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Available Maps: Parton Distribution Functions

monodimensional (in momentum space)
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PDFs: TD map

Longitudinal momentum
kT =aP?




How can we built up
a multidimensional picture
of the nucleon?



Transverse Momentum PDFs (TMDs)
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Transverse Momentum PDFs (TMDs)
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Depend on
kT e .
T =57 longitudinal momentum fraction

kJ_ : parton transverse momentum

A, A’, T : nucleon and quark polarizations

Semi-Inclusive
Deep Inelastic Scattering

— / (//N'L




TMDs: 3D map

Longitudinal momentum
kt =zP?




Generalized Parton Distributions (GPDs)

1 dz—

2

27T6

ik+z_<

A _
p/_l_) _7J_7 A/W(

~2)TWe()ipt,

—

A
77 A>Z+:O,ZJ_:O

no direct link

» non-diagonal matrix elements

— [ (ZAL

——

—

A=0



Generalized Parton Distributions (GPDs)

1 [dz™ j+.- AL - 2 AL
9 ge - <p/+7 T A/W(_§)FW¢(§)‘F+7 9 A>Z+=072L=0
Depend on
kT e .
T =57 longitudinal momentum fraction

/A : momentum transfer

A, A’, T : nucleon and quark polarizations

Deeply Virtual Compton
Scattering

> non-diagonal matrix elements

no direct link




Generalized Parton Distributions (GPDs)
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1 [dz™ . +.- A — .z Z A . :
= et N (=) T W (D) |pT, ==, A) =02, =0 » non-diagonal matrix elements
2 2T 2 2 2 2
mean momentum displacement
Depend on N /
et S

T = o longitudinal momentum fraction - ki< Z) -
FT &J_ < gJ_

A : momentum transfer A ,«—p, :impact parameter Y. N

momentum transfer mean position

A, A’, T : nucleon and quark polarizations

Deeply Virtual Compton

Scattering . .
no direct link
AT <
S_ _QPﬁ




GPDs: 142D map

TraFl‘u sverse

ositio
Longitudinal momentum
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Generalized TMDs (GTMDs)
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Generalized TMDs (GTMDs)
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1 dz—d?z, ks 4 AL / . AL
5/ (27‘(’)3 € <p ? 2 AW(__)FWw( )|p 777A>z—|—:0

Depend on z,6, k1, Al

1+
T = : longitudinal momentum fraction

A : momentum transfer
k1 . parton transverse momentum

A, A’, T': nucleon and quark polarizations

P77

-2 ke S
GTMDs >
P —_— ] (”CL

relation of small-x gluon GTMDs to diffractive dijet production in DIS
Hatta, Xiao, Yuan, PRL 116 (2016)




Generalized TMDs (GTMDs)
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FT -

: momentum transter A | «<—> b, : impact parameter

. parton transverse momentum

-2 ke S
GTMDs

P77

relation of small-x gluon GTMDs to diffractive dijet production in DIS
Hatta, Xiao, Yuan, PRL 116 (2016)




Wigner distributions

Transverse momentum

/0(37 bJ-ka-) k.

Trahsverse
positio
Longitudinal momentum <

3+2D map!




2D Fourier

transform AL by
£ =0
X, E_L, 5_1_

—>— A=
— fdkl

Lorcé, BP, Vanderhaeghen, JHEPO5 (2011) 041



2D Fourier
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2D Fourier

transform AL by
£=0
‘ | X, E_L, 5_1_

—— A =
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LFWFs

—— A =
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2D Fourier
transform

£=0
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Lorcé, BP, Vanderhaeghen, JHEPO5 (2011) 041



Phase-Space Distributions

[Wigner (1932); Moyal (1949)]
P 4 Wigner distribution
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Position-space density Y(r)]* = /dk pw (1, k)

= v

Momentum-space density  |¢(k)|? = 27r/dr pw (T, k)



Phase-Space Distributions

pw(rk) = [ o (r = ) + 5)
. dA — 3 AT | * é o é
= o5 € o™ (k + 5 )o(k 5 )
Position-space density Y(r)]* = /dk pw (1, k)

Momentum-space density  |¢(k)|? = 2w/dfr pw (r, k)

Quasi-probability: /N (7, k)20

Heisenberg’s uncertainty relation

P 4 Wigner distribution

_____

- ~<

[Wigner (1932); Moyal (1949)]

= v




Phase-Space Distributions

[Wigner (1932); Moyal (1949)]
P 4 Wigner distribution

dz . 2z 2
pw(r,k) = [ e R (r — )+ 5) \‘
dA A A A . S ¥
— h— L 2Yo(k - = e ,
e (h+ 5ok — )
Position-space density Y(r)]* = /dk pw (1, k) >
r

Momentum-space density  |¢(k)|? = 27r/dr pw (r, k)

Quasi-probability: /N (7, k)20

Heisenberg’s uncertainty relation

Quantum average

(0) = [drdkO(r, k) pw(r, k)



Wigner Distributions in QFT

> Dirac matrix
‘ ~ quark polarization

will (= d*z ks T R .
Quark Wigner operator Wi (T’Ik) = / (Qﬁ)ﬁ (T — 5) I'Wap(r+ 5)

canonical momentum k& < iV

> Wilson line



Wigner Distributions in QFT

> Dirac matrix
‘ ~ quark polarization

will (= d*z ks T R .
Quark Wigner operator Wi (T’Ik) = / (Qﬁ)ﬁ (T — 5) I'Wap(r+ 5)

canonical momentum k& < iV

> Wilson line

Fixed light-front time =0 <= /dk_



Wigner Distributions in QFT

> Dirac matrix
~ quark polarization

Quark Wigner operator

canonical momentum k < iV > Wilson line
Fixed light-front time =0 = /dk_
i istributi L1 BN A A
Wigner distributions o @kt kL) = 5/ (%)Be—ZA"’"<§,A’yW[F](0, kY k) — =, A)
in the Breit frame 343 D

no semi-classical interpretation

Ji (2003)
Belitsky, Ji, Yuan (2004)



Wigner Distributions in QFT

> Dirac matrix
~ quark polarization

= dtz ... - 2 ‘ 2

[ ] > ‘Z - ~ - ~

Quark Wigner operator W k) / (2m)t" G D IWe(r+3)
I ‘ > Wilson line

canonical momentum k& < iV

Fixed light-front time

Wigner distributions o @kt kL) =

35 XN - 5 — —
/ T2 e 2 A0, 1+, R - 2, A)
in the Breit frame 2 2
3+43 D

(2m)°

no semi-classical interpretation

Wigner distributions Ay

: : kT k
in the Drell-Yan frame ™ s @47 )

(A—F — O) 2+3 D
semi-classical interpretation

(2m)?

/d AJ_e iBuBy e AL A/|/W[F1(o,k+,/ﬁ)|p+,—7,A>

Ji (2003)
Belitsky, Ji, Yuan (2004)

Lorcé, BP (20117)
Lorcé, BP, Xiong, Yuan (2012)



Wigner Distributions in QFT

> Dirac matrix
~ quark polarization

Quark Wigner operator

canonical momentum k < iV > Wilson line
Fixed light-front time =0 = /dk_
: C L : 3A LA P _ A ,
Wigner distributions A @kt L) = 1/ d°A e—m.Qé’A/’W[F](O,k+’h)| N Ji (2003)
ATA 2 2 )3 2 9 . :
1 the Breit frame . (27 Belitsky, Ji, Yuan (2004)

no semi-classical interpretation

Wigner distributions N - 1 [d2A, _x AL~ , A Lorcé, BP (2011)
/ ‘ Lt k)= = —iAL by ot T AL - + _ 2L A % |
in the Drell-Yan frame P @ K7 kL) 2/ (27T)2€ P 2’ WO ET RIS 2’ ) Lorcé, BP, Xiong, Yuan (2012)
(A—F — O) 2+3 D

semi-classical interpretation  Generalized Transverse Momentum Dependent Distributions



Light-Front Wave Functions (LFWFs)

e Fock expansion of Nucleon state:

