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Lecture I 

� Transverse spin physics: general motivations

� Transversity distribution function (collinear factorization)

� Azimuthal and single spin asymmetries (phenomenological motivations)

� Theoretical approaches

TMD generalized parton model (inclusion of spin and kT effects)TMD generalized parton model (inclusion of spin and kT effects)

TMD color gauge invariant approach (pQCD gauge links)

Twist-three collinear factorization formalism

� Open points, possible future developments

Lecture II: Phenomenological applicationsLecture II: Phenomenological applications
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Transverse spin physics

It was an early common belief that transverse spin effects should play a
negligible role in high-energy hadronic reactions

In a frame where a particle with mass m is moving very fast
(with energy E á m) the transverse spin components are suppressed

with respect to the longitudinal one by a factor m/Ewith respect to the longitudinal one by a factor m/E

However, this does not mean that ALL transverse polarization
phenomena are subleading. Some of them are neither

kinematically nor dynamically suppressed

In fact, there are several transverse spin effects contradicting this prejudice: , p g p j
transverse single spin asymmetries, transverse hyperon polarization in unpol. 

hadronic collisions; spin-spin correlations in pp elastic scattering
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Transverse spin physics

A new class of leading twist (dominant term in a 1/Q power expansion, with Q 
the large energy scale) spin and transverse momentum dependent (TMD) 

t i di t ib ti d f t ti f ti h b h t lpartonic distribution and fragmentation functions has been shown to play a 
fundamental role in this game

Polarized TMD distributions are intimately related to
parton orbital motion inside hadrons, 

hadron structure in the impact parameter space,hadron structure in the impact parameter space, 
generalized parton distributions in deeply virtual Compton scattering

[Lectures by C. Weiss]
light-cone hadronic wave functionslight cone hadronic wave functions

A continued careful study of these polarized observables in different
kinematical situations and in different processes will hopefully help clarifying

in much more detail the dynamical structure of hadrons
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Transversity distribution

In the collinear (transverse momentum integrated) case  the leading twist
quark-quark correlator reads

Unpola i ed helicity transversityUnpolarized
distribution

helicity
distribution

transversity
distribution

In the proton rest frame there is nothing discriminating between longitudinal and transverse
spin direction  fl helicity distribution ª transversity distribution
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Transversity distribution

Transversity is chiral-odd fidecouples from transversely polarized
Deeply Inelastic Scattering

QCD and electroweak interactions preserve helicity in the fermion-vector bosonQCD and electroweak interactions preserve helicity in the fermion-vector boson
interaction vertex (to all orders in the coupling constant power expansion), therefore

helicity-flip terms are forbidden (m/E suppressed)

Thi l i h t it i l k d t th th tThis explains why transversity is so poorly known as compared to the other two
leading twist (unpolarized and helicity) distributions accessible in DIS 

I lli fi tiIn collinear configuration
no analogue of transversity

for gluons in spin 1/2 
hadrons

F. Murgia - INFN CA Nucleon Structure School  
Torino 2009 6

hadrons



Are there alternative ways to measure transversity?

Double transverse spin asymmetry ATT in Drell-Yan dimuon production processes

Soon at RHIC
However in pp collisions always a sea

quark distribution is involved;quark distribution is involved; 
estimates indicate a very small

asymmetry

On a longer time scale 
p-pbar collisions at PAX 

Needs efficiently polarized antiprotons
(a formidable task by itself)(a formidable task by itself)
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Kinematics of the Drell-Yan process in the dilepton c.m. framep p
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Azimuthal spin asymmetries in 
single particle SIDIS production, Azimuthal correlations in two-particle

production in SIDIS and e+e- collisionswith a chiral-odd and transverse
momentum dependent
fragmentation function

production in SIDIS and e+e collisions
via interference (dihadron) 

fragmentation functions

(Collins effect, see the sequel)
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Present information on transversity

R l i l i l ( i l lik ) QCD l i i h lRelatively simple (non-singlet like) QCD evolution with scale 
(no gluon contribution to transversity for spin 1/2 hadrons )

Hayashigaki  Kanazawa  Koike PRD 56 (1997)Hayashigaki, Kanazawa, Koike PRD 56 (1997)
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Soffer bound (preserved by pQCD evolution)

Tensor charge
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Model calculations for the transversity distribution

Relativistic MIT bag models
Colour dielectric models

Chiral quark soliton models
Light-cone models and Melosh rotation

Diquark spectator models

P bl i h d l l d i iProblems with model scale determination

Non perturbative QCD calculations
(tensor charge)(tensor charge)
QCD sum rules

Lattice calculations

First parameterizations by fitting spin and 
azimuthal asymmetries in SIDIS

hadron production with polarized andhadron production  with polarized and
transverse momentum dependent

