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the Infinite Momentum Frame (IMF)

probe short distances
= Deep-Inelastic (DIS) regime

DIS regime IMF <=> Light-Cone (LC) kin.
Q -
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v* Lorentz
virtual boost

photon N at rest
all partons ~ collinear

go beyond this approx.
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the proton spin budget ¢
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the proton spin budget ¢

since EMC (1988, the “spin crisis”)
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the GPD

GPD (x, &, t; Q?)
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the GPD

GPD (x, &, t; Q?)

Mm GPD(z,¢,t) = PDF(x) not directly accessible
(E9 —= N spin flip)
g — — 9 ;
0 0) = 19 (0 need model extrapolation

o 3

%/dxw |H(z,0,0) + E%(z,0,0) ]

> [A300) + BIo(0)]

Jz

moments of GPD

Generalized Form Factors calculable on lattice
B =11 Bio(=F), A0,B20, Aszp,Aszz.. B3o, Bt
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|9 results
(model) params. of GPD
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GPD convoluted in Compton Form Factors
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® azimuthal angle of Y/ M

“Physics Opportunities with the 12 GeV Upgrade at Jefferson Lab”, E.PJ. A48 (12) 187
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|9 results
compare with lattice QCD
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tomography of the Nucleon

GPD limit: -0 (P=P'*); t- —(P’. -P.)?= —¢?
M dq iq-b 2
b# N Q(.’L',b) — /(27[')26 H(.’E,O,t:—q )

q(x,b) is a density in b < gq=P".-P,

# density of partons with momentum x
and position b

tomography of N
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tomography of the Nucleon

GPD limit: -0 (P=P'*); t- —(P’. -P.)?= —¢?
M dq iq-b 2
b# N Q(.’L',b) — /(27[')26 H(.’E,O,t:—q )

q(x,b) is a density in b < gq=P".-P,

# density of partons with momentum x
and position b

tomography of N
alleerall x = p'(b) = /d-’b‘/ (;7?)2 e'v® H(z,0,t = —q°)
e dq 6'iq-b i e i
/(27r)2 Fi(t=—q)

G.A. Miller, PR.L. 99 (07) 112001 Dirac form factor
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revolutionize the neutron

inside neutron
G.A. Miller,

e L PRL99 (07) 112001

p%(b) [fm2]
neutron

|
cooo ©
2WN=O =

0 056 1 15 2
b fm]

neutron core with negative charge
plus © cloud with positive charge !



polarized N = deformation

polarization S, — spin-flip E(x,0,-q%) = by deformation
b=Db (cos®p, sin®p)

Ji(lalb) F2(Q* = q7)

*dlq| q°
b) = p’(b
p(b) = p'(b) + cosgy [ GE

proton
polarization

10 _ -05 0.0 0.5 1.0 -1. ~0. f f 1.0
b, (fm)

Ex ~ dipole deformation

A. Bacchetta & M. Contalbrigo, and % C. Carlson & M. Vanderhaeghen,
Il Nuovo Saggiatore 28 (12) n.1,2 i PR.L. 100 (08) 032004



parton Orbital Angular Momentum
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NT polarization along y
gives a twist along x
to parton charge densities
because of their

Orbital Angular Momentum
(OAM)

how to define it ?
(gauge-inv. definition is

common problem for

gauge field th.s)



definition #1 of OAM

from Ji’s sum rule :
OAM = total ) - helicity
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gauge invariant
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definition #1 of OAM

from Ji’s sum rule :

OAM = total ] - helicity

@) = Q) {=; [ds [fi0)+E@0,06eY)]}

- 51@) {= [wa@en}

gauge invariant
measurable (DIS — f1, g1 ; DVCS — E)

=

but L9 does not satisfy canonical relations
alternatives?... *

for a review E. Leader & C. Lorcé, arXiv:1309.4235 [hep-ph]



the latest scenario from lattice

@ M. Deka et al. (XQCD), arXiv:1312.4816 [hep-lat]
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mJ* (CI + DI)
m J¢ (CI + DI)
1 J* (DI)
\ T RN
CI(u) CI(d) [CI(u+d) DI(u/d) DI(s) Glue
(x) || 0.416(40) 0.151(20) |0.567(45) 0.037(7) 0.023(6) 0.334(56)
T»(0)/0.283(112) -0.217(80)| 0.061(22) -0.002(2) -0.001(3) -0.056(52)

2J |{004(II8) -0.070(82)| 0.629(51) J01035(7) 0.022(7) 0.278(76)
ga || 0.91(11) -0.30(12) | 0.62(9) [042(1) =012(1) -
2L [[B0RIE6) 0.23(15) | 0.01(10) oM@ o0.14) -

TABLE III. Renormalized values in M S scheme at p =2 GeV.

