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[+ Relativitg = Weirdness



Dirac free plane-

wave particle with Boosting a Dirac Spinor
Spln Sz — +1
t t D= n’ — ,.)%
atrest p=0 BOOST p=r

() in —x direcn with (1)
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l// = 0 e ' W, - N 0 ei(p’x’—E’t’)

B=p'/E'=tanh¢ ,
N p

B(3.9)= e‘gw = coshg 1+sinh§ o, \ E' +m y,
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Dirac free plane-

wave particle with Boosting a Dirac Spinor How is L. affected

2
spin S; = +1 by boosts*
n — = /)’e
atrest p=0 BOOST p'=p
(1) in —x direcn with (1)
O —imt O
YV = 0 e # l//,:N 0 ei(p'x’—E’t’)
B=p'/E'=tanh¢ ,
L0 ¢ P
B(3.9)= 2" = coshg 1+ sinh% o, \ E' +m y,
‘ What’s its spin? ‘

v o) rt 5 ’ B , 2]
vEV_, 5::[‘39] 1//“21//:21_( P j
viy y vy’ E +m

. z  XxX-D 1
O T S =~ Z 7 for vy > 1

Why there are no transversely polarized electron machines!
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Boosting L 0 i, ~xE 1p,—yE tp,—zE \
. 0 L —L
M,uv:x,upv_xvpu: Z y
0 L,

. 0

Simple orbit with L; only: pz=0, z=0 = Lx=Ly=0 ....
and apply boost B in —x direction
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Boosting L 0 tp,—xE tp, —yE 1p, —zE )
. 0 L —L
M,uv:x,upv_xvpu: Z y
0 L,

\ O

Simple orbit with L; only: pz=0, z=0 = Lx=Ly=0 ....
and apply boost B in —x direction

( )
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Spin, L, and the free Dirac Hamiltonian
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Spin, L, and the free Dirac Hamiltonian

~ ml —ig-V
H=0 p+Bm = -
—i0-V ml
L(x)=1xXx P L position-dependent, doesn’t commute w 0 in H
=—1ixxV

[H,L(x,)|= -0 x V

L NOT CONSERVED

QI O
N—

[O'l-, O-j ] = 2i8ijko.k
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Spin, L, and the free Dirac Hamiltonian

~ ml —ig-V
H=0 p+Bm = -
—i0-V ml
L(x)=1xXx P L position-dependent, doesn’t commute w 0 in H
=—1ixxV
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Spin, L, and the free Dirac Hamiltonian

~ ml —ig-V
H=a -p+pm = -
—i0-V ml
L(x)=1xXx P L position-dependent, doesn’t commute w 0 in H
=—1ixxV

[H,L(x,)|= -0 x V
L NOT CONSERVED
) :( ((3). 9 ) # Pauli matrices in £ and H don’t commute
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Liang, Meng,
ZPA 344 (1992)

We denote the solution of the above-mentioned equa-
tion by the Dirac four-spinor w and/or its upper- and
lower-component, the corresponding two-spinors ¢ and
x. The stationary states are characterized by the following
set of quantum numbers g, j, m and P which are respec-
tively the eigenvalues of the operators A (the Hamilto-
nian), j2, /. (total angular momentum and its z-compo-
nent) and P (the parity). Since every eigenstate of the
valence quark characterized by e, j, m and P corresponds
to two different orbital angular momenta /and /" =/+1,
(see Appendix A), it 1s clear that orbital motion is involved
in every stationary state. This is true also when the valence
quark is in its ground state (v, p where e =g, j=1/2,
m=+1/2, P= +7?). This state can be expressed as fol-
lows:

1/2 m
OB ),

g (N Q" "0,4)

The angular part of the two-spinors can be written in
terms of spherical functions Y, (6,¢0) and (non-
relativistic) spin-eigenfunctions which are nothing else
but the Pauli-spinors & (4 1/2):

Q32 ™0,¢)= Yoo (6,9) E(m),

Weot/2 m-i—(r: 69¢)=<

Dirac particle in a central potential

The spherical solutions of a Dirac particle in a central potential
are discussed in some of the text books (see, for example, Landau,
L.D., Lifshitz, E.M.: Course of theoretical physics. Vol. 4: Rela-
tivistic quantum theory. New York : Pergamon 1971). The notations
and conventions we use here are slightly different. In order to avoid
possible misunderstanding, we list the general form of some of the
key formulae in the following:

In terms of spherical variables, a state with given &, j,m and P
can be written as:

WF._[WIP(F’ 9,45 )
_ ( Fu (N Q7™(8,4) )
(=D E2e (N Qim(6,0)/

(A1)

Here /=j+1/2, I’=2j—!and P=(—1);0Q/™ and Q/" are two-
spinors which, for the possible values of /, are given by:

9{4—1/2(6=¢)

i+
)/ ST i a0 €0/2)

Jj—m

TV g Y @91 E(2172), (A2)
Q:'j=n;+l/2(6=¢)
—m+1
—]/Z]v%? Yitimm—1200.9) E(1/2)
+m+ 1
+V§%—?}[[’f‘”1+1/2(9=¢)£(_1/2). (A3)

Here, & (+1/2) stand for the eigenfunctions for the spin-operator
g with eigenvalues + 1, and ¥, (8, ¢ ) for the spherical harmonics
which form a standard basis for the orbital angular momentum
operators (1%, ). The function f,,(r) and g,,. (r) are solutions of
the coupled differential equations:
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POLARIZATION

The Wacky World of Hyperon Polarization

Unpolarized beams on unpolarized targets produce
hyperons which are strongly polarized!

.. direction is | 7 = Pream X Py

doyyr ~ sin(¢), — Cblsh) fi(x) L(l) é @

I:
"
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o1

peN—ioonyning _ § ? Hyperon spin structure in CQM:
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N
I
Rl ¥ K
N >M
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% =- sign of polarization is opposite to As ...
P i S PR D S |

A _l A 1
€0 100 40 BO 220 280 300

MOMENTUN In GeV/c

N.C.R. Makins, IWHSS’12, Lisboa, Apr 16-18, 2012



Thomas Precession & the DGM Model

Thomas precession: relativistic effect due [ boost, rotation] # 0 ...
— ‘spin-orbit’ pseudo-force that aligns L and S of accelerating particle

A: As = +1 P, from accelerated sea s quark

¥ Au = +4/3 Pys from accelerated valence (uu); diquark

uu), ®L

DGM model did ‘ S
pretty well
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3 A Simple Derivation of the Thomas Precession

The follwoing derivation is based upon a suggestion by E.M. Purcell.

