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spin and orbital angular momentum structure of the nucleon

insights from model calculations



Generalized TMDs and Wigner Distributions

[MeiRner, Metz, Schlegel (2009)]
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Generalized TMDs and Wigner Distributions

[MeiRner, Metz, Schlegel (2009)]
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probabilistic interpretation

Longitudinal

Transverse

Heisenberg's
uncertainty relations

Transverse

/

/

guasi-probabilistic
Interpretation

kT =Pt

Longitudinal

kt = Pt
b1
— Longitudinal

Transverse

Wigner (1932)
Belitsky, Ji, Yuan (04)
Lorce’, BP (11)



Quark Wigner Distributions

4+ Light-cone Fock expansion of Nucleon state:

IN) = Ws4laqa) + V3444130 92) + Usqglagag) + - -

fixed light-cone time (x*=0)
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Quark Wigner Distributions

4+ Light-cone Fock expansion of Nucleon state:

IN) = Us4lqq9) + V3444139 97) + Y3q4la999) + - -

fixed light-cone time (x*=0)
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4+ Light-cone wave function representation of Wigner Distributions:
in the A*™=0 gauge and at ¢=0 = diagonal in the Fock-space

SR

N >

J

N=3: overlap of quark light-cone wave-functions

4 real functions, but in general not-positive definite

mm) NOt probabilistic interpretation

correlations of quark momentum and position in the transverse plane
as function of quark and nucleon polarizations

—
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Unpol. up Quark in Unpol. Proton

[Lorce’, BP, PRD84 (2011)]
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Transverse
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Unpol. up Quark in Unpol. Proton

[Lorce’, BP, PRD84 (2011)]

P2D (IZJ-a gJ-)

P+
Longitudinal

Generalized Transverse Charge Density

/ fixed angle between k. and 51 and fixed value of \El\

by | fim]
by | fim]
by | fin]




fixed k LT

up quark
oo [1/(GeV?- fm?)]

| T k,=0.3 GeV

unfavored

a~
L .

down quark
ot [1/(GeV?- fm?)]

T k,=0.3 GeV

1.3

LL7
1.04
0.91
0.78
0.65

Wo.13
mo.

left-right symmetry of distributions ===== no net orbital angular momentum
qguarks are as likely to rotate clockwise as to rotate anticlockwise




up quark down quark

fixed oy : | oty [1/(GeV?- finr)] oty [1/(GeV?- fin)]
. ' 1. I3
: T k.=0.3 GeV : . T k.=0.3 GeV e
unfavored 1.04
0.91
0.78
0.65

Wo.13
.

left-right symmetry of distributions ===== no net orbital angular momentum
qguarks are as likely to rotate clockwise as to rotate anticlockwise

4+ integrating over b , =) fransverse-momentum density

fi(k7) = [dafl(x, k9)

Monopole
4+ integrating over El =) charge density in the transverse plane b, S
[Miller (2007); Burkardt (2007)] Distributions
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Unpol. quark In
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4+ projection to GPD and TMD is vanishing
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Quark Orbital Angular Momentum

— — — — — — LOI'CG,, BP (11)
ﬁg — fdiEko’J_deJ_(bJ_ X kJ_)p%U(bJ_,kJ_,.T) Hatta (12)
l' Ji, Xiong, Yuan (12)
Wigner distribution

for Unpolarized quark in a Longitudinally pol. nucleon



Quark Orbital Angular Momentum

— — — — — — LOI’CG,, BP (11)
ﬁg — fdiEko’J_deJ_(bJ_ X kJ_)p%U(bJ_,kJ_,.T) Hatta (12)
Ji, Xiong, Yuan (12)
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Quark Orbital Angular Momentum
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Ji, Xiong, Yuan (12)
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Results in a light-cone constituent quark model: < d-quark OAM

Lorce’, BP, Xiong, Yuan, arXiv:1111.4827 [hep-ph]



(16 functions)