Connected Insertions Disconnected 28(8)%

| 2.2(0.71)%
-4(8)%

OAM
m L* (CI + DI)
28(8)% B L¢ (CI + DI)
1L (DI)
| m Js

AY |u+d+s
e

gal = Au + Ad + As

Plte,0 = 0|




Wigner Distribution

5D Woshsq (X, ki,b1) The “mother”
. distribution
3D p(X/bJ_) .
| correlation of quark
e K L momentum and position
1 position| b, 5 :
' for SN and Sq polarizations
A i - PO
> N not positive-definite

bUt b S q:P,J__PJ_

no constraint from
Heisenberg principle

C. Lorcé, B. Pasquini, M. Vanderhaeghen,
JHEP 17105 (11) 041
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Wigner Distribution

5D Woansq kb))  The “mother”
e distribution
3D p(X/bJ_)

correlation of quark
. I5 ( [ ]
e K L momentum and position
1 position| b, /7

X'b : for SN and Sq polarizations
e > not positive-definite

bUt b A q:P,J__PJ_

no constraint from
Heisenberg principle
C. Lorcé, B. Pasquini, M. Vanderhaeghen,
JHEP 1105 (11) 041

/0/(9/7@

Jdk, W(x,k., b)) = q(x,b.) = GPD

7
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Transverse Mom. Distributions (TMD)

5D J‘dbj_ W(X,kJ_,bJ_)
N
3D q(x,k.) TMD parton density in k-space

the F.T. of q(x,b.)
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N
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Transverse Mom. Distributions (TMD)

5D jdbj_ W(X,kj_,bj_)
N
3D q(x,k.) TMD parton density in k-space

iIs not the E.T. of g(x,b,)
leading twist: 8 TMDs

quark pol.

Wi T
RO, i
s | L @)| My
21T | 1k | o |(@)hix

i * Anselmino et al., PR. D87 (13) 094019

Twist-2 TMDs * A. Bacchetta, A. Courtoy, M. Radici,
JHEP 03 (13) 119

[dk, TMD(x,k,) — PDF(x)
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Transverse Mom. Distributions (TMD)

5D jdbl W(X,kj_,bj_)
N
3D q(x,k.) TMD parton density in k-space

iIs not the E.T. of g(x,b,)
leading twist: 8 TMDs

quark pol.
Uk T
2 U@ bt
% : @ 1N Jdx h1(x) = tensor charge
= e | e ({0 i

i * Anselmino et al., PR. D87 (13) 094019

Twist-2 TMDs * A. Bacchetta, A. Courtoy, M. Radici,
JHEP 03 (13) 119

[dk, TMD(x,k,) — PDF(x)
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nucleon pol.
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|dk, TMD(x k,) — PDF(x) ?

quark pol.

L

T

hi

girL

1
hlL

H | &

fir

qiT

hlv hf_T

Twist-2 TMDs

o dk.

0 << Q ~Q y
>
divergent do match .
soft & coll. g’s ? fixed order

— resum large logs

Collins, Soper, Sterman, N.P. B250 (85) 199
Collins, “Foundations of perturb. QCD” (C.U.P,11)
Echevarria et al.,, E.PJ. C73 (13) 2636 .....



|dk, TMD(x k,) — PDF(x) ?

