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Lecture 1

* Introduction
* Tour in phase space
 Galileo vs Lorentz

Lecture 2

* Photon point of view
* Galileo vs Lorentz : round 2
* Nucleon 1D picture

Lecture 3

* Nucleon 2D picture
«1D+2D=3D
- Galileo vs Lorentz : round 3

Lecture 4

« Another nucleon 3D picture
* Tour in Fock space
- 3D+3D=...5D!



What about ; ? 1/32

Large single-spin asymmetries have been observed at high energy !
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Semi-inclusive DIS

Inclusive DIS Semi-inclusive DIS (SIDIS)

(O Identified particles in final state



Transverse-momentum distributions (TMDs) 332

Optical theorem Finacl;sttate

do ~ Z TMD(.'L', EJ_) ® dohard ® FF(ZvﬁJ_) + O(IZQ_T)
FragmeYntation

Function
[Collins, Soper, Sterman (1985)]
[Ji, Ma, Yuan (2004)]
ete” - hh'X X [Idilbi et al. (2004)]
[Cherednikov, Stefanis (2008)]
gBABAR [Trentadue, Ceccopieri (2008)]

[Hautman (2008)]
[Echevarria, Idilbi, Scimemi (2011)]
[Collins (2011)]



Transverse-momentum distributions (TMDs)  4/32

TMD correlator
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r Y= [Bacchetta et al. (2004)]
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- q N TPy [Anselmino et a/. (2011)]
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Spin-orbit correlations

Average Position
momentum shift
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Multipole structure

Quark polarization
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Multipole structure

Quark polarization
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Multipole structure

Quark polarization
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Multipole structure

Quark polarization
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Multipole structure

Quark polarization
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Drell-Yan

CPT invariance =)

Generalized universality

Non-trivial gauge link )V

[Belitsky et al. (2003)]
[Boer et al. (2003)]
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Fundamental test!

Naive T-odd
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[Buffing et al. (2012)]
[Buffing et a/. (2013)]
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Color-induced phase ! ESI ISI

QED

—_—

QCD

w(x)[P)
Analogy: F. Pijiman
Figure: K. Huyser

Attractive Repulsive

Quasi-classical interpretation

[Sivers (2006)]
[Sievert, Kovchegov (2014)]



Transverse-momentum distributions (TMDs)  13/32

Clear experimental signal Lattice QCD
COMPASS 2010 proton data [Musch et al. (2012)]
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[Anselmino et a/. (2012)] Courtesy of Alexei Prokudin



Transverse-momentum distributions (TMDs)

Open questions and problems

* Tests of universality (e.g. with DY) and evolution
* Model dependence and extrapolations

* Precise determination of polarized TMDs
 Extraction of gluon TMDs

» Accessing higher-twist distributions

« Link with low Xx, kfactorization

 Sign mismatch with collinear twist-3 approach
 Factorization breaks down in some pp scattering
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M. Buffing

Entangled color flow
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[Rogers, Mulders (2011)]
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Collinear/twist-3
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[Kang et al. (2011)]



Parton distribution zoo

Theoretical tools
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[C.L., Pasquini, Vanderhaeghen (2011)]




Parton distribution zoo

Theoretical tools

« Physical » objects
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Parton distribution zoo

Theoretical tools

« Physical » objects
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Parton distribution zoo
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Light-front wave functions (LFWFs)

Fock expansion of the nucleon state

p) = VY 1999) + Ve 19999) + Vg 199997)

£ € £

Probability associated with the Fock states
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Light-front wave functions (LFWFs)

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



Light-front wave functions (LFWFs)

Light-front quark models
3
bag(r) =N T(r) y 837 [] Daor (ki)
0 T i=1

SU(6) spin-flavor
wave function

Wigner rotation
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[C.L., Pasquini, Vanderhaeghen (2011)]



Parametrization

Twist-2

Quark polarization

S U T, T, L
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Complete parametrizations: Quarks [Meissner, Metz, Schlegel (2009)]

[C.L., Pasquini (2013)]




Parametrization

Twist-2

Quark polarization
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[C.L., Pasquini (2013)]




Parametrization

Twist-2

Quark polarization -
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Complete parametrizations: Quarks [Meissner, Metz, Schlegel (2009)]
Quarks & gluons [C.L., Pasquini (2013)]



Parametrization

Twist-2

Quark polarization -
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Quarks & gluons [C.L., Pasquini (2013)]



Parametrization

Twist-2

Quark polarization -
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Complete parametrizations: Quarks [Meissner, Metz, Schlegel (2009)]

Quarks & gluons [C.L., Pasquini (2013)]
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/ de pyy (2, %1, 51)
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Wigner distribution of unpolarized quark in unpolarized nucleon A
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/ de pyy (2, %1, 51)

Quark spin-nucleon spin correlation b
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[C.L., Pasquini (2011)]



Model results 20/32

/dmpw(w, Fi.by)

Distortion correlated to nucleon spin

(p[fi} — p[ji]) x Fia

LS|

PLU =

£iy 1[(GeV?-fm’)] siy 1[(GeV?-fm’)]

1.0, 1.0, | -
W 0.3 i A e
O] 0.24
0.5 O o1s 0.5
_ ] 012 _
S Ll 0.06 g
> 00 I o > 00
. -0.06 | &
-0.12
—0.5 -0.18 —-0.5
-0.24
-0.3
—-1.0t : . -1.0t ' !
-1.0 =05 0.0 0.5 10 -1.0 =05 00 0.5 1.0
by [ fm] b, [ fm)]
>  Proton spin
—> t~quark OAM
< d-quark OAM

[C.L., Pasquini (2011)]
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/dwpw(:c, Fi.by)

Distortion correlated to quark spin b>
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Lecture 4

* TMDs provide complementary 3D pictures of the nucleon
- All distributions can be seen as overlaps of light-front wave functions
» Models constrained by data give access to Wigner distributions

. Nucleon i |
W ] \ o

GPDs TMDs FFs PDFs