- (8 functions)

Ly E_L
Quark polarization Quark polarization
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4+ almost all distributions (in red) vanish if there is no quark orbital angular momentum

4+ quark GPDs (at ¢=0) and TMDs given by the same overlap of LCWFs but in different kinematics
= each distribution contains unique information

= no model-independent relations between GPDs and TMDs



Angular Momentum Relation (“Ji's Sum Rule”)

L | [X. Ji, Phys. Rev. Lett. 78 (1997)]
» quark and gluon contribution to the nucleon spin

e
VE 5/ dep{ He2( g€ = 0) -+ B2 26 1 =10)
i

proton helicity flipped but quark helicity conserved

!

"Helicity mismatch” requires orbital angular momentum

Proton spin decomposition

» Je 4+ Je
q

- :Z%AZ‘H-ZL‘H—JQ
q q

 inclusive processes (parton densities) — AX4

N | —

1 exclusive processes (GPDs) — J4

4

Quark Orbital Angular Momentum: 19 — j7 _ %Azq



Alternative Decompositions of Nucleon Spin

&= see talk by Wakamatsu

i Jaffe-Manohar
common
1
L@
L9
different
 Each term is gauge invariant » Decomposition is gauge dependent (AT =
|
* No decomposition of 9 9 — Z T~ el
In spin and orbital part q
d
1 1 -y B ACTR q g
B q ¥ = q g = + L9+ Ag+ L
Q—ZJ J? = SAY » Li+J 5 ; 9
q q
@ +Ag and AY measured by
COMPASS, HERMES , RHIC

from GPDs | |
. . 4+ no direct connection of £4 and L9
4 can be calculated in Lattice QCD with observables

5= see talk by Alexandrou 4+ model-dependent information from TMDs



Quark OAM: Partial-Wave Decomposition
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4+ Orbital angular momentum content of TMDs (light-cone constituent quark model)
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4+ Orbital angular momentum content of TMDs (light-cone constituent quark model)
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Boffi, Efremov, BP, Schweitzer, PRD79(2009)




s~ see talk by C. Lorce’

Quark OAM from Pretzelosity
h #r = ,:: - ,: “pretzelosity”

model-dependent relation

L. =— [dod?ky Sts his (2, k2)

first derived in LC-diquark model and bag model
[She, Zhu, Ma, 2009; Avakian, Efremov, Schweitzer, Yuan, 2010]

i hiy
chiral even and charge even chiral odd and charge odd
AL, =0 AL,| =2

no operator identity
relation at level of matrix elements of
operators

4

valid in all quark models with spherical symmetry in the rest frame
[Lorce’, BP, PLB (2012)]



Constraining quark OAM with Sivers function

unpolarized quark in unpolarized nucleon

Burkardt, PRD66 (02)

A. Bacchetta, DIS2012




Constraining quark OAM with Sivers function

unpolarized quark in transversely pol. nucleon

Distortion in impact parameter

(related to GPD E) Burkardt, PRD66 (02)

A. Bacchetta, DIS2012




Constraining quark OAM with Sivers function

unpolarized quark in transversely pol. nucleon

Final-state interaction
(lensing function)

E Oy~
: : : 0 NS, N ss
Distortion in transverse momentum :’:,.g .
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Constraining quark OAM with Sivers function

unpolarized quark in transversely pol. nucleon

Final-state interaction
(lensing function)

RE Oy~
: : : 0 NS, N ss
Distortion in transverse momentum :’:,.g .
. . 2~ A
(related to Sivers function) : a.n 3 Burkardt, PRD66 (02)

A. Bacchetta, DIS2012

ik17 ok Jk17 Qk /
— . € k‘ S — — ~ — € b S =
—/koT kLT FH9(x, k2) ~/d271q’z(x,bT) = <5q{x,b%))

Sivers function Lensing function R T. of E(x,0,t)