N) = Us,lq99) + V344313999 + V3q4l0999) + - -
fixed light-cone time (x*=0)
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Light-Front Wave Functions (LFWFs)

e Fock expansion of Nucleon state:

N) = Us,lq99) + V344313999 + V3q4l0999) + - -
fixed light-cone time (x*=0)
| |

|
| | |
. q —
- :ar qg 4+ - Ly ¢ € > :, q 4.
I
> g > g “TOOPO000 g

e Probability to find N partons in the nucleon  px 5 = [ldz]n[d*k NP5, 5[  normalization Yn s = 1



Light-Front Wave Functions (LFWFs)

e Fock expansion of Nucleon state:

N) = Us,lq99) + V344313999 + V3q4l0999) + - -
fixed light-cone time (x*=0)
| |

|
| | |
. q —
- :ar qg 4+ - Ly ¢ € > :, q 4.
I
> g > g “TOOPO000 g

e Probability to find N partons in the nucleon  px 5 = [ldz]n[d*k NP5, 5[  normalization Yn s = 1

e Figenstates of momentum Pt = 27];\;1 /f;r ﬁL => /gu =0,



Light-Front Wave Functions (LFWFs)

e Fock expansion of Nucleon state:

N) = Us,lq99) + V344313999 + V3q4l0999) + - -
fixed light-cone time (x*=0)
| |

|
| | |
. q >—
- :qr qg 4+ - Ly ¢ € > :,; q 4.
I
= g > g “TOOPO000 g
|

e Probability to find N partons in the nucleon  px 5 = [ldz]n[d*k NP5, 5[  normalization Yn s = 1

e Figenstates of momentum Pt = Zfll /ﬁZL | = D i1 Efu =0,

e Figenstates of parton light-front helicity S, \Iff\\l...,\N = A \Iff\xl,\Q...,\N

e Eigenstates of total orbital angular momentum L, U8 =194, A A+ = 0 gauge
total helicity total OAM nucleon helicity

A a N
5z =(Sz) = ZN,B 27{\;1 Ai pﬁf,ﬁ b, = (L:) = ZN,Q 22:1 B pﬁf,ﬁ A=s, + ¢,



LFWF overlap representation
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P Pl | 9 invariant under boost, independent of PH
- —> q ———> 2 :
| : ° N e b 5 e Brodsky, Pauli, Pinsky, 1998
internal variables: » zi=1,» ki, =01 rodsky, Pauli, Pinsky,
q 4| =1



LFWF overlap representation

| = — 1w Aiqig2q93 /.. 7.
| ;1:.,-P+, x, P, + k1 ; I . /\12 Mo (.‘I 7 s K 1 .2 )
5 — : : :
P B | 9 invariant under boost, independent of PH
= —>- q —> 3 3
| ' ° : s e 5 =) Brodsky, Pauli, Pinsky, 1998
internal variables: > 2 =1, ) ki, =0, rodsky, Pauli, Pinsky,
_:"V q = i=1
' _ (O’I'/))\//\ R —
Z+:O ZIZ‘,EJ_—TJ‘ xakJ__FTJ_
f\/\’\
I |
i ) : |
quark-quark correlator — U e e
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LFWF overlap representation

| . . AN:q1g2q93/ . 1
| flf.ip+, ;"l'.?.,j_P_L -+ l;T_L ; \I})\ l /\12/\:; (.’1:,’ ] II_L,)
5 — - - -
22 2 | 9 invariant under boost, independent of PH
= —_— q —> 3 3
| : - L F ez Brodsky, Pauli, Pinsky, 1998
5 internal variables: » i =1, kii=0. rodisky, Pauli, Pinsky,
| q 1=1 =1
' 3 (CTU))\//\ . .
2 =0 ZC,EJ_—TJ‘ £, J."‘TJ_
”\//.\/\
| I ‘
i ———> | '
quark-quark correlator — U . e
(A+=O) pt 2L | O’ A | pt 4AL
) 2 : > ° . : ) 2
I I

Niq192q3/ .. 1. N . o A : /2% |
Uy e (Ziy k1) = E d(x;, ka ;) & 1D H D./3*(Rey)

LR SR |

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

General formalism valid for
Bag Model, LFXQSM, LFCQM, Quark-Diquark, Covariant Parton Models

Common assumptions : > No gluons

> Independent quarks Lorcé, BP, Vanderhaeghen, JHEPO5 (2011)



Light-Front Constituent Quark Model

N
3 | j’
Ry Mo=Xl\mi+ R

e momentum-space wf W (k;) =
Schlumpft, Ph.D. Thesis, hep-ph/921155

N : normalization constant (3, ~ parameters fitted to anomalous
magnetic moments of the nucleon



Light-Front Constituent Quark Model

N
3 / %
G M= Siymi R

e momentum-space wf W(k;) =
Schlumpft, Ph.D. Thesis, hep-ph/921155

N : normalization constant (3, ~ parameters fitted to anomalous
magnetic moments of the nucleon

| e e 1 (K. K
® spin-structure: C(k) = D{/P*C(k) D5, 7(k) = K| (—KR KL)




Light-Front Constituent Quark Model

N
8 ../ >
Gy Mo=Tiym R

e momentum-space wf W(k;) =
Schlumpft, Ph.D. Thesis, hep-ph/921155

N : normalization constant (3, ~ parameters fitted to anomalous
magnetic moments of the nucleon

* Spin_StrUCture: Q£((A) — Dgxls/Z) (/.E (’I‘) Dgls/ ) (k) - @ <_KR KL>
non-interacting quarks =) K. =m+aM, K, =k, (Melosh rotation)

!




Light-Front Constituent Quark Model

N
3 /. S
(MZ + 32)7 Mo => 7 \/m?+k?

e momentum-space wf W(k;) =
Schlumpft, Ph.D. Thesis, hep-ph/921155

N : normalization constant (3, ~ parameters fitted to anomalous
magnetic moments of the nucleon

1 {5 2)x 1 K K
° Spin_StrUCture: Q£((A) — Dgxls/Z)x (/.E (’I‘) Dg\ls/‘)) (k) - @ <_KR KL>

non-interacting quarks =) K. = m + x M, K =k, (Melosh rotation)

!

e SU(b6) symmetry



Light-Front Constituent Quark Model

U(k:) = N : 3 9 779
* momentum-space wf (ki) = (M2 + 32)7 My=)_: \/m,i + k;

Schlumpft, Ph.D. Thesis, hep-ph/921155

N : normalization constant (3, ~ parameters fitted to anomalous
magnetic moments of the nucleon

* Spin_StrUCture: Q£((A) — Dgxls/Z) (/.E (’I‘) Dgls/ ) (k) - @ <_KR KL>
non-interacting quarks =) K. =m+aM, K, =k, (Melosh rotation)

!

e SU(b6) symmetry

Applications of the model to:
GPDs and Form Factors: BP. Boffi, Traini (2003)-(2005);
TMDs: BP, Cazzaniga, Bofti (2008); BP, Yuan (2010),
Azimuthal Asymmetries: Schweitzer, BP, Bofti, Efremov (2009)



Quark Wigner Distributions

*TWiSt—2I Ftwist—Q — /y_l_a ’7+/757 Z.O-j+/75
quark polarization: U L T
% Nucleon polarization: U L T

Transverse

h

/

-

16 complex
GTMDs

ﬁ 32 real
Wigner Distributions

Transverse Phase-Space distributions

e
bJ_ — — — —
Longitudinal ,OX(kJ_abJ_) — fdQZ‘IOX(ZC,]CJ_,bJ_)

X =UU, UL, UT, LU, ...