Imagine an aricraft flying in a large circular orbit. Approximate the orbit by a
polygon of N sides, with N a very large number. As the aircraft traverses each of the
N sides, it changes its angle of flight by the angle # = 27 /N as shown in the figure.

AN

0
side of L

polygon

After the aircraft has flown N segments, it is back at its starting point. IN the
laboratory frame, the aircraft has rotated through an angle of 27 radians. However in
the aircraft’s instantaneous rest frame, the triangles shown have a Lorentz-contraction
along the direction it is flying but not transversely. Thus at the end of each segment, in
the aircraft frame, the aircraft turns by a larger angle than the laboratory 6 = 27 /N,
but by an angle 6/ = ~0 = W/(L/v) = 2ry/N. After all N segements in the aircraft
instanteous rest frame the total angle of rotation is 27+~.

The difference in the reference frame is

AO =2r(y—1)

Since N has dropped out of the formula for the angle and angle difference, one can let
it go to infinity and the motion is circular and the formula is for the rate of precession.

wp _ AH/T _

w  2x/T -7

—1

This equation, dispite the simplicity of the derivation, is the exact expression
for the Thomas precession . The equation does not include the oscillationg term

G.F. Smoot
lecture notes

because the derivation neglected the fact that the front and rear (}{Itéeénﬁ\rﬁéﬂiﬁgrSIWHSS,.l 2, Lisboa, Apr 16-18, 2012

are not accelerated simultaneously.
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TMDs and Single SPin Asgmmetries




Single-spin asymmetries in p'p & nX Analyzing Power

1 T _ AT
left right

TU

-+ _
P AV B N
beam 1 Veft right

_ Huge single-spin asymmetry
@ v for forward meson production

06 T 1 1 1
A +p —> °+X at vs=200 GeV
o Tt - N PTP Al at V8=« c
04 F o o FNAL-E704 - 0.15 Spin T e
% | dspine| P STAR Run 6
s : || et | L Si (HERMES fit)
02 | T § _ i ! i [ === I\feI"S |
> 0 il 0.1 H L twist—3
M @ I l . ,i [
Ay O o2 Eﬂig '''''''''''''''''''''''''''''''''''''' . 0 025 0
5 ¥y mass (GeV/c?) 7
0ok 3 . i 009 <n>=3.7 | <n>=3.3
0.4 I % %‘ . 0 ;{'I'."f ---------- L } 7 VRV 7 A—
0 0.2 0.4 0.6 0.8 1 —-0.5 —-0.5 0
X

Observable Sveam - (Pbeam X Pr) odd under naive Time-Reversal
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Single-spin asymmetries in p'p & nX Analyzing Power
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Distribution Functions

® - &

Mulders & Tangerman, NPB 461 (1996) 197
Fragmentation Functions
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PDFs surviving on
integration over

Transverse Momentum
Mulders & Tangerman, NPB 461 (1996) 197

Distribution Functions Fragmentation Functions
v-® - &
transversity
fiT=é) - @l)
W@ - @
=@ - @ h&=é - é@
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PDFs surviving on The others are sensitive to intrinsic k;in the
integration over nucleon & in the fragmentation process

Transverse Momentum — TMD = transv-momentum dependent func
Mulders & Tangerman, NPB 461 (1996) 197

Distribution Functions Fragmentation Functions
v-® - &
transversity
fh%) - @
W@ - @
=@ - @ h&=é - é@
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PDFs surviving on The others are sensitive to intrinsic k;in the
integration over nucleon & in the fragmentation process

Transverse Momentum — TMD = transv-momentum dependent func
Mulders & Tangerman, NPB 461 (1996) 197

AN~ Distribution Functions Fragmentation Functions

g1T=é B é

transversity é
fifé) - @<: Sivers Dké - @<: Polarizing FF
n=@ - @ <= Boer-Mulders || «-@® - © <= Collins FF
=@ - @ hké - é@ o=@ - @ Hé - é

One T-odd function required to produce e.g. "N/ é _
SSA = single-spin asymmetries in

hard-scattering — related to parton L (OAM) N.C.R. Makins, IWHSS'12, Lisboa, Apr 16-18, 2012



PDFs surviving on The others are sensitive to intrinsic kT in the

integration over nucleon & in the fragmentation process

Transverse Momentum — TMD = transv-momentum dependent func
Mulders & Tangerman, NPB 461 (1996) 197

AN~ Distribution Functions Fragmentation Functions
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SSA = single-spin asymmetries in
hard-scattering — related to parton L (OAM)
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‘ Electro-Production of Hadrons with Tranvserse Target I

Measure dependence of hadron production on two azimuthal angles

Electron beam defines

scattering plane .
Target spin

transverse to beam

with respect to
scattering plane
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Measure dependence of hadron production on two azimuthal angles
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Target spin

transverse to beam

zimuthal angles measured
around g vector ...
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Electro-Production of Hadrons with Tranvserse Target

Measure dependence of hadron production on two azimuthal angles

Electron beam defines

scattering plane _
Target spin

_ transverse to beam

Azimuthal angles measured
around g vector ...

with respect to
scattering plane

(I) S = target spin orientation

N.C.R. Makins, IWHSS’12, Lisboa, Apr 16-18, 2012



Electro-Production of Hadrons with Tranvserse Target

Measure dependence of hadron production on two azimuthal angles

Electron beam defines

scattering plane _
Target spin

_ transverse to beam

Azimuthal angles measured
around g vector ...

with respect to
scattering plane

(I)S = target spin orientation (l)h = hadron direction
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beam target SIDIS, at

Measuring: Azimuthal Asymmetries

pol>  polnr leading twist
N/
Uu 1 ® f1= O ® Dy = O

cos(2¢} ) ® hi = (- ® Hi- = O-®
UL sin(2¢!) ®h1LL=®"@’ ®H1L=®‘®

UT sin(¢l + ¢%) ®h1=®—® @Hf:@—@
sin(), — o) ®fﬁ=é-@ ©D ="

sin(3¢! — ¢k) ®h1lT=®'é ®H1L=@‘@
LL 1 Qg =" oD =

LT cos(¢t —dY) @ qir= é'é ® Dy = O
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The Sivers Function S%,;, e
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2 <Sin(¢'¢s)>u1'

2 (sm(q)'(bs))m
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'A 7 COMPASS proton data: confirmation! MPA
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¥
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W-dependence of Sivers

looking for higher twist, factorization breaking
COMPASS 2007 proton data
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< . .
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0.05( -
IR
e 2% ° T? I %T
] I . USRI, N N I D
o Ry
o  W>7.5GeV/c?
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looking for higher twist, factorization breaking

