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 SIDIS: experiment 
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The Proton moves 
along Z in space

Number of particles for opposite polarizations of the target is counted



 SIDIS: experiment 
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The Proton moves 
along Z in space

Single Spin Asymmetry is measured



 SIDIS: experiment 
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Different TMDs are sensitive
to spin direction

Angular dependence allows to disentangle different contributions



Sivers function

Let's consider unpolarised quarks inside 
transversely polarised nucleon 
                  

                                     General distribution

Usual unpolarised distribution

This one is called SIVERS function
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Sivers function

 
Let's consider unpolarised quarks inside 
transversely polarised nucleon 
                  

                                     General distribution

Is the only allowed combination as spin is a 
pseudovector and we need another pseudovector
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Parity and all that

 
Parity transformation

We observe squares, thus two parity states  
                  

Spin vector is P-even: 

Momentum is P-odd:

Vector product is P-even:                                        
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QCD is invariant under parity transformation

is the only allowed combination  for 
unpolarized distribution



Time reversal

 
Time reversal

We observe squares, thus two time reversal states  
                  

Spin vector is T-odd: 

Momentum is T-odd:

Vector product is T-even:                                        
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QCD is invariant under time reversal

T-odd, thus Sivers function is T-odd



Sivers function
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This function gives access to 3D imaging

Spin-orbit correlation 

Physics of gauge links is represented

Requires Orbital Angular Momentum



Access to 3D imaging
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Symmetric part

Sivers function
 

Dipole deformation



Access to 3D imaging
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Symmetric part

Sivers function
 

Dipole deformation



Access to 3D imaging
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Sivers function from
experimental data
HERMES and COMPASS

 
 

Dipole deformation



Spin orbit correlation and OAM
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Sivers function requires proton helicity flip

In terms of wave functions it means interference

between states with            and

Thus Sivers function requires OAM of quarks  



 OAM and Spin Crisis 

Alexei Prokudin – Lecture II

The Spin of the proton can be decomposed as

Experimentally 

Spin Crisis – only 30% of the spin of the proton is 
carried by quarks, not almost 100% as expected!  

Elliot Leader, Mauro Anselmino 
“A Crisis In The Parton Model: Where, Oh Where Is The 
Proton's Spin?” 1988
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The Spin of the proton can be decomposed as

Experimentally 

Spin Crisis – only 30% of the spin of the proton is 
carried by quarks, not almost 100% as expected!  

Can            be big?   Experimentally 



 OAM and Spin Crisis 
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The Spin of the proton can be decomposed as

Experimentally 

Spin Crisis – only 30% of the spin of the proton is 
carried by quarks  

Can            be big?   Experimentally

Orbital motion of partons is important.
Sivers function encodes this motion! 



 Physics of gauge links 
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Colored objects are surrounded by gluons, profound 
consequence of gauge invariance technically implemented 
by Wilson lines - gauge links.  
 
Sivers function has opposite sign when gluon couple after 
quark scatters (SIDIS) or before quark annihilates (Drell Yan)

Sivers function would be zero if gluons were absent



How do we measure Sivers function?

Unpolarised electron beam
Transversely polarised proton
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How do we measure Sivers function?

Unpolarised electron beam
Transversely polarised proton

What symbol                  means?
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How do we measure Sivers function?

What symbol         means?

Convolution Momentum conservation
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How do we measure Sivers function?

What symbol         means?

Convolution Momentum conservation

Alexei Prokudin – Lecture II

Calculate using Mathematica!



How do we measure Sivers function?
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How do we measure Sivers function?
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Deuteron: proton+neutron
COMPASS



How do we measure Sivers function?
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Deuteron: proton+neutron
COMPASS



How do we measure Sivers function?
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Proton
HERMES



How do we measure Sivers function?
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Proton
HERMES



How do we measure Sivers function?
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Anselmino et al 2008



How do we measure Sivers function?
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Anselmino et al 2008



How do we measure Sivers function?
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Anselmino et al 2008



How do we measure Sivers function?
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Anselmino et al 2008

Hints on non zero sea Sivers
functions



How do we measure Sivers function?
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Anselmino et al 2008



How do we fit TMDs?
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Choose parametrization



How do we fit TMDs?
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Choose parametrization

Fit parameters to experimental data



How do we fit TMDs?
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Chi-square function is formed

Chi-square function is minimized and values of 
parameters are obtained



Future of Sivers function studies
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JLab will operate at 12 GeV in 2015 
Electron Ion Collider is proposed for 2025



Future of Sivers function studies
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Present knowledge:



Future of Sivers function studies
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Future knowledge:



Future of Sivers function studies

Alexei Prokudin – Lecture II

Future knowledge:



Future of Sivers function studies
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Future knowledge: x =0.01
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Motivation: smaller probes reveal more detailsMotivation: smaller probes reveal more detailsMotivation: but sometimes more beauty is Motivation: but sometimes more beauty is 
revealed if we cast a TRANSVERSE lookrevealed if we cast a TRANSVERSE look
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THANK YOU!THANK YOU!
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Back up slides
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 Distributions and parton model 
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What do we know about distributions?
                                 
 



 Gauge invariance 
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QCD is invariant under gauge transformations

It means that all observables are also gauge invariant
                                 
 



 Gauge invariance 
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QCD is invariant under gauge transformations

It means that all observables are also gauge invariant
                                 
 



 What we forgot? 
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We forgot that quark and remnant are colored thus they interact 
via gluon exchanges!

 
                                 
 

                This object  is called Wilson line           



 Gauge link 
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Wilson line restores gauge invariance!

so that

 
                                 
 



 Gauge link 
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Wilson line restores gauge invariance!

so that

 
                                 
 



 Gauge invariance 
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We sum all these gluons



 Gauge invariance 
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We sum all these gluons

And the gauge link is now



 Gauge invariance 
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We sum all these gluons

Fields are not only separated in      
     direction, but also in 
this makes TMDs sensitive to 
gauge invariance
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