h; ()] * [valence hy~(p)]
v(pd->p+p-X)~ [valence h;(p)] * [sea hi(p)]
Sea-quark BM function is much smaller than valence BM function

28



Result from CDF on Lam-Tung relation
p+p—oe +e +X at /s =1.96 TeV

Y
o
=9
T

—— Data
= CDF Tuned PYTHIA
o 10° —— QCD Background
S = —— EWK Background
Q 2 [
o 10°¢
0 -
2 10g
0 -
5 1
0
10° 66 GeV < M, <116 GeV
102l L

e e e e ey
0 10 20 30 40 50 60 70
Di-electron P, (GeV/c)

arXiv:1103.5699



Result from CDF on Lam-Tung relation
p+p—oe +e +X at /s =1.96 TeV

qn : £+1jet
G £+1jet

II
I
[
=
m
-
5
1]
(=1
)
5
=
h=

smipus ResBos

IIJIl

!
|
2

1T PUWI'IE‘Q
Data

%

III|IIII|IIII|II Ilhll

1
&

mT III|IIII|IIII|IIII|IIII|IIII|IIII|IIII

10 20 30 40 50 60 70 80 90
Di-electron P, (GeV/c)

arXiv:1103.5699

do

2

. 1
x (1 + cos®0) + =Ap(1 — 3cos? §) + Ay cosb

— o 1 + B3 cosd + [ cos2¢ + [B7sin ¢ + [ sin 2¢

do

._'33 = 3?1'443/163 }'32 — ..43/4, ;3? = 3?1';—’1?}/16

Lam - Tung relation = A, = A,

Pr bin

Ao (XIU_I)

Ao (>< 10_1)

0-10
10-20
20-35
35-55

> 5D

0.17 £ 0.14 £ 0.07
0.42 £ 0.25 £ 0.07
0.86 £ 0.39 £ 0.08
3.11 £ 0.59£0.10
497+ 0.61 £0.10

0.16 = 0.26 £ 0.06
—0.01 & 0.35 = 0.16
0.52+0.51 £0.29
2.883 £0.84 £0.19
4.83 +£1.24 +0.02

( Ay-A,>=0.02 + 0.02
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Extraction of Boer-Mulders function from SIDIS
and Drell-Yan data

u-quark B-M d - quark B-M
0.1 0.1
n.08 A 0.08
= o il /1 From SIDIS
% 0.04 F | % .04 b I'-. i
2 S e2r /|1 PRDS1, 114026
BT R 1 T S (2010)
U B-M d B-M
0.01 0.01
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Decay angular distributions in pion-induced Drell-Yan
E615 Data 252 GeV m+ W
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Is the 1 < (1-A)(A+ A —v)/4 inequality valid?
(L= A)A+A—v) ] 4— 12 >0?

s £615 data ]

s Drell-Yan -
oz with pion ]
N B 1
X°'F beam ‘T i
I o E | ]
R T |
%_0‘1 - T ! | |T 1
Lo f ?

P.(GeV)

The inequality
appears to be
violated!

(Teryaev and JCP)

Our knowledge of D-Y azimuthal angular dependence is still
Incomplete (Data from COMPASS and E906 are anticipated)
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E906/Seaquest Drell-Yan Experiment at Fermilab

SeaQuest Experiment ( Unpolarized Drell-Yan using 120 GeV proton beam)
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"‘Nﬁa = = o C @ L906 ¢ - ® =772 Drell-Yan ;-':---Cocstcr
sr = '.I’ L 2 F — 34107 pPOT 12 e LYo Drell-Yan - Jung and Miller
o T . g o B L1366 I ropaset I Brown et al
T Tl N ' / C )
N = 175 A NASI LIS Closc et al.
el . _ . i —— Dieperink and
f% 5 15 B MRSr2 1.1+ Kopa(_ranne)
| » Tp =
» | —= . CTEQ4m g
CTEQOG -
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X X

Main goals: 1) Measure d /U flavor asymmetry up to x ~ 0.45
2) Measure EMC effect of antiquarks up to x ~ 0.45

e 2-year production runin 2014-2015

* Additional physics topics include Boer-Mulders measurements
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Dimuon mass spectra from SeaQuest/E906
(Preliminary analysis of a small fraction of data)

240

220

== #49 Data

I Like-sign background
B oY mC

B JpsiMC

[ Psi(2zs)MC

200
180
160
140
120
100
80
60
40
20

OO 1 2 3 4 5 6 7 8

Mass (GeV)