W-dependence of Sivers

COMPASS 2007 proton data

Q%: ff.}a 0.1~ positive hadrons | negative hadrons
b ]
G oy
Ot ]
i - SRR }
effect?
® W>7.5GeV/c?
_0.1F -l W<1.5 GeV/c|2 | |
107 107! 107 107!
- X ) ) X
COMPASS 2010 proton data
l‘ﬂ: t% 0.1 positive hadrons L negative hadrons
gone in precise 2010 data
0.05( { -
I T
Y : $o l
et BT S 3 30
OF---1 é E ; ?? : ﬁ %
o  W>7.5GeV/c?
0.05 o W<7.5GeV/c? M
Y B | | L1 11 III| 111 _I IIII|
111111 '

next, push the test to ...

lowy: 0.05<y<0.1

COMPASS 2010 proton data

0.05<y<0.1

20
W (GeV/c?)
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it’s baaaack ... O at very low y (and so low W <5 GeV)

y-dependence of Sivers

COMPASS 2010 proton data

a % o) positive hadrons 0.05<y <0.1
< 0.1 ® positive hadrons 0.1<y <0.2, x>0.032 —
o positive hadrons 0.2<y <0.9, x>0.032 (}
05 Q — i - 0 CI) s
; % ??%f ii}% | L
@)
_>O‘05_ IIIII 1 1 IIIIIII 1 1 1 III_ 1 I I B I I
) o) negative hadrons 0.05<y <0.1
<t 0.1r [ negative hadrons 0.1<y <0.2, x>0.032 —
O negative hadrons 0.2<y <0.9, x>0.032
0.05- —

l—,—o—”

o - ég—-;-é-- %g%;

~0.051

it

R ]

1072

| '1'(')_1 0.5

X

1
Z

|
0.5 1 L5
p" (GeVle)

s Note: HERMES range is 3.2 <W <7 GeV
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i

ermes

but TMD Evolution looking good!

O HERMES H'— &=

®e® COMPASS 2010 H'— h*

COMPASS 2010 proton data

0.05

. c% COMPASS positive hadrons x<0.032 preliminary
<t 0.1 °® COMPASS positive hadrons x>0.032 preliminary L
e HERMES =* PRL 103 (2009) ({)
See talk: 0.05- ; ééé‘}é i oy g 35{% o (o ; <I>§ Q ‘ %‘}
Alexei *3 4 S.}h} 1 ‘}Q}éé ¢’ +
Prokudin O - 8- - - R — O
~,  0.15 _ _ /
= Aybat, Prokudin, Rogers TMD evolution B
I arXiv:1112.4423 ! ! !
o HERMES o i
£ L COMPASS
B Is 0.1 +
< n

1.2

1.5
pg (GeV/c)

P; (GeV) ! Makins, IWHSS’12, Lisboa, Apr 16-18, 2012



Phenomenology: Sivers Mechanism Assuming
@ M. Burkardt: Chromodynamic lensing
Electromagnetic coupling ~ (J, + J;) stronger for oncoming quarks

u mostly over here

) Y

FSI kick
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Phenomenology: Sivers Mechanism Assuming
@ M. Burkardt: Chromodynamic lensing
Electromagnetic coupling ~ (J, + J;) stronger for oncoming quarks
We observe (sin(d}, — ¢4)) & > 0
(and opposite for )
‘ \ . for oL =0, ¢/, = /2 preferred
FSI kick
® Model agrees!
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Phenomenology: Sivers Mechanism Assuming
@ M. Burkardt: Chromodynamic lensing
Electromagnetic coupling ~ (J, + J;) stronger for oncoming quarks
We observe (sin(¢}, — d4)) 5 > 0
(and opposite for )
‘ \ -, for o5 =0, ¢} = /2 preferred
FSI kick
® Model agrees!

@ D. Sivers: Jet Shadowing

Parton energy loss considerations suggest
quenching of jets from

+
T
“near” surface of target /
Vo

= quarks from “far” surface should dominate

Opposite sign to data ... assuming L, > 0 ... / .
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Bacchetta & Radici, New Global Fit to Sivers SIDIS Data
PRL 107 (2011)

Using available data

Sivers “lensing funtion” GPD E, related to

5 01F \L(O) l W qu(ark O|AtM)
i R 2N SR a A more later
30.05:—+ +++++ 1T CU?QL) L(%)E (ZC70707QL)7
= o
a1 i p
S o é)ste iIDIS S|\t/efs ashymmetry %gf% @
i ata to constrain shape
= 0+++++ .geff;?son Lab
Nh 0.1 Py I o g R :
:..30.05:—7“- = i ?_QE (,0,0) — E*(x,0,0) — FE (:17,0,0)_
Lo IS W e . & '
= oz__f____+_ir_*___1r__ i ?_QEd (z,0,0) — E*(z,0,0) — E (33,0,0)_
il — Use anomalous magnetic

0 x moments to constrain integral

Alessandro Bacchetta, INT Workshop on OAM

Thursday, 16 February 2012




—x f77(x) : X fi7) (%)
.| | New Global Fit

S § _ 0.00 |
to Sivers 001
0 3 A\

u —

- | Angelm/no et al, 0.03 i
| arXiv.0805.2677 oo | ; \.5

-0.05 |- — ]

; 0.04 i

0.02 |- N : '

final data 0.03 | ] ‘

s 0.02 '

0.01 -
0.02 0.00 (./

002_ ! "“‘ BaCChetta&RadICI, AP R T R B

‘ PRL 107 (2011) 0.004 ]
T j U ]
V 0.000 % 1

-0.02 |- , o [ .
0.02 -0.004 | antiquark
o e Sivers now = 0
0.004 | —
d |
008 s 0.000 '
o |
° T ~0.004 | :
-0.02 C ,"’.”4“ A S B R TR RS R
10° 102 10 1 0.2 0.4 0.6 0.8
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The Boer-Mulders function

O 0




The Boer-Mulders function

O 0




‘ The Boer-Mulders function I

produces an azimuthal
modulation
with unpolarized
beam and target

Electron beam defines
scattering plane

(])h = hadron direction
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The Boer-Mulders function ‘

produces an azimuthal
modulation —
with unpolarized /

beam and target
Iy (x,kr) © Hi (z,pr)

— c0s(20)

Electron beam defines
scattering plane

(])h = hadron direction
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2(cos(29 )),,,,

h)>UU

2(cos(20

Boer-Mulders #1: <cos2®)>yuv from HERMES

| -

%e(/ S

hi (x,kr) @ Hi-(z, pr) — cos(2¢) modulation

0.2 HERMES Preliminary
(@ Hydrogen
0.1 :_l Deuterium _

o
(V)

o
-

o

1
°
—h

-0.21"

0.2 0.4 0.6

y P, [GeV]
‘h ; | HERMES Preliminary |
(@ Hydrogen ! ! ]
(M Deuterium 1 !
a - ¢ [ ] ¢ ¢ : % & ¢ ¢
-4 ¢ M i &
10" 0.4 0.6 0.8 0.4 0.6 0.8 0.2 0.4 0.6
y P, [GeV]

Deuterium =~ Hydrogen values — indicate Boer-Mulders functions of
SAME SIGN for up and down quarks (both negative, similar magnitudes)

N.C.R. Makins, IWHSS’12, Lisboa, Apr 16-18, 2012



2(cos(29 )),,,,

h)>UU

2(cos(20

o
N

g
—

o

—
Boer-Mulders #1: <cos2®)>yv from HERMES % %
hi (x,kr) @ Hi (z,pr) — co0s(20) modulation

[+ : inar;
(@ Hydrogen !