Constraining quark OAM with Sivers function

unpolarized quark in transversely pol. nucleon

Final-state interaction

Distortion In transverse momentum

(related to Sivers function) . Burkardt, PRD66 (02)

A. Bacchetta, DIS2012

L ki gk . . L Ikt gk . /
_/koTk’_ZF €T Mt Tf#](ﬂi,kq%) Z/dsz.’Zq’z(l‘,bT) € 92T <EQ($7b%))

v / B
Sivers function Lensing function R 1. of E(x,0,t)
l inspired from model results
1(0)a a
Bacchetta, Radici, PRL107(2011) 2 N2:Q3) = —L(2) B (%07@)
fitted to SIDIS data flavor independent first moment constrained
(COMPASS,HERMES,|Lab) K from anomalous magnetic moment

(L—x)"



® Results from Sivers <_— lensing = > GPD
J“ =0.229 4+ 0.00270015,  J* = 0.015 £ 0.00375 000,

J% = —0.007 £0.0030 058, J%=0.022 4 0.005"0 000,

J® = 0.0061) 008, J® = 0.0061) 00s-

2 _ 2
Bacchetta, Radici, PRL107(2011) (Q° =4 GeV~)

@ Comparing with GPD model

0.10, Goloskokov & Kroll, EPJ C59 (09) 809

= > T
§§ O"=3GeVE o Dichletal., EPJ C39 (05) |
0.05 ;g B Guidal et al., PR D72 (05) 054013
SE;% Liuti et al., PRD 84 (11) 034007
- O-OOE I Bacchetta & Radici, PRL 107 (11) 211801
3 P 5
005 5
~0.10

HERMES JHEP 0806 (08)
(model based)
-0.15"

0.1 0.2 0.3 04 0.5
JLH-H
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Summary

“* GTMDs Wigner Distributions

- the most complete information on partonic structure of the nucleon

* Results for Wigner distributions in the transverse plane

- non-trivial correlations between b, and k;, due to orbital angular momentum

¢ Orbital Angular Momentum from phase-space average with Wigner distributions

**» GPDs and TMDs probe the same overlap of 3-quark LCWF in different kinematics

- no model-independent relations between GPDs and TMDs

- give complementary information useful to reconstruct the nucleon wf

¢+ Orbital Angular Momentum from GPDs (Ji's relations)

¢ No direct connection between TMDs and OAM == need to use model-inspired connections

- use LCWEF (eigenstate of quark OAM) to quantify amount of OAM In different observables

- model relation between pretzelosity and OAM
- OAM from model relation between Sivers function and GPD E
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Ji Jaffe-Manohar

e — /d3r¢T7”>< (—iD)y e _ /dswff»x (—iV )

no gauge field

Y — /Y



Light-Cone Quark Models

» No gluons

» Independent quarks
» Spherical symmetry in the nucleon rest frame

A?QI(I?(I? E Aiq1g2 1/2*
\Ij,\l)\Q)\3 ’L)kJ_Z ¢ xzak_l_z (I)S]gés?,qj H D

| | l

symmetric spin-flavor wf  rotation from canonical spin to
momentum wf light-cone spin

1(1)q

L." = Agnr f dzx]3 dzlﬁ] |<b|281 % _f dz hyp " (x) = ()QNRf dz]s| d kil ‘05‘2 Sin

non-relativistic axial charge non-relativistic tensor charge

209
2



Light-Cone Quark Models

» No gluons

» Independent quarks
» Spherical symmetry in the nucleon rest frame

A?QI(I?(I? E Aiq1g2 1/2*
\Ij,\l)\Q)\3 ’L)kJ_Z ¢ xzak_l_z (I)S]gés?,qj H D

| | l

symmetric spin-flavor wf  rotation from canonical spin to
momentum wf light-cone spin

£.9 = Agur [[da]s[d?k.]s|¢?sin? @ — [dzhyp ! (x) = dqnr [[d]s[d?kL]s|¢|? sin® &

non-relativistic axial charge non-relativistic tensor charge

spherical symmetry in the rest frame

AgNR = OQNR
N

( HEGRT
Lot = —/d;z: th( )1(;1:)



