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Outline

Generalized Transverse Momentum Dependent Parton Distributions (GTMDs)
FT A, < b,

Wigner Distributions

» Results in light-cone quark models

= unpolarized quarks in unpolarized nucleon (generalized transverse charge density)
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Generalized TMDs

Wi =

% Complete parametrization : 16 GTMDs at twist-2 X (z,

[MeiBner, Metz, Schlegel (2009)]
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Generalized TMDs
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X: average fraction of quark
longitudinal momentum
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Generalized TMDs
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% Complete parametrization : 16 GTMDs at twist-2 X(z

[Meifiner, Metz, Schlegel (2009)]

X: average fraction of quark
longitudinal momentum

k,: average quark transverse momentum @
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Generalized TMDs
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k,: average quark transverse momentum

¢: nucleon momentum transfer
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Generalized TMDs

[Meifiner, Metz, Schlegel (2009)]

< Fourier Transform A | « b, : 16 Wigner distributions X (. &, k7.

[Belitsky, Ji, Yuan (2004)]

X: average fraction of quark e A A (Al (A
longitudinal momentum AN Q1L
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e Complete parametrization : 16 GTMDs at twist-2 X(z,&,k3,A% k) -Ay;n)

¢: nucleon momentum transfe

k,: average quark transverse momentum
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[ Lorce, BP, Vanderhaeghen, arXiv:1102.4704 ]
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2D Fourier A
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2D Fourier A
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2D Fourier
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[ Lorce, BP, Vanderhaeghen, arXiv:1102.4704 ]
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2D Fourier K, b
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[ Lorce, BP, Vanderhaeghen, arXiv:1102.4704 ]
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2D Fourier 2K R
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2D Fourier A
transform :
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2D Fourier A
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2D Fourier
transform
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[ Lorce, BP, Vanderhaeghen, arXiv:1102.4704 ]
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2D Fourier
transform
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2D Fourier
transform

2
kT
—— ¢ =0
. { dk |
—_—— [ da [ Lorce, BP, Vanderhaeghen, arXiv:1102.4704 ]

Thursday, April 14, 2011




Wigner Distributions

Transverse
[Wigner (1932)] QM
k _ [Belitsky, Ji, Yuan (04)] QFT (Breit frame)
B sP* [Lorce’, BP: arXiv:1012.0169] QFT (light cone)
1)_1_
—_ Longitudinal

Heisenberg's

uncertainty relations === Quasi-probabilistic

EPBE] =——=> p(z,bs.b,)

- mp (7. by, ky) Third 3D picture !
[

No restrictions from Heisenberg’s
uncertainty relations
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Wigner Distributions
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Wigner Distributions

% Wigner distributions in QCD:

at »=0 ! diagonal in the Fock-space
& A
—V U

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

oy o )
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Wigner Distributions

% Wigner distributions in QCD:
at »=0 ! diagonal in the Fock-space

B w——
vV : ¥

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

oy o )

¢ real functions, but in general not-positive definite
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Wigner Distributions

% Wigner distributions in QCD:

at »=0 ! diagonal in the Fock-space
A—R
—V v

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

 real functions, but in general not-positive definite
=) not probabilistic interpretation

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

% Wigner distributions in QCD:

at »=0 ! diagonal in the Fock-space
A—R
—V v

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

 real functions, but in general not-positive definite
=) not probabilistic interpretation

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

* no known experiments can directly measure them ! needs phenomenological models
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Light-Cone Quark Models

x; Pt x; Py + ky; LCWF:‘I""\ ¥ £OPH I
P+ P > . . " L
— _ P iNvariant under boost, independent of P
3 3
> internal variables: Z: 1, Z ky; =0,
i=1 1=1

[Brodsky, Pauli, Pinsky, '98]

ll;.'\. '/ /,' i) = ’4'(-'}- /'.! ') E (I):\\|.\"J.\':{ 1 l' /) \ /.)I 2

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

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

Common assumptions : » No gluons
» Independent quarks

[ Lorce, BP, Vanderhaeghen, arXiv:1102.4704 ]
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Light-Cone Constituent Quark Model

. : 8: Jog wize
» momentum-space wf W(k;) = (M2 + 32) Mo=2.; ymi+k
LAY () f )
[Schlumpf, Ph.D. Thesis, ]
hep-ph/9211255] 3.~ parameters fitted to anomalous

magnetic moments of the nucleon

N normalization constant

> spin-structure: ¢ (k) = D700 D/ (k) = ey ( K. 1\'_,,)
‘ K| -Kr K.

