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Plan of 
these lectures

1. Breaking hadrons

2. Non-collinear partons

3. Symmetries & spin

4. Factorization, evolution, 
phenomenology
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3.  Symmetries & spin
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Gauge symmetry
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The idea of factorization: 

Hard part 
(perturbative)

Hadron structure 
(non-perturbative)

Hadronization
(non-perturbative)

Observable, and thus
gauge invariant

Decomposition in 
gauge invariant terms



Quark correlator



Quark correlator
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NOT GAUGE INVARIANT!

We need to “correct” the operator to make it gauge invariant

Close the non locality with a “gauge link” (or Wilson line)



Geometric interpretation
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“Parallel transport” to close the non-locality

Gauge link U



Gauge invariant quark correlator
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GAUGE INVARIANT!

Eventually the correlator and the (TMD) PDFs depend on the 
gauge link and its path in spacetime

The Wilson line “bridges” the non-locality and 
makes the operator gauge invariant

See Collins book



Generalized universality
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Geometric structure
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The PDFs become path dependent!

Is the path completely arbitrary?
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Distributions defined with U⁻ gauge link:



Distributions defined with U⁺ gauge link:



Gauge links for TMD PDFs
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Future pointing (SIDIS) Past pointing (Drell-Yan)

Different distributions: non-universality!



Gauge links for collinear PDFs (simpler)
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In the collinear limit the two gauge links reduce to the same object: 
universality!
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___



Process dependence
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The hard process determines the path of the link U, 
and the TMD distributions are process dependent.

What happens to the concept of universal hadron structure?



The unpolarized and the Sivers TMD functions
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Sivers function (spin-dependent term): 
correlation between transverse spin and momentum

Unpolarized TMD PDF

projection



The Sivers effect
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Spin-momentum correlation:

Requires quark transverse 
momentum

Left-right asymmetry

Potential QED analogue 
(it’s a geometric effect)



Process dependence: it’s calculable!
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The interplay between time reversal and gauge symmetry
generates relations between 

the two gauge link configurations:

Sign-change relation for the Sivers function : not yet confirmed experimentally



Discrete symmetries: parity
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←  let’s consider this definition

The action on the quark field is the one that leaves the QCD lagrangian invariant under 
parity transformation ( symmetry )



Discrete symmetries: time reversal
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The action on the quark field is the one that leaves the QCD lagrangian invariant under 
time reversal transformation ( symmetry )

←  let’s consider this definition



Implications of discrete symmetries
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Is it just a theoretical game?



Single-spin asymmetries
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See also https://inspirehep.net/literature/1410100 (review for asymmetries in pp collisions)

Need different mechanism: 
non-perturbative! 
→ Sivers effect

1976 19912002 2008

https://inspirehep.net/literature/1410100


A brief history of the Sivers function
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D. Sivers introduces the “Sivers mechanism” to explain SSAs: 
https://inspirehep.net/literature/277567 1990

2002

1993

2002

J. Collins argues that the Sivers effect is incompatible with time-reversal symmetry: 
https://inspirehep.net/literature/337381 (the Sivers function MUST be zero) 

Brodsky, Hwang, Schmidt show that in a spectator model of QCD the final state interactions
(FSI) can generate a Sivers effect: https://inspirehep.net/literature/582417 

Collins amends his previous argument introducing the Wilson lines (FSI) and show the
process dependence of the Sivers function: https://inspirehep.net/literature/584849  

https://inspirehep.net/literature/277567
https://inspirehep.net/literature/337381
https://inspirehep.net/literature/582417
https://inspirehep.net/literature/584849


Sivers asymmetry: SIDIS and Drell-Yan
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Do we need a sign change in the Sivers function between the 
two processes to describe simultaneously these asymmetries?



Sign-change for Sivers function
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See also https://inspirehep.net/literature/1410100 (review for asymmetries in pp collisions)

https://inspirehep.net/literature/1410100


Sign-change for Sivers function
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See also https://inspirehep.net/literature/1410100 (review for asymmetries in pp collisions)

https://inspirehep.net/literature/1410100


Sign-change for Sivers function
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See also https://inspirehep.net/literature/1410100 (review for asymmetries in pp collisions)

Uncertainties are still very large
both in the theory and in the 

measurements

https://inspirehep.net/literature/1410100


Sign-change for Sivers function
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Sign-change for Sivers function
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Gauge links for gluon TMDs (more complicated)
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←  more complicated operator with two gauge links

For more details see 
https://inspirehep.net/literature/1391461 

The process dependence for
these TMDs amounts to more

complicated relations than a minus sign
(but still calculable!)

https://inspirehep.net/literature/1391461

