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Why study TMDs on the lattice? Motivation (I) 

lattice QCD is a systematic „ab initio“-approach to non-perturbative physics 

cross-sections (SIDIS, DY-production), asymmetries, T-odd effects 

QCD factorization, (separation of) scales, regularization&renormalization,  
gauge invariance, gauge link structures 

there is no unique, commonly accepted 
exact definition of TMDs in terms of (GI) 

quark- and gluon operators available 

Mulders et al.(„LO“); Anelmino et al., Radicci, Bachetta et al., … („LO“) 
Collins; Collins&Metz; Collins&Hauptmann; Ji,Ma&Yuan („NLO“) 

Cherednikov&Stefanis („NLO“) 
Chay (EFT) 

lattice QCD may help to explore different 
ansätze and definitions of TMDs 
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Motivation (II): Hadron structure 

generalized parton distributions (GPDs) 

transverse momentum dependent PDFs 

Fourier-transformation 

center of momentum 

Burkardt PRD 2000 
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systematic „ab initio“-approach, but 

  statistical errors from MC integration 
  discretization and finite volume errors/effects 
  contaminations from excited states 
  large quark masses 
  large minimal non-zero momenta 

Lattice QCD calculations of hadron structure 

models of TMDs are interesting and important, but 

approximations can be continuously improved 

mainly limited by computational resources 

Lattice QCD is different from model calculations 
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Transverse momentum dependent PDFs - formalism 

complex amplitude A2  

form/choice of Wilson line U(l)  

e.g. semi-inclusive DIS 

FSI 

many different proposals on the market  precise form?  

exploratory lattice study 

„direct link“ 

„process-independent“  
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gauge fields/links U 

quark propagators 
quarks 

Lattice QCD calculations of hadron structure 

= vector-, axialvector-, quark spin flip-operator  

compute the path-integral numerically 
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Lattice parameters – LHPC/MILC 

so far only one ensemble analyzed 
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Plateaus 

B. Musch, PhD thesis 
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Transverse momentum dependent PDFs - formalism 

Mulders, Tangermann NPB 1996 
Boer, Mulders PRD 57 (1998) 

Fourier-transformation  
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Overview of selected results 

LHPC, Nf=2+1 
DW-valence 

+staggerd sea 
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Renormalization 

renormalization condition  

potential power-divergence 

B. Musch, PhD thesis 
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Illustration of renormalization 

renormalized 

B. Musch, PhD thesis 
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„Regularization“ and multiplicative renormalization 
Gaussian parametrization of the invariant amplitudes 

restricted to l ~ 0.25 … 2 fm 

renormalize multiplicatively such that 

reg. potential divergences at small l  large k 

at this stage, better not 
compare quantitatively 

with TMD-phenomenology 
(e.g. Anselmino et al.) 

PhH, B. Musch et al. 
arXiv:0908.1283 
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l2-dependence of invariant amplitudes (renormalized) 
PhH, B. Musch et al. 

arXiv:0908.1283 
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l2-dependence of invariant amplitudes (renormalized) 

comp. to LC quark model: 
Pasquini et al PRD 2008 

PhH, B. Musch et al. 
arXiv:0908.1283 
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up 

down 

Invariant amplitudes related to quadrupole deformations 
(„pretzelosity“) 
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Intrinsic transverse momentum densities of the nucleon 

Diehl, PhH 
EPJC 44 (2005) 

Boglione, Mulders PRD 60  (1999) 
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Correlations in 
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Intrinsic transverse momentum densities of the nucleon 

PhH, B. Musch et al. 
arXiv:0908.1283 

genuine effect 
of intrinsic transverse 
momentum of quarks 

GPDs 
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Approximate relations between GPDs and TMDs 

Burkardt PRD 2002 
Diehl, PhH EPJC 2005 

Metz et al. 2007 

T-odd Sivers 

T-odd Boer-Mulders 
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Intrinsic transverse momentum densities of the nucleon 

genuine effect 
of intrinsic transverse 
momentum of quarks 

GPDs 

up down 

PhH, B. Musch et al. 
arXiv:0908.1283 
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Transverse spin densities in the proton 
in impact parameter space from GPDs 

up 

down 

charge distribution 

up 

down 

quark transverse 
spin in x-direction 

strongly deformed transverse spin densities 

QCDSF nf=2 Clover 
PRL 2007 hep-lat/0612032 

lattice calculations 
of quark spin-flip 

couplings 

Diehl / PhH EPJC 2005 
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Correlations in 

Correlations between momenta, positions, spins 
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no visible correlations in l P and l2 

≈ factorization of tmdPDFs in x and k  

Transverse momentum dependent PDFs 
correlations in x and k 

Musch et al. nf=2+1 mixed 
tbp and PoS LC2008 
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Reminder: Generalized mean square radii of the nucleon 
correlations in x and b 

strong correlations in x and b  no factorization of GPDs in x and t  

LHPC nf=2+1 mixed preliminary 
(updating PRD 2008) 
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Summary 

k-densities of polarized quarks in a 
polarized nucleon are clearly deformed  

study different link structures 

first direct lattice calculation of non-local operators related to TMDs 

exploratory calculations based on „process-independent“ direct Wilson lines 

renormalization of potential power divergencies using string potential 

Gaussian parametrization of l2-dependence approximate factorization of 
lP and l2 dependencies 

analyze additional ensembles „T-odd“ effects 

in strong contrast to GPDs 

type of deformation not present for GPDs 
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