(@ Deuterium !

i : - [

: ¢ & @ ¢ ¢ lEea ¢ L e

signs deduced via
Collins FF
+ chromo-lensing

020" - : HERMES Preliminary |
[® Hydrogen I ! I ]
0.1 :_l Deuterium _:_ ‘ ! _:_
L ! ' : !
[ o o ¢ [ < 1 % , e
-—‘ - &
0 [ & ¢ & | ¢
-0.1
0.2 10 0.4 0.6 0.8 0.4 06 08 02 04 06
y z P, [GeV]

Deuterium =~ Hydrogen values — indicate Boer-Mulders functions of
SAME SIGN for up and down quarks (both negative, similar magnitudes)
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Boer-Mulders #2: <cos(2®)>yy from COMPASS

04 COMPASS 2004°LiD\par) | COMPASS cos(29)
well explained by
dominant

twist-4 Cahn effect

0.1
® [ ]
]
S 0
o™
2]
o3
< o1 h R
102 - ”';0-1 T o.l4 a.le
X y4
V.Barone, A.Prokudin, B.Q.Ma total e Boer Mulders
arXiv:0804.3024 [hep-ph] Cahn  cemeeme. QCD

errors shown are statistical only :
Wolfgang Kéafer, Traversity08 @ Ferrara



/"' "‘\

OMI;&.S Boer-Mulders #2: <cos(2®)>yy from COMPASS

COMPASS cos(29)
well explained by
dominant

twist-4 Cahn effect

0.1F COMPASS 2004°LiDHpart)

.. but Cahn contrib®
seems small in

HERMES data,
at lower Q2
102 B 101 o o.l4 o.la
X Z
V.Barone, A.Prokudin, B.Q.Ma total Boer Mulders
arXiv:0804.3024 [hep-ph] _______ Cahn @ ++=ss=sn pQCD

errors shown are statistical only
Wolfgang Kéfer, Traversity08 @ Ferrara



e b
“a \
/

MI;A«S Boer-Mulders #2: <cos(2®)>yy from COMPASS

011 COMPASS 2004°LiDl{part) | COMPASS cos(29)
well explained by
dominant

twist-4 Cahn effect

.. but Cahn contrib®
seems small in

HERMES data,
at lower Q2
Scale-dependence
challenges: Can BELLE data
TMD evolution & b mon Collins FF be
. = -0.1- B
higher twist e . . evolved to all SIDIS
10?2 10" 0.4 0.6
scales?
X Z
V.Barone, A.Prokudin, B.Q.Ma total Boer Mulders

arXiv:0804.3024 [hep-ph] Cahn  +s=se==- pPQCD

errors shown are statistical only
Wolfgang Kéfer, Traversity08 @ Ferrara



Pretzelositg & the Worm Gears

DO B0 B8



f oy In several models, related to PPZTZCIOS“'Y

U
L gz | Mg g19-h14 — relativistic effects | . . : :
T | fir | oir | P, i =2 004" ~ HERMES|PRELIMINARY
%) F d oscaegunce ainty
T 002 - | IE :
T gty e
. . .. @ .0.02F -
@ chiral-odd = needs Collins FF (or similar) ~  ——m——————r——
i . i o | B |
@ leads to sin(3 & - ® s) modulation in Ayt °;"+"J'r'+*‘|‘i““‘+'}"+"+'*"'lr'+'—|'H'+"+"+""*'
-0.05 Mot A
. . E __._-—'_:_'—|_|—'_'_—-—-_._ P
@ proton and deuteron data consistent with N
Zer‘o 0'02§ Lo l | +
SIS, SO IS RN NN S L O |
] : 051|r ' +J4!+.F+rl+ +.|. |
@ cancelations? pretzelosity=zero? oo SR ]
or just the additional suppression by two pl . @ @
powers of Ph. \
sin(3 94-9s) *-po sith.»e all hadrons 2002-2004 data
AUT 0.1 —&— negative L N COMPASS

0.1

R e ! ! ! ! ! !
102 10 2 0.4 0.6 0.8 7 0.5 1 1.5 2

X z P} (GeVic)

Gunar Schnell 31 INT 12-49W, February 10", 2012



U L T ® ®
J1 hi - " =

Worm-Gear I

U
L g1L hiz
T flLT gir hlath
g 0 [z penues
@ again chiral-odd <ol I L
. i i @ | A A
@ cvidence from CLAS 0 ++ . e i
(violating isospin * = + ’ +
-0.05 | B B
symmetry?) * H | Al 4
. ‘ -0.1 [« — [T Ea ]
@ consistent with zero at 9 025" 0 025" 0 025 D05
COMPASS and HERMES
5 0.15 n* pO+pl*sin(x)+p2*sin(2x
‘ new daTa frlom CLAS < 0.1 p0=0.0114,p1(=)0.0929,(p2)=-0.0352

~10% of E05-113 data| 90

Gunar Schnell 5 0 1 2 3 4 5 6

¢ €0 =0.0035, e1 =0.0066, e2 = 0.0063

IIIIIIIIlIIIIlIIIIlIIIIl

- CLAS-2009 (E05-113)
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@ chiral even

2 <COS(¢-([)S)>

@ first direct evidence
for worm-gear giton

@ 3He target at JLab

cos(p, )

i W

® H target at HERMES ; :
[PRL 108 (2012) 052001] %4 gL K" d i I
N I T
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T-odd TMDs — gauge links and L

A T-odd function like f;5. must arise from 2

interference ... but a distribution function 1 i q q
is just a forward scattering amplitude, <>
P P P

how can it contain an interference?

