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Lecture II - Phenomenology

Semi-inclusive DIS (Cahn, Boer-Mulders, Sivers, Collins effects)

e+e- annihilation into nearly back-to-back hadrons (Collins effect)

Drell-Yan process (Transversity, Boer-Mulders and  Sivers effects)

Single particle production in hadronic collisions

Pion  kaon  Λ hyperon productionPion, kaon, Λ hyperon production

Prompt photon production 

(GPM and twist-three collinear approaches)(GPM and twist three collinear approaches)

Double particle production in hadronic collisions
P t h t  j t d ti  ( i lit  TMD CGI h)Prompt photon + jet production (universality, TMD CGI approach)
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[ ΛQCD qT Q ]
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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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Leading twist TMD PDFs and FFs

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

Cagliari London 
Torino notation

Amsterdam 
notation

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

Torino notation notation

C lli  f t ti f ti ( hi l dd i l dd)Collins fragmentation function (chiral-odd, naively T-odd)

“Polarizing” fragmentation function (chiral even, naively T-odd)
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Theoretical groups who have performed phenomenological
analyses of the processes of interest:

The Cagliari London Torino group
Anselmino, Boglione, D’Alesio, Kotzinian, Leader, Melis, FM, Prokudin, Türk

TMD approach LT asymmetries in SIDIS Drell Yan e+e collisionsTMD approach, LT asymmetries in SIDIS, Drell Yan, e+e- collisions
HT SSAs in single particle production in pp collisions

The Bochum groupThe Bochum group
Goeke, Menzel, Metz, Schlegel, Schweitzer + Efremov and Collins

TMD approach, LT asymmetries in SIDIS, Drell Yan, e+e- collisions

Qiu, Sterman, Vogelsang, Yuan, Koike,…
Collinear twist-three approach for single and double particle production in pp collisions

SIDIS and Drell-Yan in the intermediate -large qT regiong qT g

Amsterdam group
Boer, Mulders, Bacchetta, Pijlman, Bomhof

TMD CGI approach, double particle production with qT imbalance in pp collisions
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Phenomenological applications: SIDIS
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Bacchetta, Diehl, Goeke,
Metz, Mulders, Schlegel

JEHP 02 2007
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Integration over the outgoing hadron transverse momentum gives

Integrating over z and summing over all hadrons in the final state we recover the fully inclusive caseIntegrating over z and summing over all hadrons in the final state we recover the fully inclusive case
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Cahn effect (LT)Cahn effect (LT)

Cahn (HT) and BM⊗Collins (LT) effects
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Sivers effect (LT)Sivers effect (LT)

Collins effect (LT)
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Azimuthal moments in SIDIS

Note: electron and muon beams are naturally polarized in the transverse direction. However, 
we do not consider transversely polarized lepton beams here: to see the related effects one
should be able to measure also the final lepton polarizationshould be able to measure also the final lepton polarization.

A phenomenologically relevant example: 
the azimuthal moments related to the Sivers and Collins effectsthe azimuthal moments related to the Sivers and Collins effects
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Unpolarized case (I): Cahn effect
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Unpolarized case (I): Cahn effect (LO)
A i l f t i d fl i d d t G i k hAssume a simple factorized, flavour-independent, Gaussian kT shape

At leading twist in the (kT/Q) power expansion the kT integration can be performed analitically:
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Anselmino, Boglione, D’Alesio
Kotzinian, FM, Prokudin

PRD 71 2005
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Unpolarized case (I): Cahn effect (LO QCD)

Anselmino Boglione Prokudin Türk EPJA 31 2007
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EMC

E665 Collab.

EMC
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Unpolarized case (II): Boer-Mulders ⊗ Collins contribution
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Barone Prokudin Ma
PRD 78 (2008)( )

HERMES 
arXiv:0901.2438

[hep-ex]
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Deuteron target

Barone Prokudin Ma PRD 78 (2008)
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COMPASS arXiv:0808.0114 [hep-ex]
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Transversely polarized hadron:
Sivers and Collins effectsSivers and Collins effects
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Transversely polarized hadron:
Sivers and Collins asymmetries [O(k⊥/Q)]Sivers and Collins asymmetries [O(k⊥/Q)]
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Comparison of first and 1/2  transverse moments of the 
Sivers function as extracted by different theoretical groupsSivers function as extracted by different theoretical groups

[2005-2006]
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Collins fragmentation function: 
e+e- annihilation in two nearly back-to-back hadrons

Belle Collaboration
KEK-B
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In order to eliminate false asymmetries the Belle Collab. consider the ratio R of the asymmetries for
lik i (U) i d lik i (L) i [ l ll h d (C) i i h b id d]unlike-sign (U) pairs and like-sign (L) pairs [also all-charged (C) pion pairs have been considered]
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Anselmino Boglione D’Alesio Kotzinian FM Prokudin Türk PRD 75 (2007)
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Deuteron target
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 d d k f d d f du and d quark
transversity distribution

favored and unfavored
Collins functions
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Compass – proton target - preliminary

