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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

I   f  h  i l i h   i i fIn 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/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 transv. spin effects contradicting this prejudice:

quark transversity distribution
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 terms in a 1/Q power expansion, 
ith Q th  l l ) i d t t d d twith Q the large energy scale) spin and transverse momentum dependent

(TMD) partonic distribution and fragmentation functions
can 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
generalized parton distributions in Deeply Virtual Compton Scattering

light-cone hadronic wave functions
[ violation of helicity conservation rules in QCD exclusive processes]

The study of transversely polarized observables in different kinematicaly y p
situations and in different processes will hopefully clarify in much more 

detail the dynamical structure of hadrons
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Single spin asymmetries in high-energy inclusive and semi-
inclusive particle production at moderately large pT

Transverse (left-right) single spin asymmetries (SSA), AN (ALR)
Not forbidden by parity invariance of strong interactions
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Single spin asymmetries in high-energy inclusive and 
semi-inclusive particle production

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

Transverse single spin asymmetries (SSA), AN

Expected to be negligible in high-energy hadronic processes
Transverse SSAs are related to the imaginary part of interference terms between
two elementary scattering amplitudes, off-diagonal (helicity-flip) in the helicity

i di f th  i l d (t l l i d) tindices of the involved (transversely polarized) parton

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

The QCD massless q–g coupling preserves helicity at all perturbative orders
Helicity flip contributions in the amplitudes must be prop. to (powers of) mq/Eqy p p p p (p ) q/ q

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

∼ 1990 RHIC-STAR
2008
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More RHIC results for SSAs

W i  Warning: 
Presently we are able to calculate SSAs at leading-twist
or even twist-three accuracy BUT only at the LO level
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Transverse hyperon polarization in unpolarized pN collisions

Feasible also
at RHIC

LHC (Λ+jet)
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Heller et al - Lundberg et al - Ramberg et al (1978-1994)



Azimuthal asymmetries in 
semi-inclusive deeplyp y

inelastic scattering (SIDIS)
lp → l’h+X

HERMES DESYHERMES-DESY
COMPASS-CERN

JLAB
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Azimuthal asymmetries in SIDIS - HERMES results
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Azimuthal asymmetries in 
SIDIS

HERMES and COMPASS results

COMPASS Collaboration
ArXiv:1005.5609 [hep-ex]
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Azimuthal asymmetries for inclusive hadron pair
production in e+e- collisions (Belle) 

Notice: large scale here
is approx. Mϒ

2 = 100 GeV2
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Azimuthal asymmetries in (un)polarized Drell-Yan processes

In the “naive” collinear parton model:In the naive  collinear parton model:

QCD corrections and intrinsic parton motion may imply

Lam-Tung relation(preserved by higher order QCD corrections):

Fermilab
COMPASS-CERN (pol)

RHIC (pol)
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Inclusive single particle production in pp collisions
in the “collinear” QCD-inspired parton model

U bl t l i th  l i th l d i l  i t i b dUnable to explain the large azimuthal and single spin asymmetries observed
In this scheme they originate entirely from the underlying partonic process
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Generalized parton model in the helicity formalism:
Polarized leading-twist TMD PDFs and FFs

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

F. Murgia - INFN CA QCD@Work  2010 16



Rotational invariance

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

Angular momentum conservation in the forward direction (kT → 0)

We end up with 8 independent leading twist TMD functions (e.g. for quarks)p p g ( g q )
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Notice: for spin 1/2 hadrons (Λ’s,…) in analogy with the PDF case
there are again 8 independent TMD FFs
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The most phenomenologically relevant for SSAs are

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

T SSA i  l i d AB C X  SIDIS  DY

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

Transverse SSAs in polarized AB → C+X, SIDIS, DY

Azimuthal Asy.s in unpolarized AB → C+X, SIDIS, DY

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

“Polarizing” fragmentation function (chiral even  naively T odd)

