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➙ CSS-resummation ➙ coll. fact. still applicable
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d�

dqT
(⇤QCD ⇠ qT ⌧ Q)  ➙ Transverse momentum dependent (TMD) factorization!



(Naive) definition of the TMD parton distributions

�[�](x, kT ) =

Z
dz

�
d

2
zT

2(2⇡)3
eik·zhP, S| q̄(0)�W[0, z] q(z) |P, Si

���
z+=0



(Naive) definition of the TMD parton distributions

�[�](x, kT ) =

Z
dz

�
d

2
zT

2(2⇡)3
eik·zhP, S| q̄(0)�W[0, z] q(z) |P, Si

���
z+=0

Color gauge 
Invariance



(Naive) definition of the TMD parton distributions

�[�](x, kT ) =

Z
dz

�
d

2
zT

2(2⇡)3
eik·zhP, S| q̄(0)�W[0, z] q(z) |P, Si

���
z+=0

vanish
without Wilson line

Color gauge 
Invariance



Sivers - Effect in Semi-Inclusive DIS (HERMES, COMPASS, JLab)
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Sivers function



 Twist-3 approach to
Transverse Spin effects in
single-inclusive processes



Transverse Spin Matrix Elements

1) Transversity distribution

“chiral-odd” structure 
→ in combination with other chiral-odd objects (Collins effect) 
→ extractions from Collins effect, Dihadron fragmentation
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Transverse Spin Matrix Elements

1) Transversity distribution

“chiral-odd” structure 
→ in combination with other chiral-odd objects (Collins effect) 
→ extractions from Collins effect, Dihadron fragmentation

2) ‘intrinsic twist-3’ → gT

Twist - 3 characteristics hidden in Dirac structure
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3) Three-parton correlation functions

2-dimensional support, much richer parton dynamics 
observables beyond leading twist → test of factorization in pQCD 

→ so far: only “diagonal support” FFT(x,x) constraint by data 

→ color Lorentz force on struck quark [Burkardt] 

‘dynamical twist-3’
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Relations in collinear factorization
 Gluonic Poles:  ‘QCD - equation of motion’:

+ Lorentz - Invariance relations



Lorentz - Invariance relations
[Kanazawa, Koike, Metz, Pitonyak, MS, PRD 93, 054024 (2016)]

formal derivation on operator level possible, but technical… known since 90s!



Lorentz - Invariance relations
[Kanazawa, Koike, Metz, Pitonyak, MS, PRD 93, 054024 (2016)]

formal derivation on operator level possible, but technical… known since 90s!

Twist-3 Fragmentation Functions:

complex functions:



Lorentz - Invariance relations
[Kanazawa, Koike, Metz, Pitonyak, MS, PRD 93, 054024 (2016)]

formal derivation on operator level possible, but technical… known since 90s!

Twist-3 Fragmentation Functions:

complex functions:

Lorentz - Invariance relations for FFsQCD - equation of motion



QCD Equation of Motion + Lorentz-invariance relation:
Two equations, three functions → eliminate ‘intrinsic & kinematical twist-3’
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Fragmentation functions:
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also for polarized Fragmentation Functions (L - Production)…



 Why are Lorentz-Invariance 
Relations important?



Example: Single-Inclusive Hadron Production
in e-p collisions [e(l) + N(P) → h(Ph) + X]

theoretically simple, measured at HERMES, JLab 6
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Transverse single spin asymmetry AUT (LO):

Partonic Coefficients differ in various frames (!?) 
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QCD - EoM already implemented, si Lorentz invariant 
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Re-evaluation of SSA with general light-cone vector:
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= 0, LIR
Lorentz - Invariance relations remove spurious dependence

on the choice of light cone vectors!



Summary & Conclusions
Twist-3 formalism ⟺  

‘intrinsic’, ‘kinematical’ & ‘dynamical’ twist-3 
contributions to transverse spin observables
Relations through QCD equation of motion & 

Lorentz - Invariance relations
Write ‘intrinsic’ & ‘kinematical’ distributions/FFs 

in terms of Quark-Gluon-Quark Correlations
Lorentz - Invariance Relations remove 

dependence on the choice of light-cone vectors
Conjecture: General behaviour, 

removal valid to all orders!



Exact TMD definition beyond tree-level:  
1) Wilson lines are off the light cone  
    ➙ ξ regulates light cone divergences  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2) “Soft factors” implemented  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Solution of CS - evolution equation
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TMD at large kT perturbative Sudakov factor non-perturbative input

FFT drives x-dependence of the Sivers function


