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We will be talking about ...We will be talking about ...

Deep Inelastic scattering 

Parton model 

Transverse momentum of partons

3D kinematics (i.e. kinematics with partonic transverse momentum)

Integrated distribution and fragmentation functions (transversity and all 
that ...) 

Transverse Momentum Dependent distribution and fragmentation functions

Unpolarized SIDIS cross section

Phenomenology of TMD's: extracting the Sivers distribution function from 
SIDIS experimental data.

Simultaneous extraction of transversity and Collins functions from SIDIS 
and e+e- scattering experimental data.

TMDs in Drell-Yan processes 

DGLAP evolution equations and TMD evolution scheme
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TMD distribution functions
In Drell-Yan processes
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TMD’s in Drell-Yan processes

Very low q T  are generated 
by parton intrinsic 
transverse momenta  

Factorization holds
Two scales: M2 and q T , 
with q T  << M2 

The cross section is given by 
the convolution of two 
distribution functions (no 
fragmentation functions ) 
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Universality:
SIDIS versus Drell-Yan TMD’s
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TMD’s in Drell-Yan processes

the total cross section, σ, is suppressed by 
the antiquark parton distribution function
(antiquarks from proton sea).

proton-proton  
(nucleon-nucleon) 

Drell-Yan

proton-antiproton  
(nucleon-nucleon) 

Drell-Yan

the total cross section, σ, is NOT suppressed 
by parton distribution functions
(antiquarks are valence partons in the antiproton).

proton-pion  
(nucleon-pion) 

Drell-Yan

the total cross section, σ, is NOT suppressed 
by  parton distribution functions
(antiquarks are valence partons in pions).

RHIC 
FERMILAB

PANDA 
PAX  
J-PARC

COMPASS
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Unpolarized Drell-Yan processes

The unpolarized cross section is already very interesting: 
the naïve parton model predicts λ=1, μ=0, ν=0, but …

In the Collins-Soper frame
ℓ and ℓ’ are back to back,
while the ZCS axis is the 
bisector of Pa and –Pb
Θ is the polar angle of ℓ ,
Φ is the angle between the 
hadron and the lepton plane.
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Unpolarized Drell-Yan processes
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TMD’s in unpolarized 
Drell-Yan processes

'
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In unpolarized Drell-Yan processes one can study 
 the unpolarized parton distribution  function 
 the Boer-Mulders distribution function

RECENT  WORK : 
  Z. Lu, I. Schmidt, Phys. Rev. D81, 043023 (2010)
  V. Barone, S. Melis, A. Prokudin, arXiv:1009.3423
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Boer-Mulders distribution function 
from  unpolarized Drell-Yan processes
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V. Barone, S. Melis, A. Prokudin, arXiv:1009.3423

Unpolarized Drell Yan processes 
probe the antiquark Boer-Mulders 
function, which is not accessible in 
SIDIS.
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FERMILAB E866/NuSea data on pp 
and pD 

Drell-Yan cannot distinguish 
between fits 

with very different gaussian widths

Boer-Mulders distribution function 
from  unpolarized Drell-Yan processes

BOER-MULDERS FUNCTIONS
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V. Barone, S. Melis, A. Prokudin, 
arXiv:1009.3423
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TMD’s in single polarized 
Drell-Yan processes
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In single polarized Drell-Yan processes one can study:
 
 Sivers parton distribution  function 

Boer-Mulders distribution function

 Transversity and Boer-Mulders distribution functions

RECENT WORK:
M. Anselmino, M. Boglione, U. D’Alesio, S. Melis, F. Murgia, A. Prokudin,
Phys. Rev. D79 (2009) 054010

PRESENT and FUTURE EXPERIMENTS:
 RHIC, COMPASS, J-PARC, PANDA, PAX

Predictions could be obtained by using transversity 
as extracted from SIDIS and e+e-. I should work on that !
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Sivers distribution function in 
single polarized Drell-Yan processes
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Sivers distribution function in 
single polarized Drell-Yan processes
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M. Anselmino, M. Boglione, U. D’Alesio, S. Melis, F. Murgia, A. Prokudin, Phys. Rev. D79 (2009) 054010