Brodsky, Hwang, & Schmidt 2002

vﬁl - ~4 e
ﬂ ’ l can interfere :
: ’ with

— =

P P

and produce
{lp a T-odd effect!
(also need L. # 0)

[sJe]e]¢

P

It looks like higher-twist ... but no, these are soft gluons:
“gauge links” required for color gauge invariance
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T-odd TMDs — gauge links and L

A T-odd function like f;5. must arise from 2

interference ... but a distribution function 1 i q q
is just a forward scattering amplitude, <>
P P P

how can it contain an interference?

Brodsky, Hwang, & Schmidt 2002

v\éL - ~4 e
ﬂ ’ l can interfere ’
’ ’ with

— =

P | P

and produce
L a T-odd effect!
(also need L. # 0)

TTCY

P

It looks like higher-twist ... but no, these are soft gluons:

“gauge links” required for color gauge invariance ;( )P;
_ k|L | |
Such soft-gluon reinteractions with €9 Drell-Yan: = l ol I
the soft wavefunction are Sivers effect . T‘%b Bl
final / initial state interactions should have -
.. and process-dependent ... QW;)SS'%E'QH 5 C ) =
ct. | i
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T-odd TMDs — gauge links and L

A T-odd function like f;5. must arise from 2

interference ... but a distribution function 1 i q q
is just a forward scattering amplitude, <>
P P P

how can it contain an interference?

Brodsky, Hwang, & Schmidt 2002

vﬁl - ~4 e
ﬂ ’ l can interfere :
: ’ with

— =

P P

and produce

+p a9 T-0dd effect!
— ((alsoneed L, # 0)

It looks like higher-twist ... but no, these are soft gluons: i |
“gauge links” required for color gauge invariance — ( ) =

TTCY

: k|l 5 |
Such soft-gluon reinteractions witn ~ ©-9- Drell-Yan: = l ) i
the soft wavefunction are Sivers effect Al BT
T,

final / initial state interactions should have PE |
... and process-dependent ... Qﬂlﬁﬁgﬂ ?—_C )?
cf. | A

N.C.R. Makins, IWHSS’12, Lisboa, Apr 16-18, 2012



A Tantalizing Picture

® Transversity: 7:,>0 hi4<0
— same as g1, and g1,4 iIn NR limit

® Sivers ﬁTL,u <0 ﬁTL,d > () A A
— relat® to anomalous magnetic moment*
firtg ~ kg where x,~+1.67 Kg~=-2.03 )] T .

values achieve k" = X, e, K, with u,d only

e Boer-Mulders: follows that 4+, and 1t g<0 ?
— results on <cos(2®)>yu suggest yes:

* Burkardt PRD72 (2005) 094020;
Barone et al PRD78 (1008) 045022;
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A Tantalizing Picture

® Transversity: 7:,>0 hi4<0
— same as g1, and g1,4 iIn NR limit

e Sivers: firtu <0 firtd>0 A
— relat® to anomalous magnetic moment*
firtg ~ kg where x,~+1.67 Kg~=-2.03 )]

values achieve k" = X, e, K, with u,d only

e Boer-Mulders: follows that 4+, and 1t g<0 ?
— results on <cos(2®)>yu suggest yes:

€ §heen

N.B. these A A

TMDs are all (4|4 I : %
L

»
independent * * <V tf' v * Burkardt PRD72 (2005) 094020;

Barone et al PRD78 (1008) 045022;

0

w11, Makins, IWHSS’12, Lisboa, Apr 16-18, 2012
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is it a HAPPY A Tantalizing Picture

picture?

® Transversity: 7:,>0 hi4<0
— same as g1, and g1,4 iIn NR limit

e Sijvers: firtu<0 firtg>0
— relat® to anomalous magnetic moment*
firtg ~ kg where x,~+1.67 Kg~=-2.03
values achieve k" = X, e, K, with u,d only

e Boer-Mulders: follows that 4+, and 1t g<0 ?
— results on <cos(2®)>yu suggest yes:

N.B. these A A

TMDs are all (4|4 I : %
L

»
independent * * <V tf' v * Burkardt PRD72 (2005) 094020;

Barone et al PRD78 (1008) 045022;

T
$ ¢
T
@ ‘o
S 2

0

w11, Makins, IWHSS’12, Lisboa, Apr 16-18, 2012
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’p Meson Cloud on an Envelope — It ORBITS

p>=p+Nn Pions have JP = 0- = negative parity ...
+An+ ... — NEED L =1 to get proton’s JP = 2+
N7 cloud:
+
13 pm
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’p Meson Cloud on an Envelope — It ORBITS

p>=p+Nn Pions have JP = 0- = negative parity ...
+An+ ... — NEED L =1 to get proton’s JP = 2+
N7 cloud:
+
13 pm
Am cloud:
et 12 L,=-1
12 A7 A _
13 A g0 ® 13 L.=0
1/6 A% wt 1/6 L.=+1
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‘p Meson Cloud on an Envelope — It ORBITS

p>=p+Nn Pions have JP = 0- = negative parity ...
+An+ ... — NEED L =1 to get proton’s JP = 2+

2/3 L,=+1
1/3 Lz — O
AT cloud:
elod 1/2 L,=-1
172 ATt
1/3 A+ T[O ® A 1/3 Lz — 0
1/6 A0 7" 1/6 L,=+1

Dominant orbitingu: na"™ with Lz(7) >0
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’p Meson Cloud on an Envelope — It ORBITS

p>=p+Nn Pions have JP = 0- = negative parity ...
+An+ ... — NEED L =1 to get proton’s JP = 2+

2/3 L,=+1
1/3 Lz:O
A cloud:
nclod 1/2 L,=-1
172 AT
‘ 13 A0 & - 13 L=0
1/6 A0 7" 1/6 L,=+1

Dominant orbitingu: na"™ with Lz(7) >0
w orbiting d: A" 7~ with L. () <0
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’p Meson Cloud on an Envelope — It ORBITS

p>=p+Nn Pions have JP = 0- = negative parity ...
+An+ ... — NEED L =1 to get proton’s JP = 2+

2/3 L,=+1
1/3 Lz:O
A cloud:
nclod 12 L,=-1
172 AT
‘ 13 A0 & - 13 L=0
1/6 A0 gt 1/6 L,=+1
L. >0

La <0

Dominant orbitingu: na"™ with Lz(7) >0
source of: T . e At ::> quar =0
orbitingd: A" m with L.(m) <0

N.C.R. Makins, IWHSS’12, Lisboa, Apr 16-18, 2012




Transverse spin on the lattice Hagler et al,

PRL98 (2007)

