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rotational symmetryrotational symmetry

translation invariancetranslation invariance

conservation of angular momentumconservation of angular momentum

conservation of momentumconservation of momentum

Gravitational form factors of the nucleon and fundamental sumrules

graviton-coupling spin-2 couplinggraviton-coupling spin-2 coupling

momentum sumrulemomentum sumrule

Ji‘s nucleon spin sum ruleJi‘s nucleon spin sum rule

everything is: -gauge-invariant
-scale and scheme dependent

-measurable

everything is: -gauge-invariant
-scale and scheme dependent

-measurable

vanishing of the anomalous
gravitomagnetic moment

vanishing of the anomalous
gravitomagnetic moment
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Generalized form factors and basic sumrules
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Ji&Lebed PRD 2000
Ph.H. PLB 2004

Ji&Lebed PRD 2000
Ph.H. PLB 2004
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gauge fields/links U

quark propagators

quarks

Lattice QCD calculations of hadron structure

= vector-, axialvector-, quark spin flip-, (spin-2) graviton-, „spin-n“ coupling

compute the path-integral numerically
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Blue gene/L (at MIT)

Quellen: NMCAC, IBM & Jlab webpages

Machines

7n cluster at JLab

Encanto (New Mexico)
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systematic „ab initio“-approach, butsystematic „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

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

approximations can be continuously improvedapproximations can be continuously improved

mainly limited by computational resourcesmainly limited by computational resources

Lattice QCD is different from model calculationsLattice QCD is different from model calculations

Lattice QCD calculations of hadron structure
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Reminder - LHPC mixed action lattice parameters
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# of „measurements“ increased by
factor 8 compared to PRD 77 094502 (2008)

# of „measurements“ increased by
factor 8 compared to PRD 77 094502 (2008)
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Overview of numerical results on GPDs

A, B, C from the latticeA, B, C from the lattice

chiral perturbation theorychiral perturbation theory

chiral extrapolations of A, B, Cchiral extrapolations of A, B, C

Quark spin and orbital angular momentum contributionsQuark spin and orbital angular momentum contributions

„Proliferation“ of OAM„Proliferation“ of OAM
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A, B, C

disconnected contributions are not included�
only u-d is „exact“

disconnected contributions are not included�
only u-d is „exact“

LHPC nf=2+1 mixed; tbp
(updating PRD 2008, 0810.1933)

LHPC nf=2+1 mixed; tbp
(updating PRD 2008, 0810.1933)

B
A
C

B
A
C

A
B
C

A
B
C

u-d

u-d

u+d

u+d
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Chiral extrapolations
and quark (orbital) angular momentum
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Chiral perturbation theory and chiral extrapolations

low energy effective
field theory of QCD

systematic expansion in small
masses/momenta/energies

HBChPT with the � , small scale expansion (SSE)

baryon chiral perturbation theory (BChPT)

non-relativistic expansion

heavy baryon ChPT (HBChPT)

covariant baryon ChPT (CBChPT)

expansion in 1/mN

p
NBernard, Hemmert, Meißner;

e.g. for gA: Hemmert, Procura, Weise PRD 2003
Chen and Ji, PRL 2002

unknown couplings / low energy constants (LECs) have to be determined from experiment and/or lattice

Dorati, Gail,
Hemmert NPA 2008

finite volume, non-zero
lattice spacing, and

systematic
uncertainties
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Covariant chiral perturbation theory for A, B, C 

with common
parameter

with common
parameter

Covariant BChPT calculation by Dorati, Gail, Hemmert NPA 2008Covariant BChPT calculation by Dorati, Gail, Hemmert NPA 2008

Including the dependence on the squared momentum transfer t Including the dependence on the squared momentum transfer t similar results for B, Csimilar results for B, C
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Polarized momentum fraction

DSSV PRL 2008DSSV PRL 2008

emplyoing HBChPT results [Chen Ji PLB 2001]emplyoing HBChPT results [Chen Ji PLB 2001]
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Form factors of the energy momentum tensor

only quark line connected contributions
only quark line connected contributions

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

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

global simultaneous fits of A, B, C with common parameter <x>
+ 8 additional free parameters/LECs, to >80 lattice data points in each case (u-d and u+d)

global simultaneous fits of A, B, C with common parameter <x>
+ 8 additional free parameters/LECs, to >80 lattice data points in each case (u-d and u+d)
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HBChPT-fit

compared to LHPC PRD 77 094502 (2008) compared to LHPC PRD 77 094502 (2008) 