< Integrating over b, ) fl(l)(kf) = /dﬂ? fi(z, k)

< Integrating over k, mmm) charge density in the transverse plane b,

by Lfm]

proton

by |fm]

—1.5—1-0.50 0.5 1 1.5

o |

~

\
\

\

/ £m“]
2.0

PR
/0.5¢ \
///
e e A TR I . ~ b [fm]
1w =0est 020 "BessS 1350 ”

charge distribution in the
transverse plane

by |fm]

neutron
b, Ll eutro
1.5
1
0.5
0
—0.5
—1
—1.5
—1.5—1-0.50 0.5 1 1.5
o [1/fm*]
e —— —t AT ——r—t b
=5 I 2D | TR )
3§ =4 | '
-042} /
-0.B| /
-0.4 \’/

" [Miller (2007); Burkardt (2007)]
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% Integrating over b, ) fl(l)(kf) = /dx hiz, kf)
< Integrating over k, mmm) charge density in the transverse plane b,

b, [ymj  Proton fm] g DEUTON
L5
1
charge distribution in the 0.5
transverse plane 0
—0.5
—1
—1.5
~15-1-0.50 05 1 15 % U™ —1.5-1-050 05 1 15 5 U™
o [1/fm®] o TTFESES
J C', '\\ R - | o -‘A.r"‘.—?“—wd "
1/’4'\ -1-0 -O.—' 1- /3.5 1.0
1/.0} _0\2| /
/0.5 \\. ~0.5}
e e el [ fm] . -0.4}
-1.0 -0.5 0.0 0.5 1.0 ° " [Miller (2007): Burkardt (2007)] 4
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Common assumptions : » No gluons

» Independent quarks
» Spherical symmetry in the nucleon rest frame

spherical symmetry
in the rest frame

the quark distribution does not depend on
the direction of polarization

rest frame iInfinite-momentum frame
‘O, 0'> Light-cone boost VG, )\>LC’
zero OAM ) NON-zero OAM

LC polarizations of quark and nucleon are
NOT all independent

b relations

| among polarized TMDs
[Lorce’,BP, 2011]



Wigner function
for transversely pol. quark in longitudinally pol. nucleon
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Wigner function
for transversely pol. quark in longitudinally pol. nucleon
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Wigner function
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Wigner function
for transversely pol. quark in longitudinally pol. nucleon
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Wigner function
for transversely pol. quark in longitudinally pol. nucleon
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Light-Cone Constituent Quark Model

N , 3 —
momentum-space wf (k;) A7 1 ) 0= \/
[Schlumpf, Ph.D. Thesis,

hep-ph/9211255] B, parameters fitted to anomalous
magnetic moments of the nucleon

N . hormalization constant

> spin-structure: LO(I) = D2 aC iy (/2% 1 (K. K
qx~ (k) s () Dy 7 (k) B \-Kz: K

free quarks ) K.=m+zMo K, =k, (Melosh rotation)

» SU(6) symmetry

Applications of the model to:
GPDs and Form Factors: BP, Boffi, Traini (2003)-(2005);

TMDs: BP, Cazzaniga, Boffi (2008); BP, Yuan (2010);
Azimuthal Asymmetries: Schweitzer, BP, Boffi, Efremov (2009)



Quark OAM: Partial-Wave Decomposition
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B = 3 Iy SPT IPT

distribution in x of OAM
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Lorce,B.P., Xiong, Yuan, in preparation



LCWF Overlap Representation

Pt .. P b < T \3G1924: B
e ,)szl kL LCWF"I'/\if\lgq,\gh(fI?i, ki)
. . . .
_ invariant under boost, independent of P

3 3
> internal variables: sz — 1, Z bii=01

[Brodsky, Pauli, Pinsky, 98]