Phase-Space Transverse Modes

Lorcé, BP, PRD 96, 2016



Phase-Space Transverse Modes

px(ki|by) = /dpr(a%kLabL§P =&,1 =15, fixed

0.4 __ e g o ot M p——
— ]
fl gi \

| N

I -.l ‘,l

) /]
o ¢ 71
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Li4 02 00 02\ 04
Kz
» b

T

Lorcé, BP. PRD 96, 2016



Phase-Space Transverse Modes

px(ki|b) = /dxpx(%lﬁabbpz o = D)5 e

b . "
| Multipole decomposition
e
mipg,m
PX = Z Pg( o)
Mg ,mMp
from parity and time-reversal properties
& . BN ap = —cpa Xp = CpX
0.4 —02 0.0 02\ 04 . .
kx \ aT = cta XT =¢CTX
> b,’L‘

Lorcé, BP. PRD 96, 2016



Phase-Space Transverse Modes

px(ki|by) = /dxpx(%]ﬂ,bbp: o = D)5 e

Multipole decomposition

Mg,y

from parity and time-reversal properties

JP:—CPJ Xp = CpX

JT:CTJ XT =¢CTX

T

cp | + T + - -
ct | + - - -+
px = px + pf<
-even -odd

Lorcé, BP. PRD 96, 2016



Unpolarized quarks in unpolarized proton

Re 1] —> H, f;

7 )
/ \
SH (0,0) (77
Y S
\ /

72 1725)

) | &

naive time-reversal even

naive time-reversal odd



Uu

polar flow (IZL 1 Ii) preferred over radial flow (EL | I;L)

Unpolarized quarks in unpolarized proton

7f1

(@

/
n
7

\

SN2 &

e F11| > H
A
K
/
\
TN
&

naive time-reversal even

\%@\ :

naive time-reversal odd




Uu

Re 1] —> H, f;

(& N
/ \
(77 (0,0) ﬁ\\ﬁ
g 7 KZ
\ _/
= W ZZ\\P 7,
S

naive time-reversal even

polar flow (IZL 1 Ii) preferred over radial flow (EL | I;L)

bottom-up symmetry =3 no net OAM

Unpolarized quarks in unpolarized proton

@)

naive time-reversal odd




2) Unpolarized quarks in unpolarized proton

uu
%m[FH]
h q
naive time-reversal even naive time-reversal odd
polar flow (k, L b, )preferred over radial flow (k| || b.) net radial flow (k1 || b)

due to initial/final state interactions
bottom-up symmetry =3 no net OAM



@ Unpolarized quarks in Longitudinally pol. proton

LU

Re[F14] unique information from GTMDs

PN /A
NS N
1\
i :

: -

-l
N R—

naive time-reversal even naive time-reversal odd

Lorcé, BP, PRD 96, 2016, PRD 84, 2011



@ Unpolarized quarks in Longitudinally pol. proton

Jee|F14] unique information from GTMDs Im|F14]

naive time-reversal even naive time-reversal odd

X SZ(EJ_ X EJ_)Z
orbital flow =» net OAM correlated with S.

Lorcé, BP, PRD 96, 2016, PRD 84, 2011




@ Unpolarized quarks in Longitudinally pol. proton

el 4] unique information from GTMDs S| Fiy]

- =3,
Y i

q
naive time-reversal even naive time-reversal odd
OCSZ(bJ_Xk'J_)Z O(SZ(bJ_Xk'J_)Z(bJ_‘kJ_)
orbital flow =» net OAM correlated with 5. spiral flow correlated with S,

with no-net quark flow
Lorcé, BP, PRD 96, 2016, PRD 84, 2011



Quark Orbital Angular Momentum

fg — deUdQEJ_ngJ_(gJ_ X EJ_),O%U(EJ_,EJ_,I‘)

Wigner distribution for
Unpolarized quark in a Longitudinally pol. nucleon

Lorcé, BP, PRD 84 (2011) 014015
Lorcé, BP, Xiong, Yuan, PRD 85 (2012) 114006



Quark Orbital Angular Momentum

fg — fdadeEJ_dng_(gJ_ X EJ_),O%U(EJ_,EJ_,ZC)

= [d%b by < (k) > (k1) = /GWGU2 kiply(bo, ko, )

Lorcé, BP, PRD 84 (2011) 014015
Lorcé, BP, Xiong, Yuan, PRD 85 (2012) 114006



Quark Orbital Angular Momentum

— —

— [d?by b, x (E?)

(k1) [GeV) fm?]

-06 -04 -0.2 0.0 0.2 0.4 0.6
b./fm

Results in a light-front constituent quark model:

Lorcé, BP, PRD 84 (2011) 014015
Lorcé, BP, Xiong, Yuan, PRD 85 (2012) 114006

—

fg, = fddeEJ_deJ_(bJ_ X kJ_)p%U(gJ_,EJ_,LE)

by/fm

0.6

0.4

0.0

-0.2

~0.4

-0.6

(k1) [GeV/ fm?]

-0.6 -04 =02 00 0.2 0.4 0.6

. (R = /dmdzz. Fopt (b1 Ry, )

b,/fm
> Proton spin
—> u-quark OAM
<« d-quark OAM




R o . . . [Lorcé, BP (2011)]
(9 = f d$d2k¢d2b¢(b¢ Xk )pru(bL,ki,x) [Lorcé, BP, Xiong, Yuan(2011)]

Light-cone gauge AT = (
not gauge invariant, but with simple partonic interpretation

(Gauge-invariant extension

V4%
PLU — PLU
[i (1997)] [Jatte, Manohar (1990)]
Kinetic Canonical
. r -------
L - - -
e.g. DY | e.g. SIDIS

[Ji, Xiong, Yuan (2012)]

[Burkardt (2012)] [Hatta (2012)]

difference between the two definitions can be interpreted as
the change in the quark OAM as the quark leaves the target in a DIS experiment
[M. Burkardt (2013)]




Angular Correlations

quark polarization

PX U L 1, 1

(1) (STLL) (Sl (Syly)

U
L | (Spll) | (SpSy) | (SplpSied) | (Spll Siel)
T, | (Sztd) | (SeldSTer) (525%) (S LSIT)

LYY

Ty | (Sylg) | (SylgSpey) | (SylgSieg) | (5y5))

y~Mxrtx

nucleon polarization




Angular Correlations

quark polarization

the distributions in red vanish if there is no quar

the distributions in black survive in the co

ox | U L T, T, £ =0
Slul w [ s | s | s
S| L | (Sclr) | (SeSp) | (SefpSiey) | (SilSyly)
S| T | (S000) | (Sal2570L) | (S.S) | (S.LeSges)
ST, | (S, | (S,0sien) | (S,e5000) | (S,S9)
GPD | U | L T TMD U L T
U | H Er U J1 hi
L H ET L giL hllL
T | E| E | Hp, Hy T | fir | ;17 | b1, hap

linear limit

< orbital angular momentum



Angular Correlations

quark polarization

the distributions in red vanish if there is no quar

the distributions in black survive in the co

ox | U L T, T, £ =0
Slul w [ s | s | s
S| L | (Sclr) | (SeSp) | (SefpSiey) | (SilSyly)
S| T | (S000) | (Sal2570L) | (S.S) | (S.LeSges)
ST, | (S, | (S,0sien) | (S,e5000) | (S,S9)
GPD | U | L T TMD U L T
U | H Er U J1 hi
L H ;ﬁ L giL hllL
T | E|W| Hp, Hr T | fir | o7 | b1, Py

linear limit

< orbital angular momentum



OAM content of TMDs

— 10T

— S wave

— P wave

f] up

(| =——
0 025 05 075 X

§O (@) = [ A%k 5ty j(z, k)

— 10T

04

0.3

0.2

0.1

0

(1)
51T up

0 025 05 075 X

-04

| —
0 025 0.5 075 x

1(1)
h1L up

0 025 05 075 X
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OAM content of TMDs

fi (ALZ — O)
down

TOT

S wave

P wave

0 025 05 075 x

hiY (AL, = 2)

0.2

02

0 025 0.5 0.75

1 _
th =

X 0 025 05 075 X

“pretzelosity”

s



OAM content of TMDs

1
fi (AL, =0) R (AL, = 2) iy (AL, =2)
3' down 0’ down
| TOT
27 0.2
| S wave
1 S-D int.
' P wave 04
, , - TOT
0 025 05 075 x 0 025 0.5 075 X 0 025 05 075 X 0 025 05 075 X
. 1
4+ Effects on SIDIS observables ASin(B3o—¢s) hip @ Hy
UT D
J1® Dy
0