Form factors of the energy momentum tensor
isovector quark momentum fraction
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Quark angular momentum

from covariant BChPT extrapolationsfrom covariant BChPT extrapolations



Ph. Hägler, OAM workshop, ECT*, 2009 17

Quark angular momentum

emplyoing HBChPT+� results [Chen Ji PRL 2002]emplyoing HBChPT+� results [Chen Ji PRL 2002]
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Isovector axial vector coupling constant
(required for L=J-� �Ð����)

emplyoing SSE (HBChPT+� ) results [Procura, Hemmert, Musch, Weise PRD 2007, QCDSF PRD 2006]emplyoing SSE (HBChPT+� ) results [Procura, Hemmert, Musch, Weise PRD 2007, QCDSF PRD 2006]

compare to LHPC PRL 96 502001 (2006) compare to LHPC PRL 96 502001 (2006) 
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Isosinglet quark spin fraction
(required for L=J-� �Ð����)

employing HBChPT by Diehl, Manashov, Schäfer EJPA 2006; Ando, Chen, Kao PRD 2006

HERMES PRD 2007HERMES PRD 2007
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Nucleon spin structure and spin sum rule

relativistic quark modelsrelativistic quark models

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

LHPC nf=2+1 mixed
preliminary (updating PRD 2008)LHPC PRD 2003LHPC PRD 2003

LHPC PRD D 77, 094502 (2008)LHPC PRD D 77, 094502 (2008)
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Nucleon spin structure and spin sum rule

relativistic quark modelsrelativistic quark models

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

LHPC nf=2+1 mixed
preliminary (updating PRD 2008)
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Lattice in contradiction with well-known (analytical and model) results?

requires non-vanishing quark OAM � L� 0requires non-vanishing quark OAM � L� 0

non-zero Sivers effectnon-zero Sivers effect

Brodsky, Hwang et al NPB 2001, PLB 2002
Burkardt, Hwang PRD 2004

Brodsky, Hwang et al NPB 2001, PLB 2002
Burkardt, Hwang PRD 2004

relativistic quark modelsrelativistic quark models
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Nucleon spin structure and spin sum rule

pioneering lattice calculations by Gadiyak, Ji and Jung in 2001pioneering lattice calculations by Gadiyak, Ji and Jung in 2001

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

LHPC nf=2+1 mixed
preliminary (updating PRD 2008)
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Lattice QCD vs relativistic quark models – QCD evolution
(Wakamatsu 2005; Thomas, PRL 2008)



Ph. Hägler, OAM workshop, ECT*, 2009 25

Lattice QCD vs relativistic quark models – QCD evolution

Jg

�� �2

Lu� d

relativistic quark modelrelativistic quark model

(Wakamatsu 2005; Thomas, PRL 2008)

in coll. with LHPC and
M. Altenbuchinger, W. Weise (TUM)

in coll. with LHPC and
M. Altenbuchinger, W. Weise (TUM)

lattice + evolutionlattice + evolution
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Anomalous gravitomagnetic moment of u+d quarks
based on HBChPT by Diehl, Manashov, Schäfer EJPA 2006, Ando, Chen, Kao PRD 2006

including
LHCP 2009 tbp

non-linear correlation
in t and m�

O(p3)

small quark AGM
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„Proliferation“ of OAM

dangerous to use (quark) OAM as a universal „sales argument“;
„everything is OAM“

dangerous to use (quark) OAM as a universal „sales argument“;
„everything is OAM“

be more specific and precise in the use of „OAM of quarks“be more specific and precise in the use of „OAM of quarks“

several different notions of quark OAM floating aroundseveral different notions of quark OAM floating around Jaffe ManoharJaffe Manohar

JiJi

� L� 0 (LCWF etc.)
(Brodsky et al.)

� L� 0 (LCWF etc.)
(Brodsky et al.)

……

possible criteria for
precise definition(s) 

of „quark OAM“

possible criteria for
precise definition(s) 

of „quark OAM“

(manifestly) gauge invariant (operator) definition available(manifestly) gauge invariant (operator) definition available

able to specify scale and scheme dependence in QCDable to specify scale and scheme dependence in QCD

can be „measured“can be „measured“

part of a (gauge invariant) spin sum rulepart of a (gauge invariant) spin sum rule

looks like r� plooks like r� p
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