free quarks emssd> K. — i +2M, 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)
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Example: Unpol. up Quark in Unpol. Proton

(1 out of 16)
Transverse

~ pap(ky,bL)
,\'J_

P-+-
b
- Longitudinal

Generalized Transverse Charge Density

fixed angle betweeer? andﬁb? and fixed value of El
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Example: Unpol. up Quark in Unpol. Proton

(1 out of 16)

Transverse — -
~ p2p(ki,by)
k 1
P-.—
b
e — Longitudinal

fixed E . T

3Q light-cone model

[Lorce’, BP, in preparation]
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Example: Unpol. up Quark in Unpol. Proton
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Example: Unpol. up Quark in Unpol. Proton

Transverse

-
l\'_‘l_

p+

by

3Q light-cone model

[Lorce’, BP, in preparation]

pap(ky,by)

Longitudinal

(1 out of 16)

fixed E . T
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Example: Unpol. up Quark in Unpol. Proton

Transverse — —

/)21)(1*'_~ IL)

I )| A/‘
—_ Longitudinal

(1 out of 16)

3Q light-cone model

[Lorce’, BP, in preparation]
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Summary

% GTMDs $ Wigner Distributions
- the most complete information on partonic structure of the nucleon

s General Formalism for 3-quark contribution to GTMDs

- applicable for large class of models: LCQMs, AQSM, Bag model

% Results for Wigner distributions in the transverse plane

- anisotropic distribution in k, for unpolarized quarks in unpolarized nucleon

- non-trivial correlations between b, and k, due to orbital angular momentum
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% Integrating overb , wmp /' (k2) = / dz fi(z,k?)
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% Integrating over b , m) f1 (k)= / dz fi(x, k?)
< Integrating over k , mms charge density in the transverse plane b,

p?(b?) —r"/cl'“’-_\_i_« 81 FA(A2)
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% Integrating overb , wmp /' (k2) = / dz fi(x, k7)

% Integrating over kj mm) charge density in the transverse plane bT

pl(b?) = €7 / d?A | e~ 01 A Fl(A%)

4 -~
2 [ § BS
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 Integrating over bT — f{ Y(k2) = / dz fi(z, k%)

—_—

% Integrating over k , =) charge density in the transverse plane bT

pI(b7) = 'q/‘l'")—\' SRESRIAT)

proton

by [fim]

charge distribution in the
transverse plane

by [fm]

1.5

1

0.5

0
-0.5
-1
—1.5

neutron

—1.5-1-050 0.5 1 1.5 >x UMl —1.5-1-050 0.5 1 15 2> Uml
1/fm’ o [1/fm?]
g -\ — ———— | fm
; ":'é‘i 'v“ - "' ‘”' -}.\ : ; 4 //[' . E-) UI = l
£ X \ //
/.0t \ -0)2
FEY oy
/0-51 '\ X /
r-—:._..._---.' ........ — f fm 1 —Cl.'./
1:0 =0:2 0.0 00 1 ‘[Miller (2007); Burkardt (2007)] !
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LC helicity amplitudes

’ A(ATA), LX) = '11'4\’ (l-;ffl/\lg\'j:v
nucleor =’ ) (A'A), (A'A) : : 4y,

quark (.7 ,)
U=@EGFH)+(—) Te=(-H+H-) Ty=il(-+)-(+)] L=EHD-(--)

LC helicity $ canonical spin

Independent quarks wmmmp LC(5) — DUV O Df\{/"’)*(k) = é ( Az K.")
l K| -Kr K.
rotation around an axis

LC helicity  canonical spin orthogonal to z and k

1\'”.1. — O for /\'1 == )

:1—1:1 /—lfl l_':l
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Light-Cone Helicity and Canonical Spin

LC (1. (1/2)% _C (.0 (1/2)% 3\ L ¢ K,
gy | i) [)’\.\ q. (A D)\.-. (L) = |[¥I (_1\.!" 1\-:)
l rotation around an axis
LC helicity  canonical spin orthogonal to z and k
:1—1:1 /—lfl l_':l
Light-Cone CQM Chiral Quark-Soliton Model Bag Model
K. =m+ azMo K. = h(|k]) + l%j(lﬂ) K. = to(|k]) + ﬁT t1(|%|)
SRR > SRR N - = —
Ki=ky Ky = 3 i(Ik]) K, = t:(|k|)

kx = 2Mg — \/ k% + m? k. =zMpn — Ejey ¢ = cMN — w/Ry

(Melosh rotation)
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° | quark polarization Wira = (” [" 1% ["f