7T —proton

-0.002 P -
= 0.012
-0.004 — 0.01 E
- OLE — TOT
-0.006 -
- Tor 0.008 —
-0.008 -
- 0.006
-0.01 — B S'D int.
N 0.004 -
-0.012 . 0,002 -
-0.014 n roton P-Pint. «—>

0
0.2 04 0.6 01 02 03 04 05 0.6
Boffi, Efremov, BP, Schweitzer, PRD79(2009)




Quark OAM from Pretzelosity

L | - Ly PR ])
hrr = : : pretzelosity

model-dependent relation

L. = — [ded?k,) a5 hip(x, k)

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



Quark OAM from Pretzelosity

h—= | : } - : | “pretzelosity”

model-dependent relation

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

L fis
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



Quark OAM from Pretzelosity

h—= | : } - : | “pretzelosity”

model-dependent relation

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

£,‘:’ h’lL:F
chiral even and charge even chiral odd and charge odd
AL, =0 AL s =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
[Lorcé, BP, PLB (2012)]




Relations among T-even TMDs

[Avakian, Efremov, Schweitzer, Yuan, 2008]
[Lorcé, Pasquini, 2011]

*:SU<6) Linear Re|ati0ns Quadratic Relations
Flavor dependent D' f 4 g7 — 21 s
2 g 1 *
Dv=2 pDi=__
3 3
Flavor independent g _ _pla * % 2RI Rl = —(g9.)2
17 = 7ML . 1 = —\9ir x
® o P
ki N * %
g(lzL_h% 2M2h11€]’ ’:.
Bag Jaffe, Ji 1991); Signal (1997); Barone & al. (2002); Avakian & al., (2008-2010)]
X QSM Lorcé, Pasquini, Vanderhaeghen (2011)]
LCQM Pasquini & al. (2008)]

AV Diquark [Ma & al. (1996-2009); Jakob & al. (1997); Bacchetta & al. (2008)]
Cov. Parton  [Efremov & al. (2009)]

Quark Target [Meissner & al. (2007)]




The Worm-Gear functions

_ un —+

longitudinally pol. quarks

transversely pol. quarks
in transversely pol. nucleon in longitudinal pol. nucleon

g11, haL+ GPDs

genuine effect of intrinsic transverse momentum of quarks!



Light-Front Quark Model

down

Lattice QCD

down

vvvvv

(fm™%)
>0.18
<0.18
<0.16

0.14
: 0.12 (1) ( T )
<0.1 5717?
<0.08
< 0.06

< 0.04
<0.02

(fm™?)
>0.18
<0.18
<0.16 J_(l)
<0.14
<0.12 h 1L (x )
<0.1
<0.08
<0.06

<0.04
<0.02

JENEER. | OOE N,

L]

| l
-04 =02 00 02 04 -04 -02 00 02 04
k: (GeV) k: (GeV)

BP, Cazzaniga, Boffi, PRD78 (2008) Musch, Haegler, Negele, Schaefer, PRD83 (2011)

|
PSRN ) o
0. 0.5

T

Model-dependent relation:

2 1 2 supported by lattice calculation
£717F(¥1H,ZCJ_) :::'_‘}Lllz(klﬂ,lﬁi_> PP Y

gir : (k%) =67(5) MeV (k%) = —30(5) MeV
hip (k%) = —55.8 MeV (k%) = 27.9 MeV .
hiz . (k%) = —60(5) MeV (k?) = 16(5) MeV

T



Different definitions of OAM

Jaffe-Manohar

-

Pros:

» Satisfies canonical relations
« Complete decomposition

Cons:

« Gauge-variant decomposition
» Missing observables for the OAM

(Ag and AY measured by
COMPASS, HERMES , RHIC)

Improvements:

« OAM accessible via Wigner distributions
and it can be calculated on the lattice



Different definitions of OAM

Jatfe-Manohar Ji’'s relation; J%9 = 5 dz (H‘”’ z,0,0) + E%9(z,0 0))
—1
Pros: Pros:

e Fach term is gauge invariant
e Accessible in DIS and DVCS

e Can be calculated in Lattice QCD

» Satisfies canonical relations
« Complete decomposition

Cons:

G ot d . Cons:
) Mguge—vagant EfOTpOEAt'OgAM e No decomposition of J, in spin and orbital part
 Missing observables for the

(Ag and AY measured by Improvements:

COMPASS, HERMES , RHIC) « Complete decomposition: J9 = LI + Ag
Improvements: « quark OAM from twist-3 GPD:
« OAM accessible via Wigner distributions ra_ _/dxqu(x 0.0)

and it can be calculated on the lattice z S

I—* see talk of S. Liuti

Lorcé, Leader, Phys. Rep. 541 (2014) 163



Status of spin sum rule

Proton
SPIN

U+ U

d+d

S+ S

spin (

%)

OAM

OAM

spin (%)

OAM

OAM

82 4

—11 4

- 10

de Florian, Sassot, Stratmann, Vogelsang, PRL 113 (14)
NNPDF, Ball... Nocera... NPB 887 (14), Tab. 12, 13

DSSV



Status of spin sum rule

Proton < @ d+d s+3

Spin spin (%) | OAM OAM | spin (%) | OAM | sp OAM
321+ 2 —11 £+ 10 4 DSSV
9 x —12 + 10 3 NNPDF

de Florian, Sassot, Stratmann, Vogelsang, PRL 113 (14
NNPDF, Ball... Nocera... NPB 887 (14), Tab. 12, 13




Status of spin sum rule

Proton U+ U d+d s+5

Spin spin (%) | OAM OAM | spin (%) | OAM | sj OAM
82 & 2 —11 £ 10 4 DSSV
L7 ~12 =+ 10 3 NNPDF

de Florian, Sassot, Stratmann, Vogelsang, PRL 113 (14
NNPDF, Ball... Nocera... NPB 887 (14), Tab. 12, 13




Impact of EIC on proton spin

1+ L I EIC: 5 GeV on 100 & 250 GeV

cc—:. EIC: 20 GeV on 250 GeV
p

c

o

"é 0.5

L

O

-

-S 0 R -

-

L

= current data

5 (global analysis)

@&

= -0.5

o

—

O Q%= 10 GeV?

uncertainties forAy’=9

0.16 0.18 0.2 0.22
Quark Contribution to Proton Spin

Aschenauer, Stratmann, Sassot,PRD86 (2012)
Geesaman, et al., Reaching for the horizon: The 2015 long range plan for nuclear science (2015)



The blind men and the elephant

from H. Avakian

It'sa

TMDs, GPDs and GTMDs provide different and complementary information
and need to talk to each other
to reconstruct the full multidimensional picture of the nucleon



Backup



Model relation TMD «<— GPD

unpolarized quark in unpolarized nucleon

Burkardt, PRD 66 (2002) 114005




Model relation TMD «<— GPD

unpolarized quark in transversely pol. nucleon

Distortion in impact parameter
(related to GPD E)

Burkardt, PRD 66 (2002) 114005




Model relation TMD «<— GPD

“~. Final-state interaction
'S . .
Distortion in transverse momentum = Q s~(lensmg function)
(related to Sivers function) ® A
@
®
®
®
. ‘
®

Burkardt, PRD 66 (2002) 114005



Model relation TMD «<— GPD

“~. Final-state interaction
'S . .
Distortion in transverse momentum = Q ss(lensmg function)
(related to Sivers function) ® A
@
®
®
®
‘ '
®

Burkardt, PRD 66 (2002) 114005

k1.7 Qk Jk17 Qk /
— . € k S — — . — € b S -
—/koT kb T]\; L il (e, k2) ~/d271q’z(x,bT) T]\; L (c‘Iq(w,b%))

Sivers function Lensing function F.T. of E(x,0,1)



Model relation TMD «<— GPD

o Final-state interaction
& . .
Distortion in transverse momentum = Q ss(lensmg function)
(related to Sivers function) ® A
@
®
®
®
‘ ’
®

Burkardt, PRD 66 (2002) 114005

o dkgd ok . N [ X N/
—/koT i, T AT fil(x, k2) 2/d2bTIq’z(xabT) L L°T (Sq(w,b%)>

Sivers function Lensing function F.T. of E(x,0,t)
linspired from model results
Bacchetta, Radici, PRL 107 (2011) 1LT(O)Q'(:B; Q7) = —L(z) E%(x,0,0; Q7))
fitted to SIDISl data flavor indipendent \fAirst moment constrained

(COMPASS,HERMES JLab) from anomalous magnetic moment



@ Results from Sivers <::l lensing ::> GPD J1=1[dzx[HY(z,0,0) + E%(x,0,0)]

J*“ =0.229 +0.00270075,  J* = 0.015 £ 0.00375 000,

Bacchetta, Radici, PRL107(2011) Jd — _0.007+0 003+0,020 JJ — 0.022 + 0 OO5—|—O.()()1
— . T U. —0.005° — U. — Y —0.000>

J* = 0.006~ 5 006 J* = 0.0067 50s-

(Q? = 4 GeV?)

