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DIS cross section (polarized nucleon)
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Up to now no partons … 

For a summary see e.g. https://inspirehep.net/literature/732275 

How do quarks and gluons emerge in this description?

F...: functions of x, Q

https://inspirehep.net/literature/732275


Plan of 
these lectures

1. Breaking hadrons

2. Non-collinear partons

3. Symmetries & spin

4. Factorization, evolution, 
phenomenology
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2.  Non-collinear partons
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Light cone dominance
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By using :
● properties of delta 
● completeness on the intermediate states and 
● translating the argument of the current

● Causality implies:
● Riemann-Lebesgue lemma implies W is zero unless:

Thus , the W is dominated by what happens at We can use the OPE!



Operator Product Expansion (OPE)
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See Muta’s book for details

operators Coefficients (lower n : more dominant)

Thanks to the light cone dominance, we can apply this expansion to the hadronic tensor:



Operator Product Expansion (OPE)
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+ +

Disconnected quark-antiquark higher-twist

dominant suppressedirrelevant

See Muta’s book for details



Partonic interpretation
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ϕ(x,S) : “collinear” quark correlator 

quark-antiquark
(handbag diagram)

The quark transverse momentum is integrated out in DIS

→ measure collinear parton dynamics



Quark distribution correlator (collinear)
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Parton physics on the light cone

T

_
0



Collinear parton distribution functions
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: non-perturbative hadron structure matrix 

“Leading twist” 
approximation

→ Tensor polarized PDF

→ transversely polarized PDF
(transversity)

→ longitudinally polarized PDF
(helicity)

→ unpolarized PDF
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Ok, but … 

what about transverse momentum?



Where is transverse momentum?
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INCLUSIVE DIS → differential in xB
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ϕ(x,S) : “collinear” quark correlator 

quark-antiquark

The quark transverse momentum is integrated out in DIS

→ measure collinear parton dynamics

We need a process with an “experimental handle” on 
transverse momentum, for example Semi Inclusive DIS



Deep-inelastic scattering
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Semi-Inclusive DIS

14https://inspirehep.net/literature/732275 

https://inspirehep.net/literature/732275


Cross section DIS vs SIDIS
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DIS

SIDIS

“Handle” on collinear parton dynamics

“Handle” on transverse parton dynamics too



SIDIS hadronic tensor (unpolarized)
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Compared to DIS, there are five structure functions 
instead of two for unpolarized target

They depend on two additional variables



SIDIS cross section (unpolarized)

17For more details see https://inspirehep.net/literature/732275 

At the cross section level:
the same 5 structure functions for unpolarized target

https://inspirehep.net/literature/732275


SIDIS cross section (polarized nucleon - spin 1/2)

18For more details see https://inspirehep.net/literature/732275 

18 structure functions 
for polarized nucleon target

Dependence on spin and
azimuthal angles.

One can build
asymmetries to

single out contributions

https://inspirehep.net/literature/732275


Partonic interpretation: TMD correlators
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The presence of an identified hadron does not allow us to use the commutator form 
→ OPE not applicable

Use “diagrammatic approach” → use quark correlation functions for hadron structure 
and formation : it corresponds to the result in TMD factorization (when there is one)

+ higher twist
(suppressed)



Partonic interpretation: TMD distributions

20

+ higher twist
(suppressed)

We can link the measured transverse momentum with the 
partonic transverse momenta in the target and in the 

hadronization mechanism!



Quark distribution correlator (TMD)
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T

_
0

A Dirac matrix that can be parametrized in terms of TMD PDFs



Quark TMD distribution functions (spin ½)
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T

_
0

A Dirac matrix that can be parametrized in terms of TMD PDFs



Quark TMD distribution functions (spin ½)
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At leading twist: 8 TMD PDFs

(similar classification for gluons)

The symmetries of QCD play
a crucial role in this classification

● Black: time-reversal even AND collinear

● Blue: time-reversal even

● Red: time-reversal odd (process dependence)

Quark inside spin ½ hadron



Quark TMD distribution functions (spin 1)
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At leading twist: 18 (!) TMD PDFs

(similar classification for gluons)

The symmetries of QCD play
a crucial role in this classification

Quark inside spin 1 hadron

There is currently a meeting at JLab on spin 1 effects: https://indico.jlab.org/event/986/ 

https://indico.jlab.org/event/986/


Quark TMD PDFs (spin ½)