Compute quark densities in impact-parameter space via GPD formalism

nucleon coming out of page ... observe spin-dependent shifts in quark densities:

by[fm]

by[fm]
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Transverse spin on the lattice Hagler et al,
PRL98 (2007)

Compute quark densities in impact-parameter space via GPD formalism

nucleon coming out of page ... observe spin-dependent shifts in quark densities:

067 : 9
L,>0 iy Sivers )
' 7
0.2} 6
e i t
< =Y
—0.2} 3
0.4 2
_04| ] 1
_06LYP @ 0
o.e-d : 3
own
La<O 04 /\_//Q_’ 2.5
0.2} J 2
= a
€ * s 0 1.5 £
< IS)
~0.2} 1
~0.4} - Il |05
o6k ,| [down @
~06-04-02 0 02 04 06-06-04-02 0 02 04 06
Px[fm] by [fm]
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Transverse spin on the lattice

Hagler et al,
PRL98 (2007)

Compute quark densities in impact-parameter space via GPD formalism

nucleon coming out of page ... observe spin-dependent shifts in quark densities:
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picture from
quark models
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Thomas, - . . .
PRL107 (2008) | " and Longitudinal spin on the lattice ...

Thomas: cloudy bag model evolved up to Q= of expt / lattice

15 ! | T T T T T I
| — o —— 21t |

- 2J0 — 2L
1.0 > J, i

05 |\ 2L 4
I N ———
00 [ 2 g
N R

05 ' R $

model Q2 [GeV]
scale
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Thomas, - . . .
PRL107 (2008) | " and Longitudinal spin on the lattice ...

Thomas: cloudy bag model evolved up to Q= of expt / lattice

05—
| oyt —— v
- 28— 2L
1.0 - |
05 |\ oy
I N S
0.0 Lo s 2 el ]
e TR
05 . :

O quark 2 3 lattice, expt
model Q2 [GeV] scale
scale

— lattice shows L, <0 and Ly > 0 in longitudinal case at expt’al scales!

Evolution might explain disagreement with quark models ...
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Thomas,
PRL101 (2008)

... and Longitudinal spin on the lattice ...

Wakamatsu,
EPJA44 (2010)

Thomas: cloudy bag model evolved up to Q= of expt / lattice
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— lattice shows L, <0 and Ly > 0 in longitudinal case at expt’al scales!

Evolution might explain disagreement with quark models ...

or not. Wakamatsu evolves down — insensitive to uncertain scale of quark models
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e Density shifts + lensing function = Sivers (model-dependent)

The Mysterious E
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e Density shifts + lensing function = Sivers (model-dependent)

e Density shifts seen on lattice due to GPD Eq(x,&,7) The Mysterious E

e E requires L Brodksy, Drell (1980) ; Burkardt, Schnell, PRD 74 (2006)
e [ E dx = Pauli F2 = (=0 anomalous mag moment k -+ GPD basics

e both F2 andk require L #0 -~ N spin-flip amplitudes
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e both F2 andk require L #0 -~ N spin-flip amplitudes
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e Density shifts + lensing function = Sivers (model-dependent)

e Density shifts seen on lattice due to GPD Eq(x,&,7) The Mysterious E

e E requires L Brodksy, Drell (1980) ; Burkardt, Schnell, PRD 74 (2006)
e [ E dx = Pauli F2 = (=0 anomalous mag moment k -+ GPD basics

e both F2 andk require L #0 -~ N spin-flip amplitudes

e EisnhotL
Ji Sum 2J, = /x H,|—o dx + /x E, |i—o dx

Rule T

momentum
fraction /XCI(X) dx < <X>q
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e Density shifts + lensing function = Sivers (model-dependent)

e Density shifts seen on lattice due to GPD Eq(x,&,7) The Mysterious E

o E requires L Brodksy, Drell (1980) ; Burkardt, Schnell, PRD 74 (2006)
e [ E dx = Pauli F2 = (=0 anomalous mag moment k -+ GPD basics

e both F2 andk require L #0 -~ N spin-flip amplitudes

e EisnhotL
Ji Sum 2J, = /x H,|—o dx + /x E, |i—o dx

Rule T T

momentum (2) “ | ito-
] xqg(x)dx €= (X + E —) anomalous gravito
fraction / C]( ) < >(l q magnetic moment”
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e Density shifts + lensing function = Sivers (model-dependent)

e Density shifts seen on lattice due to GPD Eq(x,&,7) The Mysterious E

e E requires L Brodksy, Drell (1980) ; Burkardt, Schnell, PRD 74 (2006)
e [ E dx = Pauli F2 = (=0 anomalous mag moment k -+ GPD basics

e both F2 andk require L #0 -~ N spin-flip amplitudes

e EisnhotL
Ji Sum 2J, = /x H,|—o dx + /x E, |i—o dx

Rule T T

momentum (2) “ | ito-
) xXqg(x) dx €= (X + E —) anomalous gravito
fraction / C]( ) < >(l q magnetic moment”

Spin Sum 2J, = Aq + 2L,
Rule
. _ 2
“2Lg= {<x>q+Eq( )}_J — Agq

—Jq

Contradiction?
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e Density shifts + lensing function = Sivers (model-dependent)

e Density shifts seen on lattice due to GPD Eq(x,&,7) The Mysterious E

e E requires L Brodksy, Drell (1980) ; Burkardt, Schnell, PRD 74 (2006)
e [ E dx = Pauli F2 = (=0 anomalous mag moment k -+ GPD basics

e both F2 andk require L #0 -~ N spin-flip amplitudes

<«

™

. Jaffe L?
e EisnhotL

Ji Sum 2J, = /x H,|—o dx + /x E, |i—o dx

Rule T T

momentum (2) “ | ito-
) xXqg(x) dx €= (X + E —) anomalous gravito
fraction / C]( ) < >(l q magnetic moment”

Spin Sum 2J, = Aq + 2L,
Rule

2L, = {<x>q +E q(z)} T Aq “L” not uniquely defined/

Ji L Ve =J, ~—

Contradiction?
N.C.R. Makins, IWHSS’12, Lisboa, Apr 16-18, 2012



Proton Spin Decompositions

. ] L 1 : L : S
J %q*(?xD)Zq + 54'0°q + 2TEI(Fx DY AT + Tr(E x A)’
Ly Aq L Ag

1 — 1 . — . .. - .
JJatte _ zqi(?x iV)q: + Eq’;ys% + 2TrF™/(FX V) A/ + " TrF+A/

N.C.R. Makins, IWHSS’12, Lisboa, Apr 16-18, 2012



Ji, PRL 78 (1997) Proton Spin Decompositions

. ] L 1 : o : S S
J %q“f(wz))zq + 54'0°q + 2B (Fx DA + Tr(E x A)°
Ly Aq L Ag

| 1 s T
JJatte _ Eqi(rx iV)q. + §q1y5q+ + 2TrF™/(FxiV)A! + e VTrFHA/

Ji: © gauge invariant Ag, Ly, Jg

X access Ag: no Gl sep" of Ag, L,

v measure L, (expt & lattice):
yes — via GPDs & DVCS

X interpret L,: covariant derivative
Di= ot + jgtt « gluon interac’s
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Ji, PRL 78 (1997) Proton Spin Decompositions