Azimuthal and transv. Asy.s in (un)polarized AB → h+X, SIDIS, DY, e+e- → h h X

Polarizing  fragmentation function (chiral even, naively T-odd)

Transv  Hyperon polarization in unpolarized AB → C+X  SIDIS
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Transv. Hyperon polarization in unpolarized AB → C+X, SIDIS



Fits of data and parameterizations
Transversity and Sivers distribution - Collins F.Function

Work in collaboration with

M. Anselmino, M. Boglione, A. Kotzinian (Torino)
U. D’Alesio (Cagliari) 
E  Leader (London) E. Leader (London) 

S. Melis (Alessandria,ECT*)
A. Prokudin (Jlab)

Sivers function: PRD 72, 094007 (2005) - EPJ A 39, 89 (2009)

Transversity & Collins FF: PRD75 054032 (2007) – NPB Proc. Suppl 191, 98 (2009)

F. Murgia - INFN CA QCD@Work  2010 20



Azimuthal asymmetries in 
semi-inclusive deeplyp y

inelastic scattering (SIDIS)
lp → l’h+X

HERMESHERMES
COMPASS

JLAB
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TMD generalized parton model
Fits to SIDIS [HERMES and COMPASS] Sivers Asymmetry
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ParametrizationParametrization
of Sivers distribution
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Azimuthal asymmetries in 
SIDIS

HERMES and COMPASS results

COMPASS Collaboration
ArXiv:1005.5609 [hep-ex]
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Azimuthal asymmetries for inclusive hadron pair
production in e+e- collisions (Belle) 

Notice: large scale here
is approx. Mϒ

2 = 100 GeV2
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Fits to transversity distribution and
Collins fragm. function from a combined

analysis of Belle asymmetry in e+e- →ππ X
and of Collins asymmetry in SIDIS 

[HERMES  COMPASS][HERMES, COMPASS]
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Parameterizations of transversity distribution
and Collins fragmentation functionand Collins fragmentation function

First ever available fit
for transversity
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What about the results for pion SSAs in pp collisions?

∼ 1990 RHIC-STAR
2008
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P t ti ll  b d ib d b b th Si d C lli  ff t t l

Pion SSAs in polarized pp collisions
Potentially can be described by both Siver and Collins effects separately

No direct way to discriminate between Sivers and Collins effect
SSAs are huge in the forward Feynman x region

SIDIS d t  d t t i th  t it d Si f tiSIDIS data used to parametrize the transversity and Sivers functions
cover only the region xB < 0.3 

They almost do not constrain the parameterizations
in the region of interest for pp collisionsg pp

Sivers effectSivers effect
Uncertainty band from SIDIS fit
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Summary of interesting accessible processes and effects involved

Process Twist Siv Coll B-M Pol FF Th. status Discr. power

SIDIS 2 • • • • **** ****
Drell-Yan 2 • • **** ****

e+e-→h1h2X 2 • • **** ****1 2 2 • • **** ****
AB → h X 3 • • • • ** **
AB → γ X 3 • *** ****

AB → h1h2X 2 • • • • *** ***
AB → j X 3 • • ** ****

AB → j(h)X 3 *** ****AB → j(h)X 3 • • • • *** ****
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Open points, outlook

Factorization for particle inclusive production in the TMD approach

Evolution with scale of TMD distribution and fragmentation functions
[Henneman, Boer, Mulders; Ceccopieri, Trentadue; Cherednikov, Stefanis]

Soft factors from soft-gluon radiation (spin independent?)
[Ji, Ma, Yuan; Collins, Metz;  formal aspects of factorization][ , , ; , ; p ]

Potential suppression of azimuthal asymmetries due to Sudakov factors
[D. Boer]

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

E i t l t t f i lit (b ki ?) f TMD PDF d FFExperimental tests of universality (breaking?) for TMD PDFs and FFs

Improved parameterizations and phenomenological constraints
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