25From Bacchetta’s “Trento” lecture notes



Quark fragmentation correlator (TMD)
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T

+
0



Quark TMD fragmentation functions
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At leading twist: 
8 TMD FFs and 

3 collinear FFs (diagonal)

The symmetries of QCD play
a crucial role in this classification

Collins function



Quark fragmentation and propagation
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Fragmentation correlator Cut quark propagator

The hadronization mechanism, and thus fragmentation functions, is 
connected to the dynamical content of the propagator

E.g. connection between twist 3 fragmentation functions and dynamical quark mass

See https://inspirehep.net/literature/1797479 

hadronization chiral symmetry breaking

https://inspirehep.net/literature/1797479


Quark fragmentation and propagation
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Fragmentation correlator Cut quark propagator

See https://inspirehep.net/literature/1797479 

Integrals of spectral functions for 
the propagator

https://inspirehep.net/literature/1797479


Gluon correlators
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See also https://inspirehep.net/literature/534393

https://inspirehep.net/literature/534393


Quark and gluon TMD PDFs - spin 1/2

31

See https://inspirehep.net/literature/1505204 for more details

https://inspirehep.net/literature/1505204


Quark and gluon TMD PDFs - spin 1

32

See https://inspirehep.net/literature/1505204 for more details

https://inspirehep.net/literature/1505204
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Transverse momentum imaging Calculable 
in perturbation theory

The partonic “maps”, to be
extracted from data and/or calculated 

with non-perturbative approaches

JLab, EIC, ...

Experimental data



DIS: from structure functions to PDFs
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DIS on a spin ½ hadron: structure functions at leading order in perturbation theory
(at higher orders: convolution with perturbative coefficients)

For a summary see e.g. https://inspirehep.net/literature/1603092 and  https://inspirehep.net/literature/732275 

Leading twist PDFs

 Higher twist PDF

LHS: measurable
RHS: partonic quantities

→ “Collinear” imaging

https://inspirehep.net/literature/1603092
https://inspirehep.net/literature/732275


SIDIS: from structure functions to TMDs
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Etc. ... 

The LHS of these equations can be measured
and the RHS is expressed in terms of 

partonic quantities (TMDs)

→  transverse momentum imaging:

- azimuthal modulations
(Boer-Mulders and Collins)

- build spin asymmetries
(Sivers)

structure functions at leading order in perturbation theory
(at higher orders: convolution with perturbative coefficients)



SIDIS: from structure functions to TMDs

36For a summary see  https://inspirehep.net/literature/732275 

Etc. ...

Leading twist TMDs

Higher twist TMDs

“Sivers effect”

“Collins effect”

https://inspirehep.net/literature/732275
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Higher twist

Twist t :

(or power corrections)

See Jaffe’s lecture notes



Higher twist PDFs
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Twist t :

For more details on the definition of twist, see Jaffe’s “Erice” lecture notes

Twist 2

Twist 3

Twist 4



Higher twist PDFs
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Twist t :

For more details on the definition of twist, see Jaffe’s “Erice” lecture notes

Twist 2

Twist 3

Twist 4



Higher twist PDFs
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Twist t :

For more details on the definition of twist, see Jaffe’s “Erice” lecture notes

Twist 2

Twist 3

Twist 4



Higher twist TMD PDFs
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Derived within the “diagrammatic approach” : https://inspirehep.net/literature/400866 

Twist 3

Twist 2

- https://inspirehep.net/literature/2514090 
- https://inspirehep.net/literature/1991138 
- https://inspirehep.net/literature/2669575 

Interpretations in TMD factorization too:

https://inspirehep.net/literature/400866
https://inspirehep.net/literature/2514090
https://inspirehep.net/literature/1991138
https://inspirehep.net/literature/2669575


SIDIS 
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See https://inspirehep.net/literature/732275 

Twist 2

Twist 3

Twist 3

“Dynamical” distributions

https://inspirehep.net/literature/732275


Equations of motion
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Use the Dirac equation for the quark fields in the correlators

See https://inspirehep.net/literature/732275 

Scalar PDF

q-g-q Twist-2 x mass ratio

q-g-q Twist-2 x mass ratio

Scalar FF

WW approx.

WW approx.

Dressed quark 
mass

WW approx.
q-g-q

(dynamical mass)
current mass

https://inspirehep.net/literature/732275