PDFs and FFs (see sequel) 
Anselmino et al
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Model calculations for the transversity distribution
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Azimuthal and spin asymmetries in  high-energy 
inclusive and semi-inclusive particle production

Theoretical expectactions (circa 1980) Theoretical expectactions (circa 1980) 

Longitudinal single spin asymmetries
Forbidden by rotational and parity invariance of strong interactions

can arise in weak processes; we will not consider them herecan arise in weak processes; we will not consider them here

Transverse spin asymmetries (SSA)
Expected to be negligible in high-energy hadronic processes. In the framework of pQCD and 

collinear factori ation at leading t ist SSAs are related to the imaginar part of interference termscollinear factorization, at leading twist SSAs are related to the imaginary part of interference terms
between two elementary scattering amplitudes, off-diagonal (helicity-flip)

in the helicity indices of the involved (transversely polarized) parton

At tree level all helicity amplitudes are real;At tree level, all helicity amplitudes are real; 
imaginary parts can only arise through higher-order (loop) contributions

The QCD massless quark –gluon coupling preserves helicity at all perturbative orders
Helicity flip contributions in the amplitudes must be proportional to (powers of) m /EHelicity flip contributions in the amplitudes must be proportional to (powers of) mq/Eq

Kane, Pumplin, Repko PRL 41 (1978)
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Unexpected experimental results for pion SSAs in pp collisions

∼ 1990
RHIC-STAR

∼ 2004
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π+

π-π

C. Aidala, Spin2008
see lectures on Friday
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Transverse hyperon polarization in unpolarized pN collisions
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1991
D Si h h i i f h h h d i SSA b d lD. Sivers suggests that the origin of the huge hadronic SSAs observed at large

positive Feynman x and intermediate hadronic pT, could not be due to the 
underlining partonic asymmetry. Rather, they could be related to:

A transverse momentum dependent (TMD) PDF significantly asymmetric in 
the azimuthal distribution of the (un)polarized partons around the direction of

i f h l l i d h dmotion of the  transversely polarized parent hadron
(The leading-twist TMD Sivers distribution function)

Chiral –even (no quark helicity-flip required, naively Time Reversal odd ( T-odd )

An azimuthally coherent [higher-twist in (kT/pT)] dependence of the unpol.
partonic cross sections from intrinsic parton momenta (kT), relevant at the
i di l h d i b d i h i ( )intermediate-large hadronic pT observed in the experiments (pT ∼1-4 GeV)
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XX
In the forward direction

pq (+kT)
θ+ < θ0

A

pq ( T)

θ0

ZASA,T pq (-kT)
θ- > θ0Y
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1993
J Collins suggests that the naively T-odd Sivers distribution function shouldJ. Collins suggests that the naively T odd Sivers distribution function should

vanish because of time-reversal invariance (see however the sequel!) 

He proposes an alternative mechanism, acting in the fragmentation process, for
SSAs in semi-inclusive DIS with a transv. polarized proton target, lp↑ | l’ h X.

This mechanism involves:

the TMD transversity distribution in the initial polarized hadronthe TMD transversity distribution in the initial polarized hadron
(opening an alternative way to measure it!)

The partonic transverse polarization transfer from thep p
initial polarized parton to the final fragmenting parton

An azimuthal asymmetry around the jet axis in the distribution of the observed
( ) l i d h d (th C lli ff t)(un)polarized hadrons (the Collins effect)

Chiral-odd,  naively T-odd
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Single particle inclusive production in pp collisions
in a QCD-inspired parton model
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Generalized parton model:
Leading twist TMD PD functions and FFs

Consider the doubly polarized invariant differential cross section for single-inclusive
particle production, A(SA) B(SB) | C + X:

� A, B are the initial spin 1/2 hadrons, typically two protons in pure spin states SA, SB

� C is the observed unpolarized particle, typically a pion, kaon or photon; can be extended to
polarized spin 1/2 or spin 1 hadrons (hyperons, r mesons, etc.)