Fixed target mode
√s = 5.47 GeV
xF=x1-x2
X2 region explored 
is the same as in SIDIS

√s = 9.78 GeV
xF=x1-x2
X1 region 
explored 
complementary 
to that explored  
in SIDIS
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Sivers distribution function in 
single polarized Drell-Yan processes
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M. Anselmino, M. Boglione, U. D’Alesio, S. Melis, F. Murgia, A. Prokudin,Phys. Rev. D79 (2009) 054010

Fixed target 
mode
√s = 17.4 GeV
xF=x1-x2
Large-x2  
region 
explored  at 
negative xF 
values

Collider mode
√s = 14.4 GeV
xF=x1-x2
Large-x2  
region 
explored  at 
positive xF 
values
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Sivers distribution function in 
single polarized Drell-Yan processes
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M. Anselmino, M. Boglione, U. D’Alesio, S. Melis, F. Murgia, A. Prokudin, Phys. Rev. 
D79 (2009) 054010

√s = 200 GeV
xF=x1-x2
X1 region explored extends 
to larger values than that 
explored  in SIDIS
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TMD’s in doubly polarized 
Drell-Yan processes

In doubly polarized Drell-Yan processes one can 
study
 
 Transversity parton distribution  function 

 Sivers distribution function

At  present, RHIC is the only experiment which can measure doubly 
polarized Drell-Yan, but AT T is suppressed by antiquark PDF’s !
FUTURE EXPERIMENTS: COMPASS, J-PARC, PANDA, PAX
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Golden 
channel to 

study 
transversi

ty
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RECENT WORK:
M. Anselmino, M. Boglione, U. D’Alesio, S. Melis, F. Murgia, A. Prokudin,
Phys. Rev. D79 (2009) 054010
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The dream experiment: 
Drell-Yan with polarized antiprotons

s = 30 GeV2

H. Shimizu, G. Sterman, W.  Vogelsang, H. Yokoya
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Conclusions

3-D exploration of the nucleon is starting as we speak:
• Collect as much high-quality data as possible
• Reconstruct the nucleon 3-D structure by  “global” 

analyses 

Drell-Yan processes are very clean probes and offer the 
chance to pin down the transversity distribution 
function

Ideal machines:
• X-range including valence-region
• Q2 and M2 high enough to control higher-twist 

corrections
• P

T
 and q

T
 ranges large enough to see 

transition from TMD’s to collinear 
factorization.
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Parton evolution equationsParton evolution equations

From Michelangelo ManganoFrom Michelangelo Mangano
““Introduction to QCD”Introduction to QCD”
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Parton model summaryParton model summary
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Parton evolutionParton evolution
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Parton evolutionParton evolution
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Parton evolutionParton evolution
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Parton evolutionParton evolution

To be compared with
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Parton evolutionParton evolution
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Parton evolutionParton evolution
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Parton evolutionParton evolution
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Parton evolutionParton evolution
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Parton evolutionParton evolution
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Giving these lectures Giving these lectures 
was a tremendous, was a tremendous, 

titanic effort ...titanic effort ...
but it was well worth itbut it was well worth it
You have been great !You have been great !

Thank you and good luck for your PhDs ! Thank you and good luck for your PhDs ! 



This is a pretzel This is pretzelosity

This is a worm gear These are  worm gear
distribution functions

An elephant is not a mouse 
multiplied by a thousand

We are physicists: 
we are arrogant, 
we are prejudiced, and 
we make assumptions 
based on our prejudice.
Whatever we say, 
we say it with authority.

Paul Reimer  

Larry Weinstein

Matthias Burkhardt

Alessandro Bacchetta

SummarySummary