Jaffe & Bashinsky,
NPB 536 (1998)

. ] L 1 : o . S o
JI = L7 D)g + 54'0°q + 2TrE/(Fx DAY + Tr(E x A

2
L, Aq

L Ag

1., = 1 Ny - TR
JJatte _ Eqi(rx iV)ig, + §q1y5q+ + 2TrF (7 x iV A/ + e UTrF+A/

Ji: © gauge invariant Ag, Ly, Jg

Jaffe: @ gauge invar Ag, Ly, Ag, L,

X access Ag: no Gl sep" of Ag, L,

v measure L, (expt & lattice):
yes — via GPDs & DVCS

X interpret L,: covariant derivative
Di= ot + jgtt « gluon interac’s

v’ access Ag: this is what’s being
measured at RHIC, COMPASS

v interpret L,: 7 X p — field-free
OAM ... in ©© momentum frame

X measure L, (expt & lattice):
iInvolves non-local operators

except in lightcone gauge 4™=0
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Jaffe & Bashinsky,

Ji, PRL 78 (1997) Proton Spin Decompositions NPB 536 (1998)

. ] L 1 : o . S o
J %qwxD)zq + 54'0°q + 2B (Fx DA + Tr(E x A)°
Ly Aq L Ag

1 = 1 . — . .. - .
JJatte _ Eqi(w iV)¥q, + §q1y5q+ + 2TrF™/(FxiV)A! + e VTrFHA/

Ji: ©® gauge invariant Ag, Ly, Jg Jaffe: @ gauge invar Ag, Ly, Ag, L,

X access Ag no Gi Sepn of Ag’ Lg v/ access Ag this § what’s being
measured at RHIC, COMPASS

v/ measure Lq (expt & lattice): v interpret L,; 7 X P — field-free
yes — via GPDs & DVCS OAM ... in ©© momentum frame

X interpret L,: covariant derivative X measure L, (expt & lattice):
Di= ot + jgtt < gluon interac’s iInvolves non-local operators
except in lightcone gauge 4™=0

see ongoing work of Wakamatsu rrp 37 (2010), 83 (2011)
& Chen et al rrL 100 (2008), 103 (2009)
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so “dynamical” p — eA is the observable one ...

Solenoid with constant /; Solenoid 7 decreases to zero ...
charged cylinders stationary dB/dt induces E — rotates cylinders

Z4
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so “dynamical” p — eA is the observable one ...

Solenoid with constant /;
charged cylinders stationary

Solenoid I decreases to zero ...
dB/dt induces E — rotates cylinders

4

=

7
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. ~ onllls
Eind:(pOT

for s < R

- - | /| R?
Eind:¢ atih
2s

fors > R

!
inner + Q cylinder:

—

L, = Ja§ X QE.

ind

2 HonIQ 4’
2

outer —Q cylinder:

HonlQ

dt

S=a

R2

— [=-3
o

L

cylinders = <

N.C.R. Makins, IWHSS’12, Lisboa, Apr 16-18, 2012



so “dynamical” p — eA is the observable one ...

Solenoid with constant /;
charged cylinders stationary

0s
27e,ls
fora<s<b

E=

B=unl?z
fors <R

Solenoid I decreases to zero ...
dB/dt induces E — rotates cylinders

4

=

. ~ onllls
Eind:(pOT

for s < R

- - | /| R?
Eind:¢ atih
2s

fors > R

!
inner + Q cylinder:

—

L+:Ja§XQE. dt

S=a

ind

2 HonIQ 4’
2
outer —Q cylinder:

HonlQ

R2

— [=-3
o

L

cylinders = <

N.C.R. Makins, IWHSS’12, Lisboa, Apr 16-18, 2012



so “dynamical” p — eA is the observable one ...

Solenoid with constant /;
charged cylinders stationary

0s
27e,ls
fora<s<b

E=

B=unl?z
fors <R
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Solenoid / decreases to zero ...

dB/dt induces E — rotates cylinders

4

7
<

. ~ onllls
Eind:(pOT

for s < R

- - | /| R?
Emd:(/j atih
2s

fors > R

[
inner + Q cylinder:

L+:Ja§XQE.

ind

2 HonIQ 4’
2

outer —Q cylinder:

— _2 ‘LLOI’ZIQ R2

dt

S=a

L

cylinders = <

N.C.R. Makins, IWHSS’12, Lisboa, Apr 16-18, 2012



so “dynamical” p — e4 is the observable one ...

Solenoid with constant /; Solenoid I decreases to zero ...
charged cylinders stationary dB/dt induces E — rotates cylinders

3

7
<

Both needed

P o—d unllls
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L= L, but ... fors <R
27, ls ’ e
fora<s<b Emd:(f)‘uon
2s
B=p,nlz /mechanical fors >R
, . :
fors <R LCV""de_r inner + Q cylinder:
L =rxpis ) 3
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so “dynamical” p — e4 is the observable one ...

Solenoid with constant /; Solenoid I decreases to zero ...
charged cylinders stationary dB/dt induces E — rotates cylinders

3

P d
7
~

Both needed

B o—é unllls
o to conserve =9 T
E= Y L, but ... fors <R
0 7 2
fora<s<b Emd:(/A)‘u”nl“R
28
B=p,nlz /mechanical fors >R
. l
fors <R Lcyllnde.r inner + Q cylinder:
N . =rXpiIs
=5/c’ = oA =
Soﬁeld ) B ) o measurable L+ o Jas X QEind s=a dt
=&ExB e distinct from _ s K0
__jHanIQ r x (E x B) 2
27ls , outer —Q cylinder:
S=R | ’?‘)r — Z = —2 MRz
1. = J S§X P dV classical intuition ¢ i 2
° fiel ie y .
o e doesn't help with the L0
_ 3 HonlQ (R*—¢?) | meaning of gauge- | .~ Ly = —2 OT(Rz —a?)
2 covariant iD# = iol—eA*
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New Sivers fits give ~0 for antiquarks, but ... =« “HERMES PRELIVINARY 2002-2005
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New Sivers fits give =0 for antiquarks, but ... = "HERMES PRELIMINARY 20022005
ro m [ lepton beam asymmetry, Collins amplitudes
0.15 - - 8.1% scale uncertainty