� J(k⊥c) is a phase-space kinematical factor [J(k⊥c) | 1 for massless collinear

partons/hadrons]

� Consider the process in the hadronic (AB) c.m. frame, with hadron A moving along the +Zcm

axis and particle C produced in the (XZ)cm upper-half planecm

� The notation {l} indicates a sum over all helicity indices

� xa, xb, z, are usual light-cone momentum fractions
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are the leading-twist spin and transverse momentum dependent (TMD) PDF
of the unpolarized parton a inside hadron A with spin S (analogously for b/B); theyof the unpolarized parton a inside hadron A with spin SA (analogously for b/B); they
generalize the usual partonic distributions in collinear (kT-integrated) configuration

are the helicity amplitudes for the hard elementary process ab | cd

are the leading twist TMD fragmentation functions for the process c | C + X
[for unpolarized C they are diagonal in the hadron helicity indices]

The polarization of parton a (with spin s ) is determined by the polarization state of theThe polarization of parton a (with spin sa) is determined by the polarization state of the
parent hadron A (with spin SA, fixed by experimental conditions) and by the soft
nonperturbative processes related to the hadron structure (analogously for parton b inside B).
Complete information is encoded in

Helicity Density
Matrix of hadron A

Related do the leading twist hadronic correlator
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Due to rotational invariance

And to parity invariance of strong interactions Some parity relations
are different forare different for
quarks (sq=1/2) and
gluons (sg=1)

There are eight independent leading twist TMD functionsg p g

e.g. for quarks [ upper (lower) indices refer to parton (hadron) helicities ]e.g. for quarks [ upper (lower) indices refer to parton (hadron) helicities ]

⇒ Obviously purely real quantities
Unpolarized and longitudinally polarized PDFs, f1 and g1L

⇒

⇒

Purely real(imaginary) quantities for quarks(gluons)
Contributions to the quark TMD transversity DF,: 

These last 4 complex⇒ Sivers function and       PDF 

⇒ Boer-Mulders function and        PDF

p
functions are not

independent; can also be
written in terms of the

real and imaginary parts of
two of them
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quark sector
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Jaffe  Ji – Amsterdam group notationJaffe, Ji – Amsterdam group notation

f, g, h : unpolarized, longitudinally pol., transversely pol. quark

Subscript 1: leading twist distribution
Subscript L: longitudinally polarized hadron
S b i t T  t l l i d h dSubscript T: transversely polarized hadron

Apex ⊥ :      presence of transverse momenta with uncontracted
Lorentz indiceso e t d ces

Uncontracted Lorentz indices

Transversely polarized quark

Leading twist distribution
Longitudinally polarized proton
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TMD fragmentation functions – spin 1/2 hadrons, LT

unpolarized FF

Collins FF

Polarizing FF
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Sivers distribution function (chiral-even, naively T-odd)

Boer-Mulders function (chiral odd, naively T-odd)

Collins fragmentation function (chiral-odd, naively T-odd)

“Polarizing” fragmentation function (chiral even, naively T-odd)
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Theoretical information on TMD functions

Simple positivity bounds, e.g.

Soffer bound for the kT dependent transversity distributionT p y

Generalized positivity bounds for kT moments of TMD distribution and
fragmentation functions [Bacchetta, Boglione, Henneman, Mulders, PRL 85 (2000)]
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Theoretical information on TMD functions

Burkardt sum rule for the Sivers distribution

Intuitively expected, the non trivial fact is the proof of its validity in presence of
final state interactions that might spoil the simple partonic interpretation

[Burkardt PRD 69 (2004)]

Schäfer – Teryaev sum rule for the Collins function
[ Schäfer Teryaev PRD 61 (2000)][ Schäfer Teryaev PRD 61 (2000)]
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Theoretical information on TMD PDFs and FFs: models
[see also talk by F. Conti this afternoon]

TMD distributions: 
spectator model for the nucleon with scalar and axial-vector diquarks [ B]

single gluon rescattering to generate T-odd distributions (Sivers, Boer-Mulders)
Different choices for the nucleon-quark-diquark form factor (point-like, dipolar, Gaussian)

MIT bag model wave functions for quarks [A]
I li id d l f QCD MIT b d l [C]Instanton liquid model for QCD vacuum + MIT bag model [C]

Sivers function (first k moment)Sivers function (first kT moment)
[A] Yuan PLB 575 (2003)
[B] Bacchetta, Schäfer, Yang

PLB 578 (2004)
[C] Cherednikov et al PLB 642 (2006)
h k l kThik lines: u quark

Thin lines: d quark

Gamberg, Goldstein et alGamberg, Goldstein et al
Lu, Ma

Brodsky, Yuan
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Theoretical information on TMD PDFs and FFs: models

B M ld f tiBoer-Mulders function
All models predict a negative BM function for both u and d quarks

[Gamberg Goldstein - Bacchetta Schäfer, Yang]
Same conclusion reached relating it with the Fourier transform of chirally odd GPDs