® Comparing with GPD models and parametrizations

0-10_.A,A oo T T Goloskokov and Kroll, EPJC59, (09) 509
ST Q=4 GeV~] |
2% 1 [ Diehlatal EPIC39 (05)1
0.05 e 1 [ Guidal etal, PRD72 (05) 054013
L o 1
. : £ Liuti et al., PRD84 (1 1) 034007
000 l Bacchetta and Radici, PRL 107 (I1) 211801
& - T ]
3 2 g
~ ' :
—-005F= :
—0 10k ]
HERMES JHEP 0806 (08)-
] (model based).
ORI T T 0s 05

Iu+u



Unpol. quark in Long. pol. Proton

fixed o, 1

integrated over x

up quark
prv 11/(GeV?- fm?)]

B

0.3
0.24
0.18
0.12
0.06
0.
—0.06
-0.12
=15
-0.24
-0.3

—i0 —BS5S 08 05 1b
by [ fm]

* projection to GPD and TMD is vanishing

down quark

o [1N(GeV?- fm?)]

—i0 —BS5 08 @05 1o

by [ fm]
» Proton spin
—> u-quark OAM
<« d-quark OAM

unique information on OAM from Wigner distributions

Lorcé, Pasquini (2011)



Longitudinal

Transverse

ki || by

" N
g1 & H?

bJ.) kJ_

01« F,

= =

by, k1

C; % Q;’l

L& 4

OO
9 9

[Lorce’, Pasquini (2011)
Meissner, Metz, Schlegel (2009)]

EJ_ 5J_

hi < HI

PP

X
X

[Burkardt (2005)]
[Barone et al. (2008)]




Form factors of Energy Momentum tensor

Energy Density Momentulm Density
|

S
1 — — shear forces
pressure
Energy Flux Momentum Flux
~ P,P i(Pyoy, + P,o,,) AP AN, — g
1Q,G _ / Q,G 3 I/I Q.G nwYvp 1P | Q,G M H + c(t P
(PITSCIP) = a(P)[MS (1) =2+ (1) e 420 (1) S It (1) g, Ju(P)




Form factors of Energy Momentum tensor

Energy Density Momentulm Density
|

S
1 — — shear forces
pressure
Energy Flux Momentum Flux
~ P,P i(Pyoy, + P,o,,) AP AN, — g N?
1"1Q.G _ / Q.G il Q.G pCurp pp | Q,G & K + &(t P
(PITSCIP) = a(P)[MS (1) =2+ (1) e 420 (1) S It (1) g, Ju(P)

Relation with second-moments of GPDs: “Charges” of the EM Tensor Form Factors at t=0

4
Z/dme‘l(x,f,t) = My’ (t) + = dy ()€ M,(0) nucleon momentum carried by parton
q

J(0) angular momentum of partons

q _ 4 2
zq:/dxazE (2,€,t) = 2J%(t) — MZ(t) — gd?(t)g

d1(0) D-term related to “stability” of the nucleon



=== >Fourier transform in coordinate space

Ti?(f,?):s(f,?) <""z‘72°3' %%) p(7) 6, “mechanical properties” of nucleon
(A
| T dS7
shear forces pressure o)

l

d?(()) — 57TMN/ dr r* p(r)
0

M. Polyakov, PLB 555 (2003) 57

r’p(r) in GeV fm™ (b) r*p(r) x 3 My 47 in fm™ (c)
0.01 | - 05 |
: 0F
0.005 | :
[ 05 |
0 F E
: 1 f
-0.005 | - 15
: 2 2 2 1l 2 2 | : 2 2l 2 2 2
0 0.5 1 15 rinfm
o O
/ drr?p(r) =0 / drr*p(r) <0
0 0

Schweitzer et al., PRD 75 (2007) 094021



Quark spin and OAM

GTMDs

Quark spin (from DIS)

]. p — —
Sg — § /(1:’[7 dsz G(f_,l(;‘l?, 0 kl, OJ_)

polarized PDF
inclusive DIS

_' : 2 = o
(f_f = —/d:z: d?k, \[%) Fi4(z,0,k,,0,)

[Lorce, BP(201 1)]
[Hatta (201 1)]
[Lorce’,BP et al. (2012)]

flllt - sz_ < Al_l_

TMDs

Quark spin (from DIS)

1
S;’:Q/dzd kit 1935 (=, k1)

polarized PDF
inclusive DIS

-o

Lg(ajvkl_) — 2]\[’ h_l_q(T'v l:i)

[Burkardt (2007)]
[Efremov et al. (2008,2010)]
[She, Zhu, Ma (2009)]
[Avakian et al. (2010)]
[Lorce’, BP (201 1)]

 Model-dependent
* Not intrinsic!

A Li. =X kil

GPDs

Quark spin (from DIS)

1 ~ ,
S9 = 5 /(I:I;Hq(:l:.(),())

polarized PDF
inclusive DIS

Ji sum rule

J1 =2 [dxxz[HYz,0,0) + E9(x,0,0)]

L1 =J1— 59
i (1997)]

Twist-3

L% = —/da:a:Gg(az,0,0)

z
Pure twist-3!

[Penttinen et al. (2000)]




OAM and origin dependence

OAM from Pretzelosity

—

“naive” OAM

Depends on proton

A position

Momentum conservation

N
E kir =0,
i=1

equivalence for TOTAL OAM
Model LCCQM YQSM
q U d Total U d Total
% 0.131 —0.005 ( 0.126 0.073 —0.004 ( 0.069
L4 0.071  0.055 | 0.126 —0.008 0.077 | 0.069
L1 0.169 —0.042{ 0.126 0.093 —0.023 { 0.069

OAM from GTMDs

—

int N
[11; — b.i 1 X /*‘.'.T.z‘,_L
intrinsic OAM

Transverse center of

momentum RJ_ — Z LTl

1=1

Intrinsic

N
Zgu X Eu — Z
' i=1

momentum conservation




Long. pol. quark in Long. pol. Proton

fived EJ_T up quark down quark
/0;;,'; 11/ (GeVz'ﬁfiz)]

| BN S e S e L S e S e S e S e S E e e e ey |
p= -~
L4
3 9

0.07

—-0.07
-0.14
-0.21
-0.28
-0.35
—-0.42
—0.49
-0.56
—0.63
—-0.7

Tki =0.3 GeV

I

|

&S

(J.‘v
] [

1.0 -05 00 05 10

Quark spin - Nucleon spin correlation

—_— Proton spin

— > u-quark spin

<« d-quark spin



by Lfm]

Charge density of partons in the transverse plane

proton

—1.5—1-0.50 05 1 1.5

........

by Lfm]

charge distribution in the
transverse plane

[Miller (2007); Burkardt (2007)]

)

b, L] neutron

L5

1
0.5
0
—0.5

—1
—1.5

—1.5—-1-0.50 0.5 1 1.5

by [fm]