The Kaon Collection
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Insights from the xQSM Wakamatsu, EPJA 44 (2010)

Theory: Ji’s L,—4 is rock-solid & negative

2 (L — LY
o6 mm—m—— 7T —— T T 1
04 _ e LHPC2008
. - ™ 2 (Lu _Ld) ® Thomas
02 r
0 Lo Jidefinition ;
02 -
oa | !
;! |
-0.8 - = _
o b
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Q* [GeV?]
i _ (2) _
2L, = [(x}Q—I—Eq }_] Ag
—Jq

® <x>,4: well known
® Au—Ad = g4 well known

o 2, s all lattice calculat"s
and XQSM agree
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Insights from the xQSM

Theory: Ji’s L,—4 is rock-solid & negative

Wakamatsu, EPJA 44 (2010)

Compare Jaffe & Ji

calculate explicitly in xQSM,;
at quark-model scale:

Ly Ly
Jaffe Ji
Valence +0.147 —0.142
Sea —0.265 —0.188
Total -0.115 —0.330

2 (L — LY
o6 ——
0 e LHPC2008
. - ™ 2 (Lu _Ld) ® Thomas
02
ol Jidefinition ;
o2} -
04l .'
LL ;
-0.8 —
qob— e
00 05 10 15 20 25 30 35 40
Q?[GeV?]
i _ (2) _
2L, = [(x}Q—I—Eq }_] Ag
—Jq

® <x>,4: well known
® Au—Ad = g4 well known

o 2, s all lattice calculat"s
and XQSM agree

Negative model value
dominated by sea quark L !
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Insights from the xQSM Wakamatsu, EPJA 44 (2010)

Theory: Ji's L4 is rock-solid & negative Compare Jaffe & Ji
2 (L — L) calculate explicitly in xQSM;
T T T T T ] at quark-model scale:
B Lud Lu-d
. — Ji definiion _' Jaffe Ji
02| Valence | +0.147 —0.142
o Sea | -0.265 | -0.188
o8} Total | -0.115 | -0.330
0.0 0.5 1.0 1.5 Q;[ZGVQTS 3.0 3.5 4.0 Negative model Value
Ji > ' /
21 — [ (x)g+ EL )} g dominated by sea quark L |

® <x>,4: well known
® Au—Ad = g4 well known

o 2, s all lattice calculat"s
and XQSM agree
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Insights from the xQSM Wakamatsu, EPJA 44 (2010)

Theory: Ji’s L,—4 is rock-solid & negative

0.6

0.4

02 r

0.0

-02
-04
-0.6

-0.8 |

-1.0

o <x>,4: well known

Compare Jaffe & Ji

2(L" — 1) calculate explicitly in xQSM;
T T T T T e at quark-model scale:
| 2 (Lu—La) Ly-d Lud
__________________________ Jidefiniton Jaffe Ji
Valence +0.147 —0.142
Sea —0.265 —0.188
Total —0.115 —0.330

Negative model value
dominated by sea quark L !

Need direct measurement of

® Au—Ad= g4 well known

o 2, , all lattice calculatrs

Sivers for sea quarks:

Spin-dependent Drell-Yan

and XQSM agree with p or 1* beam & pol’d target

N.C.R. Makins, IWHSS’12, Lisboa, Apr 16-18, 2012



SIDIS

L

(x)

h/
Dq

(2)

Leptons: clean, surgical tools
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SIDIS

H h’

Y & £¢"(x) D(z)
[T ete hl
Z_

Leptons: clean, surgical tools

Hl Drell-Yan -+

H, 2

Y &t ) £ ()

q
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Leptons: clean, surgical tools

e Disentangle distribution (f) and fragmentation (D)
SIDIS functions = measure all process

® Disentangle quark flavours g =& measure
as many hadron species H,h as possible

Y & £¢"(x) D(z)

[+ e hl H, Drell-Yan &
/- h H, a
2
Z eé Dgl(zl) D%”(Zz) Z 862] fflﬂl)(xl) f(qHz)(xz)
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Leptons: clean, surgical tools

e Disentangle distribution (f) and fragmentation (D)
SIDIS functions = measure all process

® Disentangle quark flavours g =& measure
as many hadron species H,h as possible

These are the only processes where

Z eg] f<(1H> (x) D'(;/(z) TMD factorization is proven
q
H Drell-Yan
[* e Ny 1 ]+
_ [
[ h, H,
2 p(Hy) (Hy)
) €; Dg'(z1) DF(z2) ; eg fq " (0) fg (%)
q
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[ [ Leptons: clean, surgical tools

SIDIS
H h’
Y ¢ fq(x) Dy(2)
[ e hl H, Drell-Yan ]+
[~ ) H, [-
2
Y e DY(z)) DgZ(ZQ) Y e fle1>(x1) f%H2>(x2)
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SIDIS
H h’
Y ety (x) DY (2)
[* ete- h 1
[~ h,
). ¢; Dg'(z1) D (z2)

Leptons: clean, surgical tools

Spin Programs

Hl Drell-Yan -+

H, 2

Y e g () £ ()

q
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SIDIS
H h’
Y ety (x) DY (2)
[* ete- h 1
[~ h,
). ¢; Dg'(z1) D (z2)

ferson Lah

Exploving the Neture of Matter

Leptons: clean, surgical tools

Spin Programs

Hl Drell-Yan -+

H, 2

Y e g () £ ()

q
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[ [’ Leptons: clean, surgical tools

Spin Programs

SIDIS

H® @h" (1) T

Z 662] fq " (x) D'(} (z)

q
e h, | Drell-Yan -+

>w~< :>w<

Ze DM th( ) Zeg fo () £ (x2)

q
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[ [’ Leptons: clean, surgical tools

Spin Programs

SIDIS
H h’
Y e2 £y (x) DY (2)
q
h, | Drell-Yan ;-
ete-
>M< >w<
Ze DM th( ) Zefl fo () £ (x2)
q
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H1 Drell-Yan [T The Missing Spin

>M~< Program: Drell-Yan

H; H
- Y &2ty () £ ()
H, q

q

!

Wproduction o __ ¢ Glean access to sea quarks

H, ] e.g. Au(x),Ad(x) at RHIC
H, Y
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H1 Drell-Yan [T The Missing Spin

>M~< Program: Drell-Yan

H; H,
- Y &2ty () £ ()
H, q

q

!

W pr tion
productio <€ o (Clean access to sea quarks

Hl ] e.g. Au(x),Ad(x) at RHIC
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