[Burkardt, Hannafious ,PLB 658 (2008)]

Collins fragmentation functionCollins fragmentation function
Different calculations modelling the fragmentation process

at tree level with insertion of one-loop corrections
pseudoscalar/pseudovector pion quark couplings with pion/gluon loopspseudoscalar/pseudovector pion-quark couplings with pion/gluon loops

[Bacchetta Kundu Metz Mulders - Gamberg Goldstein Oganessyan]

Amrath, Bacchetta, Metz
PRD 71 (2005)
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Sivers contributionsSivers contributions

Transversity ⊗ Boer-Mulders

Transversity ⊗ Collins

F. Murgia - INFN CA Nucleon Structure School  
Torino 2009 37

Sivers ⊗ Boer-Mulders ⊗ Collins



“usual” collinear term

BM ⊗ BM

Boer-Mulders ⊗ Collins
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TMD Color gauge invariant approach (hadronic correlators)

Mulders, Boer, Pijlman, Bomhof
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Hadronic correlators as given in previous slide are not invariant under local SUc(3) 
gauge transformations since involve bilocal products of quark fields;gauge transformations, since involve  bilocal products of quark fields;

We need to connect the quark fields by means of a path-ordered gauge link (Wilson line)

C : integration path with endpoints ζ and ξ;g p p ζ ξ
P denotes path-ordering: parametrize the integration path using

The properly invariant light-front (ξ ÿn) definition of the correlator is therefore
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Parametrize the (color gauge invariant) hadronic correlator imposing general hermiticity, parity and 
i l O d i h h f ll i i i (l di i l )time-reversal property. One ends up with the following parameterization (leading-twist only) 

In the collinear (transverse momentum integrated) case this parameterization of the correlator reads

Analogously, one can define a gauge invariant gluon correlator
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In a pQCD scheme, without proper gauge links time-reversal invariance would imply the
vanishing of the Sivers and  Boer-Mulders (all T-odd) distribution functions

The same argument does not apply to the hadronic correlator for the fragmentation functions, 
due to the explicit appearance of hadronic final state interactions

Historically, the Collins mechanism in the fragmentation process was introduced as an alternative way to
explain large SSAs and to measure the transversity distribution in SIDIS

Gauge invariance requirement does not restrict the gauge link path ordered exponentialGauge invariance requirement does not restrict the gauge -link path-ordered exponential.

Wilson lines arise from resummation of gluonic initial and final state interactions between the hadronic
remnants and the current (active) quarks. They may depend on the hard elementary scattering processes

associated with the hadronic process considered

Gluonic initial and final state interactions lead to future pointing Wilson lines in SIDIS,
while they give rise to past pointing Wilson lines in Drell-Yan processes
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A pictorial representation

It was a common belief that gauge fields should vanish at light-cone infinity and
transverse Wilson lines could be ignored

In the axial gauge the Wilson lines Un should reduce to simple unit operators
Gauge links could be effectively omitted ⇒ vanishing of naively T-odd distributionsGauge links could be effectively omitted ⇒ vanishing of naively T-odd distributions

In 2002 Brodsky, Hwang and Schmidt showed by an explicit calculation within a spectator diquark
model of one-gluon FSI in semi-inclusive DIS that transverse single spin asymmetries can be

nonvanishing at leading twist.

Soon after Collins proved that this result is related to the proper treatment of gauge links and that
time-reversal invariance does not imply the vanishing of the Sivers function
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Instead,  Sivers functions in SIDIS and Drell-Yan processes should have opposite signs

Wilson lines and the effects of gluonic initial and final state interactions are process dependent
In general the universality properties of the naively T-odd distributions can be spoiled.

For SIDIS and Drell-Yan processes a simple generalized form of universality seems to hold.

Collins and Metz have shown that inclusion of gauge links preserves universality
for the Collins fragmentation functionfor the Collins fragmentation function.