WHY — Z (5’" )‘\/;\”’y('j\:;\)

A A

I nucleon polarization

S W.s5 =y 16 GTMDs

vl pylio” sl

( 0‘1. —

W (P,z, k., A, N;

i ﬁ/[m] 142k ]5 0

AOY (ly - 13) + Bi% (I3 - O01)"

+ 13 (I2

(k) A" (K, k)

- 01)"]

Spectator quarks

— ()[.l(]

- Active quark : O}""
BV — l > {3 > : —_——
e -
Model Independent Spin Structure
K'-K i(K' x K i(K'x K
( (R'=xE),  i(RxEK)

| ]
K'||K| | i

\i

R'xK) R'-R-2K,K, -K.K,-K}K,

6] aied (.: -\ © -, =
EA x A)q KK =KL BB —0KIK

/\"x/\‘) KK, ~K.K, -K'K,~K'K,

—1 (1:" X I:) \
K!K. + K.K,
1\ A + KoKy

R SRR )
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Backup
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Unpolarized u quark in
unpolarized proton

o [1/GeVfm?]
10¢

k_LT /

tm /k

-1.0 -0.5 0.0 0.5 1.0
—— 0.1GeV

—— 0.2GeV
—— 0.3GeV

—— 04 GeV

Thursday, April 14, 2011



Generalized Transverse Charge Densities

A S S———

k, fixed

Unpolarized u quark in
unpolarized proton
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Generalized Transverse Charge Densities

A S S———

k, fixed

Unpolarized u quark in
unpolarized proton
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Wigner function
for transversely pol. quark in longitudinally pol. nucleon

o

/),\,'1'(-[")'-_). ke

}

e L o no e Hip o o His
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Wigner function
for transversely pol. quark in longitudinally pol. nucleon

S — B . ¢ Mir . 4 -
/)'\’l(h-.l-' I)A ) — 3 (1‘]] + A S[lml ‘l[ t l.\%) T—Odd

o

}
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| k|, fixed

Wigner function
for transversely pol. quark in longitudinally pol. nucleon
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Wigner function
for transversely pol. quark in longitudinally pol. nucleon

e 1. : A
/)\l()'A:)I. )—;(1‘|1+\51 Ll—\lT i\ s }“)T—odd
mm) S, B
F—»—) 1 > —— —
/9

by [Lm])

| k|, fixed

: : b [fm]
-1.0 -0.5 0.0 0.5 1.0 &Hl: A
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Wigner function
for transversely pol. quark in longitudinally pol. nucleon

—_—

k, — fixed

) Sy
1.0f ' 1.0{' . O
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0.5H 0.5}L .5k
,e = :? E
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{ Q | !
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Dipole Monopole _
Monopole + Dipole
u=0 '.
= U =W2
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u quark pol. in x direction
in longitudinally pol.proton

k|, 0 fixed
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.

< Integrating overk ,  mmp / dky Hi7(b%,k2,by -k ) =0
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< Integrating overk , / dk, Hi7(b2,k%2.b, -k, ) =0

% Integrating over t; mm) density in the transverse plane IZ
of transversely pol. u and d quark in longitudinally pol nucleon
) : 1 e | 1 ‘,' l ] ]
2\ h i \ S ] — E['.' l "+' .’\ S }\ v ' A !v“‘
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/)( k | A, s
up

) Sy

[GeV)

L0-4-0.2 0.0 0.2 0.4
k. [GeV]

BP, Cazzaniga, Boffi, PRD78 (2008)
Lorce’, BP, in preparation

(k¥) = —55.8 MeV

(l.ff,’,) =

% Integrating over kj — /d;?l Hn(i;f ke

% Integrating over t; mm) density in the transverse plane E
of transversely poI. uandd quark in longitudinally pol nucleon

7.9 MeV

—e

"_lv

[/1+\

[GeV|

Dok

1)=0

S ki — hiy)

down

L0802 0.0 0.2 0.4
k. [GeV]

Haegler, Musch, Negele, Schaefer,
Europhys. Lett. 88 (2009)

(k*) = —60(5) MeV (k%) = 16(5) MeV
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