LCWF Overlap Representation

P, BpPh Koz LCWF:p 919293 (. f | )
j 2 }S’J_ > A1A2A3 & y
’ invariant under boost, independent of P
= > ——> 3 "
> internal variables: % "2, =1, ki ;=01
i=1 i=1
[Brodsky, Pauli, Pinsky, 98]
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LCWF Overlap Representation

P, BpPh Koz LCWF:p 919293 (. f | )
j 2 }S’J_ > A1A2A3 & y
’ invariant under boost, independent of P
= > ——> 3 "
> internal variables: % "2, =1, ki ;=01
i=1 i=1
[Brodsky, Pauli, Pinsky, 98]
()2
N /’\/\
quark-quark correlator E—)> B o
E\IJ — @ »—t \Il S
()) =O) L O’ A |
I > 1 - |
I |

g Aia1a2as ¥ _ I PAia19293 Ditp
)\'l)\Q)\.‘j (/EI‘ _l_7> T Z¢(x?,7 J_,'I,) S152S83 H .S‘,')\,'( (f)
Sq ()

I |

momentum wf  spin-flavor wf rotation from canonical spin
to light-cone spin

[Lorce’, BP, Vanderhaeghen (2011)]



LCWF Overlap Representation

iP+ 'iﬁ E i N;q192q3
= ﬁL * ,)CC - LCWF‘I’)\)\)\; ( ’I‘J—I)
’ invariant under boost, independent of Pu
= > EE—)> 3 P
> internal variables: Zg}z -1, Z bii=01
[Brodsky, Pauli, Pinsky, 98]
(5_1/))\,)\
- /‘\/\
| ) A
quark-quark correlator —> 1
E\IJ —> ‘Q »— \IJ E—  ———————
(» =0) | Sax |
l ————>—— |
| 1\
AN:q192q: A 1/)
WD (g, k) ) qu (w5, k) @i912203 H 5 g

I .l

momentum wf  spin-flavor wf rotation from canonical spin
to light-cone spin

Bag Model, AQSM, LCCQM, Quark-Diquark and Covariant Parton Models

Common assumptions : » No gluons
» Independent quarks

[Lorce’, BP, Vanderhaeghen (2011)]



GPDs and Form Factors of Energy-Momentum Tensor

nucleon in an external classical gravitational field

mm) G couples to energy-momentum tensor

P+ /2
P“"PV 1,9 i(RLUVP i PVO-/LP)AP g.8 s A LAI/ = gu/AQ _
q,( ‘. = [_[..] IL / / 1 ;
M i Wi dy* (1) i c(t) guw Ju(p)

!

GPDs open the possibility to study these form factors on hard exclusive processes
[Ji, 1997;Polyakov, 2008]

1
/ dﬂ?ﬂ?Hq(anga t) — 4'4‘(1_5.()('[) g 46‘3.()([)&2 — A[.g([,) 5(1(11(1)52
1

1
it 4 |
/ dz x E9(x,€,t) = B (t) — 4C3 ()€ = 2J9(t) — MI(t) — 5(13(1)52
=

M2 (t) J (t) dq (t)
gquark momentum distribution quark angular-momentum distr. distribution of “shear forces”

t=0 t=0

momentum sum rule of PDF spin sum rule



Lattice Results
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* “disconnected diagrams” not included

« Error bands: chiral extrapolation in m.,; and extrapolation to t=0

Lattice results (u = 2 GeV)
Ju=0.236(6) J9=-0.0018(37) Lu*d=0.056(11)

J9=70%

0.6



= General trend from lattice QCD and models adjusted to data (u = 2 GeV)
Ju>0 J9=0 Lv¥<O L9>0

= Quark models at lower scales tend to predict
Lu>0 L9<0

Caution in comparing results at different scales

evolution to larger scales can flip the sign

1’ [GeV?]

[Altenbuchinger, Haegler, Weise, Henley, 2011]