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



Azimuthal asymmetries in unpolarized Drell-Yan processes

In the naive parton model with massless quarks l = 1, m = n = 0
Lam-Tung Relation [analogous to the Callan-Gross relation in DIS, valid in any cm frame]g [ g , y ]

l = 1 – 2 n
Exact at LO in collinear pQCD; small numerical violations at NLO
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The complete structure for polarized case is much more complex…
[Arnold Metz Schlegel PRD 79 (2009)]

Lam-Tung relation
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Some of the more interesting azimuthal contributions

Boer-Mulders effect

AN: Sivers effect
the only one surviving

complete q, f integration

A  T it !

AN: BMƒTransversity

ATT: Transversity!
Survives in collinear case

ATT: Sivers and
g1T contributions
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Unpol DY: Phenomenological results: pN

Simple model – Boer 98

Sizable BM functions for valence antiquarks in 
pion and valence quarks in the nucleon
Significantly smaller BM functions for

antiquarks in the nucleon
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Unpol. DY: Phenomenological results: pp
E866/NuSea arXiv: 0811.4589 [nucl-ex]/ [ ]
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Pol. DY: Phenomenological results: Sivers SSA
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Pol. DY: Phenomenological results: Sivers SSA
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Pol. DY: Phenomenological results: Sivers SSA

Anselmino Boglione D’Alesio Melis FM Prokudin PRD 79 (2009)
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Unpol. cross sections and SSAs in hadronic collisions

There are different contributions involving all the allowed combinations of the
TMD polarized distributions, fragmentation functions, and hard scattering cross sections

l i d i d i d b hUnpolarized cross sections are dominated by the term
already present in collinear configuration;

SSAs receive the potentially dominant contributions from the Sivers and Collins effectsp y

Factorization for single particle production in hadronic collisions in the TMD approach has
not been proven yet [see the twist-three approach]. Universality for TMD distributions

might be invalidated. Hints from phenomenological tests are very important.

Use SIDIS and e+e- annihilation results; ASSUME UNIVERSALITY
and look for SSAs in pp collisions
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SSAs in hadronic collisions: fixed target – E704

D’Alesio FM PRD 70 (2004)
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Hadronic collisions at RHIC: unpol. cross sections

Boglione D’Alesio FM PRD 77 (2008)
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Pion SSAs at RHIC:
maximized potenzial role of Sivers effect

Anselmino Boglione D’Alesio Melis FM Prokudin - Preliminary
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Pion SSAs at RHIC: maximized potenzial role
of Collins (+ transversity) effect( y)

Anselmino Boglione D’Alesio Melis FM Prokudin - Preliminary

F. Murgia - INFN CA Nucleon Structure School  
Torino 2009 51



Pion SSAs at RHIC

Fits to Sivers asymmetry in SIDIS constrain the Sivers distribution in a limited x range
(x < 0.3). In particular, the parameter bq governing its large-x behaviour [∂ (1-x)bq]( ) p , p bq g g g [ ( ) ]

is almost uncostrained by these fits.

The shaded areas represent the covered region generated by a scan of the [bu-bd] space
allowing for at most a 20% increase in the χ2 of the SIDIS fit
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Sivers effect in pion SSAs at RHIC [ fit of SIDIS data with χ2
dof > 1.2 ]

Anselmino Boglione
D’Alesio Melis FM 

Prokudin
Preliminary
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Sivers effect in pion SSAs at RHIC: constraints on the gluon Sivers function

Max. quark 
Sivers contr. 

RHIC-PHENIX

Max.  gluon
Sivers contr. 

E704
Bound on gluon

Sivers distribution
from PHENIX data

Anselmino D’AlesioSimilar conclusions
have been reached by

Melis FM  
PRD 74 (2006)

have been reached by
Brodsky and Gardner
considering COMPASS
data on the Sivers SSA 
with deuteron target
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Twist-three approach and phenomenology

FNAL-E704

RHIC-STAR

FNAL E704

RHIC - BRAHMS

Kouvaris, Qiu, Vogelsang, Yuan, 
PRD 74 (2006)
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Kouvaris, Qiu, Vogelsang, Yuan, 
PRD 74 (2006)
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Prompt photon production in pp collisions at RHIC:
a discriminating tool [GPM vs. Twist3]a d sc a g oo [G s s 3]

Twist-three
Generalized Parton Model

D’Alesio FM PRD 70 (2004)
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Prompt photon + jet production in pp collisions
at RHIC: a discriminating tool for TMD scenarios
[Generalized parton model and color gauge invariant]
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