SIDIS IN—I'h X

d40' o d40'()
dedydzde, dxdydzdoy,

A SL P2 (y) ALL p) ST COS(gbh — qﬁs) Do (y) A(]:J(;j((f)h—(f)s) ST sm(th - ¢S) Asm (dph—ds)

{1 +cos(2¢n) P1(y) A%()O" + S, sin(2¢) p1(y) A?_,irlfi(‘zﬁ)")

+Srsin(on + ¢s) pr(y) Ay "% + Srsin(3¢n — ¢s) p1(y) Ay % o

HADRON PRODUCTION PLANE

weight
weight £ Xy
Axy =
Furiy

X=beam polarization
Y=target polarization
weight=ang. distr. hadron

LEPTON SCATTERING PLANE

Fou Y €2 fi ® D¢ F{}‘ﬁ(%h) x Z e2 hie @ Hie
FCOS(Qbh ®s) o Z 62 g_ll_qg R Dclz F(SJ'I;“(¢h+¢S) X 262 ha R Hl_La,

Fsm(Q')h, bs) x Ze 1_ng R Di), Fsm(3¢h bs) 5 Ze h 2 H_]_a




SIDIS IN—I'h X

d40' o d40'()
dedydzde, dxdydzdoy,

A SL P2 (y) ALL p) ST COS(gbh — qﬁs) Do (y) A(]:J(;j((f)h—(f)s) ST sm(th - ¢S) Asm (dph—ds)

{1 +cos(2¢n) P1(y) A%()O" + S, sin(2¢) p1(y) A?_,irlfi(‘zﬁ)")

+Srsin(on + ¢s) pr(y) Ay "% + Srsin(3¢n — ¢s) p1(y) Ay % o

HADRON PRODUCTION PLANE

weight
weight £ Xy
Axy =
Furiy

X=beam polarization
Y=target polarization
weight=ang. distr. hadron

LEPTON SCATTERING PLANE

Fou Y €2 fi ® D¢ Feos0n) o Z e2 hie @ Hie
Frp|x Zeg g7 ® D} Fon2on) o Zezh ® Hi-®
F[C,(’;f(¢h—¢3) < Z 62 ging ® D° Fls}i;(cbwcbs) 5 Z 62 he ® Hl_La,

Fsm((f)h ¢S) X Ze l_ng ® Dil FLS]i;(3¢h—¢S) X Ze h ® H_La




Collins SSA

T Lyl 2)a
_ Za 63 X /11 (1) <Bl H] 2 >
>_q ez fi(z) (DY)
» h1(2) from Light-Cone CQM evolved at Q2=2.5 GeV?, /1 () from GRV at Q2=2.5 GeV?2

gaussian ansatz ——) A‘;}I;Sgb"'+¢3) ()

> Hlj' (1/2) from HERMES & BELLE data  Efremov, Goeke, Schweitzer, PRD73 (2006);
Anselmino et al.,, PRD75 (2007);Vogelsang, Yuan, PRD72 (2005)

Sill(¢12.+¢5') Sin(gbh,‘i'(be)
AUT AUT
. 0.1[ . 0.05 [ _
I HERMES data: - TC proton - Lt pl'OtOll
Diefenthaler, hep-ex/0507013 0.05 0l .
More recent HERMES and BELLE data 0 i 0.05 - §
not included in the fit of Collins function - ! -
-0.05 | 0.1 | }
-0.1 ’—\ | | | ‘ | | L ~ | | L I | L | 0'15 ;\ | | | ‘ | | L ~ | | L I | I
0 0.1 0.2 0.3 X 0 0.1 0.2 0.3 X
sin(¢c) sin(¢c)
AUT AUT
COMPASS data: 0.1 - + deut 0.1 - deut
Alekseev et al,, PLB673, (2009) - n deuteron : T deuteron
f i o 0.05 |
bc = Onh + Qs+ T 0 —v2e "0 '] - | ; .
sin(¢c sin(¢n+ods - i p
AEJT(CC):_AZI%(); ¢s) % ol ;‘ﬁ..\
-0.1 [ i B
\H‘ | | \\\\\\~ | | ] -0.05’l||~ | | ll\lll‘ | | Ll 11
) -1 -2 -1

10 10 X 10 10 X



Three Quark Light Cone Amplitudes

; PT,2; P, + kg

Pt P . -
ik
- > | P, )\) Z/d[l d[2]d[3] ¥ (s, kL) 5% uly, (Duly (2)dl,, (3)] 0)
* classification of LCWFs in angular momentum components [Ji, J.P. Ma, Yuan, 03;
Burkardt, Ji, Yuan, 02]
[Py = | PN+ PN+ RO+ BT
J, =49+ L. Yo’ral quark helicity qu
L9 =-1 L9 =0 L9 =1 L9 =2
(TTT)[(' (TTl)IC' (Til)[(' (lll)[(’

—
—

parity
time reversal
\/ Isospin symmefry

(0 [€9%uly ()T uly (2)d},, (3)| P)

6 independent wave function amplitudes: w(i) R R



Three Quark Light Cone Amplitudes

; PT,2; P, + kg

Pt P, > -
ik
= > | P, )\) Z/d[l d[2]d[3] ¥ (s, kL) %uz)\l(l)u;)\z(Q)dl)\s(3)| 0)
* classification of LCWFs in angular momentum components [Ji, J.P. Ma, Yuan, 03;
Burkardt, Ji, Yuan, 02]
[PT) = | PO+ AN AN+ PN
J,=J,0+ LA Yo’ral quark helicity qu
L9 =-1 L9 =0 L9 =1 L9 =2
(TTT)[(' (TTl)IC' (Til)[(' (lll)[(’
11k T T T = parlTy
O [ uly ) Tuly @d,, @ P) [ LT
\/ Isospin symmefry
6 independent wave function amplitudes: w(i) R R
L,9=0 ||ppi=0 = / df1)d[2)d[3] (v (1,2,3) + i(kTkS — kk§)0(1,2,3))

ik

<z (1) (), @ (3) = (2l (3) [0




Three Quark Light Cone Amplitudes

; PT,2; P, + kg

Pt P, > -
ik
= > | P, )\) Z/d[l d[2]d[3] ¥ (s, kL) %uz)\l(l)u;)\z(Q)dl)\s(3)| 0)
* classification of LCWFs in angular momentum components [Ji, J.P. Ma, Yuan, 03;
Burkardt, Ji, Yuan, 02]
[Py = [P+ PO+ P T BT
J,=J,0+ LA Yo’ral quark helicity qu
L9 =-1 L9 =0 L9 =1 L9 =2
(TTT)[(' (TTl)IC' (Til)[(' (lll)[(’
11k T T T = parlTy
Ol uly () Tuly @)df, @I P) || L T
\/ Isospin symmefry
6 independent wave function amplitudes: w(i) R R
LA=1 [Pty = / Af)d[2d[3) (k% +ik?)e® (1,2,3) + (k§ + ik§)e 9 (1,2,3))

ik
7 (e (] )}, 3) — dfy ()uf 2)u],3)) [0)

X




Three Quark Light Cone Amplitudes

; PT,2; P, + kg

Pt P, > -
ik
= > | P, )\) Z/d[l d[2]d[3] ¥ (s, kL) %uz)\l(l)u;)\z(Q)dl)\s(3)| 0)
* classification of LCWFs in angular momentum components [Ji, J.P. Ma, Yuan, 03;
Burkardt, Ji, Yuan, 02]
[PT) = | PO+ AN AN+ PN
J,=J,0+ LA Yo’ral quark helicity qu
L9 =-1 L9 =0 L9 =1 L9 =2
(TTT)[(' (TTl)IC' (Til)[(' (lll)[(’
ijk T T T = pamTY
O [ uly ) Tuly @d,, @ P) [ LT
\/ Isospin symmefry
6 independent wave function amplitudes: w(i) R R
LA=-1 1P g~ = [ dtjaidgs) (5 - ko (1,2,

ijk

<) () @dk 3) - dfy (2)uly3)) 10)