Physics run started Feb. 2014
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Can the existing Drell-Yan data already test the

predicted sign-change of B-M function?
1) From SIDIS data, one deduces that the proton B-M functions

are negative for both u and d quarks:

h;”*(p) <0 h;”*(p) <0
2) From NA10 pion Drell-Yan data, one deduces that the product
of the pion valence quark B-M function and the proton valence
quark B-M function is positive. Using u-quark dominance, we have:
h (p) * ™ () > 0
Therefore, either a) h/.”" (p) >0; h;”" (7) >0 (sign—change)
or b)h.”(p)<0;h,;”(7)<0 (nosign-change)
3) The crucial measurement is to determine the sign of the pion
B-M function in polarized 7 — p D-Y, since the sin (¢ + ¢, ) modulation

is sensitive to the sign of h;;”" (

To be measured at COMPASS
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Polarized proton beam at J-PARC ?

« Polarized proton beam at J-PARC with
— Polarized H source
— RF dipole at 3 GeV RCS
— Two 30% partial snakes at 50 GeV Main Ring

e Phase1 30 GeV 50. GeV PS
s Dhase 2 50 Gev 3 GeV PS pC CNI Polarimeter Experlmental Area
(25Hz) . .
R&D for Nuclear 3 GoV PS 6
Transmutation Experimental Area
Linac Extracted Beam
' Polarimeter
Pol. H™ Source (Superconductln\g)
N
Linac 50 GeV PS

(Normal Conducting) /

180/400 MeV Polarimeter Neutrinos to

SuperKamiokande 25-30% Helical Partial Siberian Snakes

* PO4: Measurement of high-mass dimuon at 50 GeV

» P24: Polarized proton acceleration at J-PARC -



Physics with High-Momentum Beams at J-PARC
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“High-momentum beam line” (+ COMET beam line) has been
funded!

High-momentum primary proton beam (30GeV)
— Meson mass modification inside nuclei
— Dilepton measurement for nucleon and baryon structure

High-momentum meson (pion) beam (~<15 GeV/c)
— Pion-induced Drell-Yan?
— Baryon spectroscopy with pion beams.
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J/¥Y Production at 30 GeV

At 800 GeV, J/V¥ production is At 30 GeV J/W production is dominated

dominated by gluon-gluon fusion by quark-antiquark annihilation
(s 10F PP = J/¥4+X at 30 GeV
S0 b )
S 2
< | >
O O
®) L b
° P+CU— J/¥ ©
0 ¢ 800 GeV beam
$  E789 DATA
_3\\\\\\\. _5‘.;";!‘\H‘\H‘\H‘\H‘\H‘\H‘\""x‘
10—0.8 -0.6 =04 -0.2 O 0.2 04 06 038 10—0.8 -06 -04 -0.2 O 0.2 04 06 08

J/W¥Y production at 30 GeV Is sensitive to
qguark and antiquark distributions
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Prospects of polarized Drell-Yan at NICA

BMN (See talk by Teryaev)

Spin Physics ;, ,
Detector (SPDJ R

Polarized proton and deuteron

eavy ion

Maximum c.m. energy of 27 GeV

Polarized Drell-Yan is a major
physics topics

£ 0,6-4,5 GeV/u

Single-spin asymmetry In transversely polarized D-Y
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Predicted SSA of polarized Drell-Yan at NICA
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e Sensitive to the sign of the Boer-Mulders
function in Drell-Yan

* Could provide a test for the predicted sign-
change of the Boer-Mulders function?
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Possible x-dependent <p,> ?
E866 p+d D-Y data (800 GeV beam)
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Analysis is near completion. D-Y data at lower beam
energies (SeaQuest, COMPASS, NICA) are anticipat%d.



Global interest in polarized Drell-Yan measurements

* Fermilab (proton beam, unpolarized, polarized beam/target
possible)

* COMPASS (pion beam, polarized target)

* FAIR (polarized antiproton beam)

* RHIC (polarized proton beam)

* J-PARC (proton beam, polarzied beam possible)
* JINR NICA (proton beam)

Fermilab COMPASS
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Outstanding questions to be addressed by
future Drell-Yan experiments

e Favor asymmetry of the sea-quark at large-x

* Does Sivers function change sign between
DIS and Drell-Yan?

* Does Boer-Mulders function change sign
petween DIS and Drell-Yan?

e Are all Boer-Mulders functions alike (proton
versus pion Boer-Mulders functions)

* Flavor dependence of TMD functions

* Independent measurement of transversity
with Drell-Yan
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