quark pol. 0 << %
0| [0 dk = -
slu|n) hi 0 e divergent do match
e soft & coll. g’s 2 fixed order
= 1| fip | g1 | M, By — resum large logs
Twist-2 TMDs ,
Collins, Soper, Sterman, N.P. B250 (85) 199
Collins, “Foundations of perturb. QCD” (C.U.P,11)
. Echevarria et al.,, E.PJ. C73 (13) 2636 .....
in b, space
2
q N2\ ' . o Sl a@) S0 Lo q N2
f1 (ZU,bJ_,Q ) = Z [qu 0% f{] <£IZ, b_2> e p(b«;Q) e np(bl) logQ/Qo fl (xbe_’QO)
e, |
/ ! b b
hard coeffs.  PDF perturb. non-perturb. non-perturo.
Sudakov Sudakov input TMD
| L—
all divergent forb, = o (k. = 0) \V
depend
prescription: b, = b, = on parameters

\/1 +‘ 4/' to be fitted
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f’|q<X,kJ_> — I_HC

quark pol.
T o K impact of TMD on
2lun) hy s > 0
iy xP+ /9 peak = W mass
F% fiz | @17 | h1, hir

Twist-2 TMD
wist S P. Nadolski, hep-ph/0412146

175
150 \ W)
_____ V\ypert (b)e—O.S b?
A 125
7.5% &[§ 100 |
5 o I
 / © g, 75 ¢
< > |
. 50 |
30% |
25 1 pp>Z X (ECM = 1.8 TeV)
: : y=0
uncertainty R e

qr, GeV
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nucleon pol.
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flavor analysis of TMD(x k)

quark pol.
i fit SIDIS
i S multiplicity
L 91L Wi
T | fir | oir | b1, Pap fl’Om HERMES

Twist-2 TMDs

1.8
1.6
1.4
g 512
=10
0.8
0.6
0.4

H

s’
~fs

s 203 :-'.‘\-'

L
A

L
(]
.s%.

.
.
%
---P-Q-’:c

0.2 04 0.6 08 1.0 1.2 1.4 1.6
(K2 4,)
(K2 .0.)

A. Signori et al., JHEP1311 (13) 194
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flavor analysis of TMD(x k)

quark pol.
U L T
; o
F (fl) hi
g 14 giL i
é flLT qaiT | h, hf'T

Twist-2 TMDs

=10l

(GeV)

(GeV)

fit SIDIS S

. Saalet 1.6 - . . :
multiplicity oL
1.4 e e
from HERMES __ A
3| 312 o Nims \'i
= o CepemoRtt,
PR 2
0.8 . e
e
0.6 :
04702 04 06 08 1.'0 12 1.4 1.6
(K24,
(K2 4,)

A. Signori et al., JHEP1311 (13) 194

down < up <sea?
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the Sivers effect

quark pol.
leading twist: 8 TMDs g iosle T
S i
S
2 L. gir hit
£ il
g I gir | hi, th

Sivers function Twist-2 TMDs

o o

T,

/' distortion of quark distribution
because of NT polarization

D. Sivers, PR. D41 (90) 83
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flavor dependence of Sivers effect

distribution of unpolarized q in polarized P!

(].S X kJ_) - S
fapr (@ k1) = fi (2, kD) = fia (2, K2) =

1.0

polarization
Sy

0.5.

k, (GeV)

deformation along x

A. Bacchetta & M. Contalbrigo,
Il Nuovo Saggiatore 28 (12) n.1,2 %f\
|



the Sivers effect in semi-incl. DIS (SIDIS)

K. Bruhwel - TINAF - 2003
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parametrizations of Sivers function

leading twist: 8 TMDs

quark pol.
U L T

fi hi

* M. Anselmino et al, E.PJ. A39 (09) 89

* M. Anselmino, M.E. Boglione, S. Melis,
PR. D86 (12) 014028

gi1L hf_L

L
= f1LT qair | hi, hlLT

1+U7Z)n pol.
&

* A. Bacchetta & M. Radici,

PR.L. 107 (11) 212001 ,
Twist-2 TMDs

*W. Vogelsang & F. Yuan,
P.R. D72 (05) 054028

=N@®@oliinsetal.
PR. D73 (06) 014021

*S.M. Aybat, A. Prokudin, T.C. Rogers,
PR.L. 108 (12) 242003

RSSO UInA S F Yuah, *D. Boer,
PR. D88 (13) 034016 N.P. B874 (13) 217
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| polarization
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~1.0/4 : , : ]
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: in b space
lensing color

function FSI

in k space
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TMD fi1+
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M. Burkardt, PR. D66 (02) 114005
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‘Ji’s sum rulel Q) = %/0 dez [ H(z,0,0; Q%) + E%(z,0,0; Q)]

not accessible

‘assumptionl L((’)‘I(x @ @Eq(x,O,O;Q%)