Three Quark Light Cone Amplitudes

; PT,2; P, + kg

Pt P, > -
ik
- > | P, )\) Z/d[l d[2]d[3] ¥ (s, kL) %uz)\l(l)u;)\z(Q)dl)\s(3)| 0)
* classification of LCWFs in angular momentum components [Ji, J.P. Ma, Yuan, 03;
Burkardt, Ji, Yuan, 02]
[PT) = |PDT + PO+ P ST+ P
J,=J,0+ LA Yo’ral quark helicity qu
L9 =-1 L9 =0 L9 =1 L9 =2
(TTT)[(' (TTl)IC' (Til)[(' (lll)[(’
ijk T T T = pamTY
O e uly, () Duly @)diy, G P) (| LT o
\/ Isospin symmefry
6 independent wave function amplitudes: w(i) R R
LA=2 Pyl = [ dudiziaE) (kf + ik + k(12,3
CZ]k}

<z uh (1) (4 @)l (3) - o}, 2, 3) [0



Relations among TMDs in Quark Models

Flavor-dependent

Flavor-independent

Bag
AQSM
LCQM

S Diquark
AV Diquark
Cov. Parton

Quark Target

D'u. — %’ D(I —

Linear relations Quadratic relation

Def! + gip, = 2h{

q _ Lgq *
ng__h RS

o o
q9 _ p4 kl plg *xx
91 —h1 =53 h &

Jaffe & Ji (1991), Signal

‘Ma & al. (1996-2009),

‘Ma & al. (1996-2009),

Efremov & al. (2009)

‘MeiBner & al. (2007)

(1997), Barone & al. (2002), Avakian & al. (2008-2010)]

Lorce & Pasquini (in preparation)]

Pasquini & al. (2005-2008)]

akob & al. (1997), Bacchetta & al. (2008)]
akob & al. (1997)] [Bacchetta & al. (2008)]

Common assumptions : » No gluons

» Independent quarks




Long. pol. quark in Unpol. Proton

up quark down quark

fixed iy |
orr [1/(GeV?- fin?)] o8 [1/(GeV? - fin?)]

—F8 —05 @B U5 ID
by | fm]

4+ projection to GPD and TMD is vanishing

=) Unique information on OAM from Wigner distributions

[Lorce’, Pasquini (201 1)]



Long. pol. quark in Unpol. Proton

— up quark down quark
fixed iy | P4 g
ot UNGeV?- fin?)] ot 1/(GeV?- fin?)]

0.5 0.5

0.4 0.4

0.3 0.3

0.2 0.2

B 0.1 0.1

] e.
=
9
~0.3
—0.4
—0.5

0 -5 @B 05 Ib
by | fm]

correlation between quark spin and quark OAM

» Quark spin
—> u-quark OAM

u-quark | d-quark S— d-quark OAM
C1 0.23 0.19

Ct = [dwdkydby (b1 x k1) plhy(a,Fu,bo)

[Lorce’, Pasquini (201 1)]



y

Light-Cone Helicity and Canonical Spin

() =D o (8)

|

LF helicity

)

|

canonical spin

1/2)%
DS/ ?* (k)

_ 1 (K KL
K| \-Kr K
rotation around an axis
orthogonal to z and k.




Light-Cone Helicity and Canonical Spin

1 K K
EC (k) = DY2* (O D/ ( z L)

rotation around an axis

LF helicit canonical spin
4 P orthogonal to z and k.

Light-Front CQM Bag Model
K. =m+ Mo K. = h(|k|) + ﬁ—f’lj(\’a) K. = to(|k|) + |kk| t1(|k])
o L 7 E_ T4 =3- L =
2 K1 = | J([KT) K, = ﬁh(\kn
= Mgy — \/l_c'2 m? k, = 2Mn — By k., =xMpn —w/Ry

(Melosh rotation)



by | fim]

Transverse

k1

by | fim]

Unpol. up quark in Unpol. Proton

P2D (EJ-a gJ-)

s

Longitudinal

Generalized Transverse Charge Density
— — —

fixed angle between k, and b, and fixed value of |k ]

by | fm]
by | fin]

[Lorce’, BP, PRD84
(2011]]




by | fim]

Transverse

k1

by | fim]

Unpol. up quark in Unpol. Proton

P2D (EJ-a gJ-)

s

Longitudinal

Generalized Transverse Charge Density
— — —

fixed angle between k, and b, and fixed value of |k ]

by | fm]
by | fin]

[Lorce’, BP, PRD84
(2011]]




by | fim]

Transverse

k1

by | fim]

Unpol. up quark in Unpol. Proton

P2D (EJ-a gJ-)

s

Longitudinal

Generalized Transverse Charge Density
— — —

fixed angle between k, and b, and fixed value of |k ]

by | fm]
by | fin]

[Lorce’, BP, PRD84
(2011]]




by | fim]

Transverse

k1

by | fim]

Unpol. up quark in Unpol. Proton

P2D (EJ-a gJ-)

s

Longitudinal

Generalized Transverse Charge Density
— — —

fixed angle between k, and b, and fixed value of |k ]

by | fm]
by | fin]

[Lorce’, BP, PRD84
(2011]]




by | fim]

Transverse

k1

by | fim]

Unpol. up quark in Unpol. Proton

P2D (EJ-a gJ-)

s

Longitudinal

Generalized Transverse Charge Density
— — —

fixed angle between k, and b, and fixed value of |k ]

by | fm]
by | fin]

[Lorce’, BP, PRD84
(2011]]




Unpol. quarks in Unpol. Proton

up quark down quark
fixed K i: | oty 1/(GeV?- fin?)] ply U/(GeV? fin)]
T k,=0.3 GeV ;:6 T k,=0.3 GeV ;j .
unfavored j 3.2 1.04
\ | 28 0.91
ms [ -

0lo.52

gyavored | |E1.6

Distortion due to correlations between &, and El

b absent in - and -!

Left-right symmetry =) no net quark OAM
[Lorce’, Pasquini (201 1)]



Unpol. quarks in Unpol. Proton

up quark down quark
fixed & .; | phv 11/(GeV”finr)]  pb 11/(GeV f)]

| A k.=0.3 GeV | T k.=0.3 GeV ol
| | unfavagd 0.5 1.04
| o 0.91
= | A~ 0.78
ﬁ\ § 0.0 a 0.65
E,/’avored s | N\ [0.52

by [fm]
4 integrating over b, == transverse-momentum density

(k1) = [dafi(z, k)

. . _’ ° .
4 integrating over k, = charge density in the transverse plane b,

Monopole

Distributions

1(b2) = ¢ / LA emibBLpIA?)
[Miller (2007); Burkardt (2007)]




Unpol. quark in Long. pol. Proton

— up quark
P kLT Pg down quark
psru [1/(GeV?- fm?)] oty [1/(GeV?- fm?)]

' 0.3 . 0.015

0.24 0.012

0.18 0.009

0.12 0.006

0.06 0.003

B o B o
—0.06 B -0.003
i1 B -0.006
—0.18 B -0.009
—0.24 B -0012
—0.3 B 0015
10 —-05 00 05 10 10 —-05 00 05 10
bx [fm] bx [fm]
» Proton spin
—> u-quark OAM
<« d-quark OAM
* projection to GPD and TMD is vanishing

m—) uniqgue information on OAM from Wigner distributions
[Lorce’, Pasquini [2011]]



Unpol. quarks in Unpol. Proton

up quark down quark
° - d
fixed £ ] Pty 1/(GeV?- fin)] Pty 11/(GeV? - fin?)]
| A k,=0.3 Gev 2 1Ak —03Ger 4
unfavored j 3.2 1.04
! 2.8 0.91
ﬁ\ | 2.4 0.78
— 2. 0.65
\\j‘m"e" | W16 mo.52

Distortion due to correlations between &, and b,

b absent in [GPDY and [TMD] !

