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Introduction

—| Basic questions

Proton spin decomposition ?

T~

Quark-gluon interactions ?

/

Parton distributions ? ) . .
Spin-orbit correlations ?
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1 Sum rule

Dark spin
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Proton spin puzzle &V’é

1 Sum rule

Dark spin

% = Sy(1t) + La() + Sy(1t) + Ly (1)

A\ 0,007 = 9,010 + 0, MP = 0 ﬁ<*<( mf%fi e
P (2) B, F.s Py
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Proton spin puzzle

1 Ji

[Ji (1997)]

d’r @behp

+ fd?’r?'“'x (E* x B%)

Kinetic

Pros: . Gauge-invariant decomposition

» Accessible in DIS and DVCS

Cons: - Does not satisfy canonical relations
- Incomplete decomposition
News: . Complete decomposition
[Wakamatsu (2009,2010)]

2

— Jaffe-Manohar

[Jaffe, Manohar (1990)]
- 1 e
JQCD_Eded) Z@b
n / Brpt x (=i

+ [ @B x i

-+ /dST E%i 5 ¥ AY
Canonical

Pros: . Satisfies canonical relations

» Complete decomposition

Cons: . Gauge-variant decomposition
« Missing observables for the OAM

News: . Gauge-invariant extension
[Chen et al. (2008)]
» OAM accessible via Wigner distributions
[C.L., Pasquini (2011)]
[C.L., Pasquini, Xiong, Yuan (2011)]
[Hatta (2011)]
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Kinetic

Pros: . Gauge-invariant decom
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Quark-gluon interaction
Twist-3 effect

|onica|

canonical relations
e decomposition

variant decomposition
observables for the OAM

News: . cComplete decomposition

[Wakamatsu (2009,2010)]

News: . Gauge-invariant extension
[Chen et al. (2008)]
» OAM accessible via Wigner distributions
[C.L., Pasquini (2011)]
[C.L., Pasquini, Xiong, Yuan (2011)]
[Hatta (2011)]
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Probing the proton structure ~ @

—| Inelastic scattering

Coherent scattering
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Extremely hard to describe with QCD !
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Probing the proton structure

| Deep inelastic scattering

Incoherent scattering

B V— 9

Q2
Z ~ Im

X

pQCD
universal

Ld z Q?
- - dg_lp—)lXN f —yC'L (_,_,Of 2 ) : ,_ ;
Factorization Z G\ ziosleR) - t=40959
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Probing the proton structure

| Deep inelastic scattering

Incoherent scattering

W aaaaai e
2 ( )
Q2
> - im .
X universal
X
P . y
Factorization i=q5,45,9
g <
d v—<
pu‘Fd#_F Tag iu‘R . Z?'_PC\
DGLAP i '

In practice u7 = 5 = Q*
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Probing the proton structure

—| Parton Distribution Functions

1 dz= .+ - - _ _ _ .
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Probing the proton structure

—| Parton Distribution Functions

1 dz—

= [ = 0, NG (=2 ) TW (20 [pt, 01, A)
2 2m
kYt =azpP?t
DIS
" 0+1D Picture
Quark polarization Spin-spin correlations

U\, |1,| L Vector e @
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. Tensor d} = @ A Not accessible in DIS !
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Probing the proton structure

| Transverse-Momentum dependent PDFs

1 dz~ d2ZJ_ ikz /. 4+ R n.f =z z + Q
E/We (p L0, A |¢(—§)FW’$(§)|IJ aOLaA) =0
EL \ k+ _ P+
[Kotzinian (1995)] -
SIDIS [Boer, Mulders (1998)] \#

[Bacchetta et al. (2007)]
[Anselmino et a/. (2011)]
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Probing the proton structure

| Ve

| Transverse-Momentum dependent PDFs

1 dz~ d2Z ik ~ A Z z 0
E/T)BLB”“ P, 00, No(=2) W (3)[pT, 00, A)

zt=0

ki )
kYt =azpP?t
[Kotzinian (1995)]
SIDIS [Boer, Mulders (1998)] %

[Bacchetta et al. (2007)]

[Anselmino et a/. (2011)]
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Probing the proton structure

{ %9

| Transverse-Momentum dependent PDFs

d d2 2. .z / z Z 0
: / WL 2 0, A (-5 TWe(3) I, 01, A)

zt=0

[Kotzinian (1995)]
[Boer, Mulders (1998)]
[Bacchetta et al. (2007)] ‘

SIDIS

[Anselmino et a/. (2011)]

" 0+3D Picture

Quark polarization
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Probing the proton structure

| Ve

| Transverse-Momentum dependent PDFs
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Probing the proton structure

| Transverse-Momentum dependent PDFs

1 dz~ d2ZJ_ ikz /. 4+ R n.f =z z + Q
E/We (p L0, A |¢(—§)FW’$(§)|IJ aOLaA) =0
EL \ k+ _ P+
[Kotzinian (1995)] -
SIDIS [Boer, Mulders (1998)] \#

[Bacchetta et al. (2007)]
[Anselmino et a/. (2011)]
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Probing the proton structure

Transverse-Momentum dependent PDFs

Transverse single spin asymmetry do' —do*
dot + dot
it

Sr- (7% kr)

Quark polarization
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Probing the proton structure

| Transverse-Momentum dependent PDFs
Transverse single spin asymmetry do' —do*
dot + dot
e
St - (P x kr)
Quark polarization
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Probing the proton structure

—| Generalized PDFs

1 [fdz .+ - X _ _ S
5 [ o A Wl A )