A. Bacchetta, F. Conti, M. Radici, :
B o0 701 lensing funct. (at some Q)
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Ji's sum rulef J4(Q* = %/ dez [ H(z,0,0; Q%) + E%(z,0,0; Q)]
‘ l 4 :

not accessible

‘assumptionl 04 92) = 1x,0,0; Q%)

A. Bacchetta, F. Conti, M. Radici, :
B o0 701 lensing funct. (at some Q)

comparison with other GPD extractions and lattice results

010 0 —————

Goloskokov & Kroll, EPJ C59 (09) 809
Diehl & Kroll, E.P.J. C73 (13) 2397
Diehl et al., EPJ C39 (05) 1

Guidal et al., PR D72 (05) 054013

Liuti at al., PRD 84 (11) 034007
Bacchetta & Radici, PRL 107 (11) 212001
LHPC-1, PR D77 (08) 094502

LHPC-2, PR D82 (10) 094502

QCDSF, arXiv:0710.1534

—— Wakamatsu, EPJ A44 (10) 297

: (model based) —a +0.009 d—d __ +0.021
T S T . JU =024 D555 JT0 = —0.029 i gos

T T JuT% =0.230 £3595  J474 = —0.004 *5:51

0.05F

3

_|_

3
™~

(model based)

0.00

JLLab Hall A PR1.99 (07)

Jd «d

-005F

L | [

-0.10F
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Reason #2 for the Sivers function

= h
SIDIS Drell-Yan P
h P X P
}f factorization theorems
— ~
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Reason #2 for the Sivers function

= h
SIDIS Drell-Yan P
h P X P
}f factorization theorems
e=___ >

universality
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Reason #2 for the Sivers function

E h

SIDIS Drell-Yan P
X P

factorization theorems

universality

eEinal” residual color interactions  “Initial”

QCD prediction to be tested: | Sivers
(at COMPASS)

29

= —Slvers
SIDIS

J.C. Collins, PL. B536 (02)

D-Y
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“roadmap” to a multi-dim. picture of N

“Electron lon Collider: the Next QCD Frontier”
arXiv:1212.1701 [nucl-ex]

GPD(X, EZO/ t:—qz)



“roadmap” to a multi-dim. picture of N

“Electron lon Collider: the Next QCD Frontier”
arXiv:1212.1701 [nucl-ex]

: 1212,
22 : SO é
3 Wigner distributions . . Form Factors

W(x,k.,b,) elastic FF(Q2=q2)

scattering
Jdb dkl IdX
: e exclusive processes
bﬁ—)q BV@Es
q(x,k) p(x,b.) GPD(x, €=0, t=-¢?)

SIDIS
Idl\ / db. fobx xn-
t O

Ano -I-Anz 4&2

parton density
Gener. Form Factors
yx inclusive

DIS | attice
30



“roadmap” to a multi-dim. picture of N

“Electron lon Collider: the Next QCD Frontier”
arXiv:1212.1701 [nucl-ex]
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future directions ?

“Electron lon Collider:

the Next QCD Frontier” example . DVCS data
arXiv:1212.1701 [nucl-ex]
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Current DVCS data at colliders:

10 3 —(O ZEUS- total xsec O H1- total xsec
® ZEUS- do/dt B Hi-do/dt 3
B H1-Agy 0\17

Current DVCS data at fixed targets:

- A HERMES-A; A HERMES-ACU
L A HERMES- Ay, Aul, AL
A HERMES-Ayr * HallA- CFFs
%X CLAS-A, % CLAS-Ay.

Planned DVCS at fixed targ.:

(K5 COMPASS- dO'/dt, Acsu, ACST
JLAB12- dO’/dt, ALU: AULa A|_|_
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“ With 3D projections, we will be entering a new age.
Something which was never technically possible before: a
stunning visual experience which ‘turbocharges’ the viewing. ”

James Cameron