Very important also from a phenomenological point of view

For basic hadronic processes, SIDIS, Drell-Yan, e+e- annihilation, the hard processes
are (at tree level) simple e.m. vertices

fl only future/past pointing Wilson lines occur

For processes involving hadrons both in the initial/final states the situation is much more involved:For processes involving hadrons both in the initial/final states the situation is much more involved: 
even simple generalized universality properties can be lost

Different partonic processes can give rise to different gauge-link factors
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Gluonic pole hard scattering cross sections (e.g. qg | qg)

gauge
invariance
preserved!
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C. Bomhof
PhD ThesisPhD Thesis
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pQCD Collinear twist-three approach
(an almost pictorial discussion…)

Qiu – Sterman(91-98), Qiu-Vogelsang-Yuan (2006), Koike and coworkers,…
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Kouvaris, Qiu, Vogelsang, Yuan, PRD 74 (2006)
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This expansion enables us to
i t t th f thintegrate over three of the
four components of the two
loop momenta ki, which
reduce to convolutions overreduce to convolutions over
the parton light-cone
momentum fractions xi
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Additional path ordered exponentials of the gauge field rendering the matrix element
gauge invariant have been suppressed; (valid in the light-cone gauge A+ = 0)

This matrix element is a symmetric function of its argument s and is real

The phases required to generate SSAs have to arise in the hard scattering functions H 
Imaginary parts in H can arise even at tree level thanks to the pole structure of the hardImaginary parts in H can arise even at tree level,  thanks to the pole structure of the hard 

scattering functions

Integrations over either x1 or x2 can be done by using the poles in H
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Soft-gluon pole g p
contributions

Restoring all factors

Initial state contributions Final state contributions
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SSAs in hadronic collisions are usually large in the forward region (large positive 
Feynman x), where on the average parton a inside the polarized hadron has a large

(> xF) light-cone momentum fraction x, while parton b inside the unpolarized
hadron has a small light-cone momentum fraction x�.g
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Beside soft gluon pole contributions, there are hard-scattering diagrams possessing other
poles, for which an initial quark becomes soft. These socalled “soft-fermion poles” are p , q p

expected to play a less relevant role and are usually not considered in applications

Quite recently Koike has investigated the role of soft-fermion poles in SSAs for pionQuite recently, Koike has investigated the role of soft-fermion poles in SSAs for pion
production at RHIC. If the corresponding twist-three quark-gluon correlation function is not

suppressed in comparison with the one associated with soft-gluon poles, 
its role could be not so negligibleits role could be not so negligible.

Additional contributions to the collinear expansion can arise from terms linear in the parton
transverse momentum in other “hard”propagators or in the numerator of diagrams.p p g g

These terms do not lead to derivative contributions to the SSAs and
are also expected to be negligible

Contributions involving three-gluon twist-three correlation functions
were not included in the original formulation of the approach. 

They could be relevant in the mid-rapidity regiony p y g
Recently their role has been studied in SSAs in open charm production

at RHIC (gluon fusion channel dominant)
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Relations between TMD and twist-three approaches

� Factorization for TMD approaches has been proven for processes where two energy scales are
present (a high perturbative scale (Q) and a low energy scale (qT) associated with some trasverse
momentum dependent observable [ ΛQCD ∼ qT i Q ] ), e.g. SIDIS, Drell-Yan process, two almostQ
back-to-back particle production in pp collisions (still under some debate)
[Belitsky, Idilbi, Ji, Ma, Yuan; Boer, Bomhof, Mulders, Pijlman,…]
Factorization not yet proven for single particle production in hadronic collisions

� Twist-three collinear approach follows usual factorization theorems of pQCD, proven also for single
particle production in hadronic collisions.

� It has been shown, for SIDIS and DY processes, that the TMD color gauge invariant approach and
the twist-three formalism are equivalent and describe the same physics in the intermediate qT region
where they applicability domains overlap [ ΛQCD i qT i Q ]

� This gives a link among the twist-three correlation functions T(x,x) and the kT moments of the TMD
distributions related to the same physical mechanism. As an example:
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[ ΛQCD i qT i Q ]
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Open points

� Factorization for single particle inclusive production in the TMD approach

� Evolution with scale of TMD distribution and fragmentation functions
[Henneman, Boer, Mulders; evolution of first kT moments of TMD PDFs and FFs]
[Ceccopieri, Trentadue; Q2-evolution of unpolarized TMD distr. in SIDIS]

� Soft factors from soft-gluon radiation [neglected in all phenomenological analyses]g [ g p g y ]
[Ji, Ma, Yuan; Collins, Metz;  formal aspects of factorization in SIDIS and DY processes]

� Potential suppression of azimuthal asymmetries due to Sudakov factors [soft-gluon radiation]
[Boer][ ]

� Parton off-shellness , fully unintegrated parton correlation functions
[Watt, Martin, Riskin; Linnyk, Leupold, Mosel; Collins, Rogers, Stasto] 

E i l f li d i li f Si F i [ QCD di i ]� Experimental tests of generalized universality for Sivers Function [pQCD prediction]

� Improved parameterizations and phenomenological constraints for the TMD PDFs and FFsp p p g
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