DVCS

" 241D Picture

Quark polarization [Burkardt (2000,2003)]
é U T Ty L o(z,b1) = /d;Aé TR GPD(x,0,-AY)
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Probing the proton structure

—| Generalized PDFs

1 [fdzm .+ - X _ _ -
5 [ o A Wl A )

DVCS

" 241D Picture

Quark polarization [Burkardt (2000,2003)]
c T ‘ - 2 A b A
'g L TI Ty L ,O(x,bl) = / d AJ_ 6_%Ai-bi GPD(ana 7Ai)
< A A (2m)?
'E U H ! 2—1% Er —1 ﬁ Er
] A A2 A~ AN, A A, &
— T Sy o —z 'y LY =z £ -y -
Q [f=+] "3m HTI Asz Hr M,_f.z 71?2’ _ ZM ~ Ji's sum rule [Ji (1997)]
§ T, —i?—ﬁ, szyHT Hr — ;MEyHT ﬁg 1
9 - . - J0 = —fdm[Hq’g(w 0,0) + E%9(z,0,0)
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Probing the proton structure

—|  Generalized TMDs

2 7

1 [dz=d?z . R ar=r » B R
L / Qo d 2L syt AL A5 IW(E) T, — B, A)

2 (27)3 2t=0
i NP
?7?7? Quasi-probabilistic by .
2797 interpretation k.= LTl
[Wigner (1932)]
[Belitsky , Ji, Yuan (2004)] 243D Picture

[C.L., Pasquini (2011)]

Quark polarization
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Probing the proton structure

Generalized TMDs

(k) [Gev/ fm?)

OAM [C.L., Pasquini (2011)]

.008,

fz:/dwkoldeL (l_ﬂxl_)l) p(w,i;:'i,gl)
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= —\/dmkoLﬁFlél(ajuklvol)
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[C.L. et al. (2012)]

Quark polarization
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fdy
Parton distribution zoo r1.

Complete set

1

Yi Yo

[C.L., Pasquini, Vanderhaeghen (2011)]
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Overlap representation

| Fock expansion of the proton state

Voo 1999) + Vyuqo laaag) + Yyuez |9aqqq) +

gﬁ —

| Fock states

Simultaneous eigenstates of

AT
Pt =>"kf
- Momentum

if\i"
0, =P = Z kil

i=1

ki, A

ks, A3 \ Light-front
1

helicity
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Overlap representation

| Light-front wave functions
Eigenstates of parton light-front helicity
3 @A \ N
) / o\ /
Siz lI!)\l"')tN —/\z ‘I’}u'")tw A = E )\1‘|‘f’z
Eigenstates of total OAM i=1
T A _ A
Lz “Ij)\l---)\m - 'iz lI’)s.l---)\N AA* =0 gauge
—| Proton state
Probability associated with the N, Fock state A=s,+71,
A o 2 A 2 .
‘Oi\rv.ﬁ — /[dT]ﬁr [d kJ_]ﬁr lI’)il"'}kN N N A
_ se=(5:)=) D Mipkg
Normalization N,3 i=1

S hs=1 b= (L) =3 Lok s
[N N8
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Comparison of different OAM

—| Overlap representation

[Hagler, Mukherjee, Schafer (2004)]
[C.L., Pasquini, Xiong, Yuan (2011)]

Flavor contribution [C.L., Pasquini (2011)]

- ZZéqq f (o] [k ] [‘I’*NT,ﬁ (’;ﬂx %’M) w}\,,ﬁ}

Nﬁz 1
N N ,
:——ZZ(SQQ [dl‘]N d ’CJ_} Z(5ni—$n) [‘D*th (’%‘LX %knm) W?V,,B
N.,p i=1 n=1 -
2—%22% /dw]N d2kL} {( —2X\)
N,B i=1

| Pure quark system

[C.L., Pasquini (2011)]
Conservation of transverse momentum

Z’fu wi— —kL—ZEnZ;kL_knL @ZZ@:ZQZ;LE

Conservation of longitudinal momentum

B(0)=0 NB: also valid for N, Fock states

Anomalous

; % (On = &n) = &n (1 - ; %) =0 i el [Brodsky, Hwang, Ma, Schmidt (2001)]

sum rule!
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Comparison of different OAM Mgt

| Light-front 3Q models

[C.L., Pasquini (2011)]

Model LCCQM LCYQSM

q u d Total U d Total

1% 0.131 —0.005)0.126 | ( 0.073 —0.004)0.069 [[GTMDS]
L {0.071 0.055 ]0.126 [—0.008 0.077 ]0.069 [GPDs]
£7 | 0169 —0.042 0.126 | 0093 —0.023 0069 [LEMDSY

A Models are not QCD

A Truncation of Fock space can spoil Lorentz covariance

[Carbonell, Desplanques, Karmanov, Mathiot (1998)]

mmss>  In model calculations, one should expect /. = L. but (74 LY
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Emerging picture

| Longitudinal

09 & F4, -@»-@»

C? < Gf4

[C.L., Pasquini (2011)]

Transverse

[Burkardt (2005)]
[Barone et al. (2008)]
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Summary

Proton spin decomposition ?

- Canonical and kinetic AM
 Accessible in (semi-)inclusive
and exclusive processes

Quark-gluon interactions ?
« Scale dependence
» Twist-3 effects

/

Parton distributions ? ) ] .
. Factorization theorem Spin-orbit correlations ?

- Baryon tomography - Different types of polarization
« Multipolar structure

Thank you !