Left—right symmetry Emmmm——) N0 net quark OAM
Lorcé, Pasquini (2011)



Unpol. quarks in Unpol. Proton

up quark down quark
fixed i1 -1 o [1/(GeV?- fin?)] y oty L1/(GeV?- fn?)]
| T k,=0.3 GeV : T k.=0.3 GeV ;:;
unfavored 0.5} 1.04
0.91
= 0.78
@~ g
-Q;‘

0lo.52

gyavored

by [fm]
e integrating over b, == transverse-momentum density

(k1) = [dafi(z, k)

Monopole
e integrating over k, mm charge density in the transverse plane b, Distributions

— —

1(b2) = ¢ / LA e B pI(A2)

Miller (2007); Burkardt (2007)



Generalized TMDs and Wigner Distributions

1
M, k+ =A
) + 2

1 1
A, P—--A "y —
, 5 A,P—I—QA

Quark polarization

L

T dz—d?z, _ z
Wik =5 [ (PN (- 2) D W

z
2

S G)IP A P )

Y (27)°
Nucleon polarization

4 X 4 =16 polarizations =) 16 complex GTMDs (at twist-2)
W/{’,A(xa 57 kJ_? AJ_)



Generalized TMDs and Wigner Distributions

1 1
A,P—--A s —
, 5 A,P+2A

Quark polarization

L

I dZ_dQZJ_ ! Al1Tq _E
WAY,A2/ e M IV

Nucleon polarization

z
2

S G)IP A P )

4 X 4 =16 polarizations =) 16 complex GTMDs (at twist-2)
W/{",A(xa 57 kJ_a AJ_)

x: average fraction of quark &: fraction of longitudinal momentum
longitudinal momentum transfer

— —
k.: average quark transverse momentum A, : nucleon transverse-momentum




Generalized TMDs and Wigner Distributions

1
M, k+ =A
) + 2

1 1
A, P—--A 3 —
, 5 A,P—I—QA

Quark polarization

L

I dZ_dQZJ_ ! Al1Tq _E
WAY,A2/ e M IV

z
2

S G)IP A P )

Nucleon polarization

4 X 4 =16 polarizations =) 16 complex GTMDs (at twist-2)
W/{’,A(xa 57 kJ_? AJ_)

Fourier transform A | «— b

v
W};/,A(x, AR bL) |6 real Wigner distributions



Pioneering lattice QCD studies

(kz)grr = —(KE)nL

consistent with model
calculations

BP, et al., PRD 78 (2008) 034025

genuine effect of intrinsic transverse momentum of quarks!

Musch, Hagler, Negele, Schaefer, Europhysics Lett. 88 (2009) 61001



Model relation TMD «— GPD

unpolarized quark in unpolarized nucleon

_/de,T kT ET k S f (le kT) ~ /deTIq,Z(ijT) €T TST (gQ(ij%))
Sivers function Lensing function F.T. of E(x,0,t)

Burkardt, PRD 66 (2002) 114005
Burkardt, Pasquini, EP] A52 (2016) 161



Model relation TMD «— GPD

unpolarized quark in transversely pol. nucleon

Distortion In impact parameter
(related to GPD E)

_/de,T kT ET k S f (le kT) ~ /deTIq,Z(ijT) €T TST (gQ(ij%))
Sivers function Lensing function F.T. of E(x,0,t)

Burkardt, PRD 66 (2002) 114005
Burkardt, Pasquini, EP] A52 (2016) 161



Model relation TMD «— GPD

N
N
~ . . .
. . ® ~ . Final-state interaction
Distortion In transverse momentum Q : .
. . (lensing function)
(related to Sivers function) @ .
o
®
®
®
P ®
o

ki ak ki ak N/
— / PRy by TEIT plae B2 o / Phy 70 (2, Bp) T ((£9(0,52)
Sivers function Lensing function F.T. of E(x,0,t)

Burkardt, PRD 66 (2002) 114005
Burkardt, Pasquini, EP] A52 (2016) 161



Key information from TMDs

*Spin-Spin and Spin-Orbit Correlations of partons
* [ransverse momentum size
e Test what we can calculate with QCD (perturbative and lattice)

e Non-perturbative structure we cannot calculate with QCD



Lattice Calculations of Angular Momentum

0-4_ ' — 1 T T T | |
[ LHPC, QCDSF
0.3F &2 ga B4 g’:&! &
LY + L%~ ( | ) AT
™~ 0.2F
U d ~ - H+tG
J* >0, J =00l .o L
| Lﬁ g Te B ¢
| ¢
_O 1- M R B [ v v | N
0 0.2 0.4 0.6 0.8

without disconnected insertion

0.5

i A A
0.3 AZ/2
i d
O.l_ ¥ ¥ vL
7 AX4/2
—0.3'- — —L —
0 0.2 0.4 0.6

connected insertions (Cl)



Lattice Calculations of Angular Momentum

without disconnected insertion

0,4_ T T T I T T T | T T I T I I [ T I T T I T T T I ]
. LHPC, QCDSF s 1 05F _
03F Zaz ga oaerE * O T3 poa a4 & s _'
P ¥ g 1 AZY2
d i Azu-i- /2 i B / N T
LY+ L~0 ,¢ 1 03]
: : i d |
JU>O JdNO 01:— Lu+d _ 0'1._ ) M M hd vL ]
y ~ "I LHPC,QCDSF : to t2

: L - - .
i [ s>k i 1 —0.1F -

o s @ T ¢ - B O'l'.* o “ AZ‘.“’/v "L“ ° i :

_0.1: N R .§. S o3 v . . .+ . 1 .1 connected insertions (Cl)
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6
M (GeV?) M (GeV?)

with disconnected insertion

-
LY + 1.9 ~ 339%, m L4 (CI) m L* (CI + DI) @
28(8)% m Lvte (DI) 28(8)% m L¢ (CI + DI)
O L* (DI) 0 L? (DI) to ta
i o Je O Js <>

AT |u+d+s
m 5

AT |u+d+s
B 5=

1(10)% disconnected insertions (DI)

|
I
I
I
|
I
|
I
I
I
I
|
I
I
I
I
I
I
I
I
I
I
I
I
I
]

Deka et al., PRD 91 (2015) 014505



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

X. Ji, PRL 78 (1997) 610
quark and gluon contribution to the nucleon spin

e
J49 = 5/ dx x (Hq’g(:l;,0,0) — Eq’g(x,(),()))

! l

unpolarized PDF not directly accessible

Proton spin decomposition

1AZ from DIS q
°
J4 — 9 4+ S4 79

gauge invariant decomposition no further gauge-invariant

decomposition

sum rule for L9 from twist-3 GPDs



Model relation TMD «— GPD

unpolarized quark in unpolarized nucleon

Burkardt, PRD 66 (2002) 114005



Model relation TMD «— GPD

unpolarized quark in transversely pol. nucleon

Distortion in impact parameter
(related to GPD E)

Burkardt, PRD 66 (2002) 114005



Model relation TMD «— GPD

N
N
Distortion in t t ® ~ . Final-state interaction
istortion in transverse momentum Q flensing function)
(related to Sivers function) ® .
o
O
O
O
® O
O

Burkardt, PRD 66 (2002) 114005



Model relation TMD «— GPD

- N
D
. . ® ~ . Final-state interaction
Distortion In transverse momentum Q : .
. . (lensing function)
(related to Sivers function) @ .
o
®
®
o
P ®
o

Burkardt, PRD 66 (2002) 114005

ik17 ok Jk17 Qk /
— . € k S — — . — € b S -
—/d2kT k- T]\; Lt (x, k2) N/de/TIq’Z(xabT) T_]\; - <5q(w,b%)>

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

Successful phenomenological applications:
Bacchetta, Radici, PRL 107 (2011) 212001

Gamberg, Schlegel, PLB 685 (2010) 95



Conclusions

e TMDs and GPDs extend the concept of standard PDFs and provide a 3D description
of the partonic structure of the nucleon

e TMDs and GPDs provide complementary information and allow us to investigate
aspects of nucleon structure that are not accessible to standard collinear PDFs

e A lot of data is already available, but we expect more from e+e—, SIDIS at higher
energies, Drell-Yan, DVCS, ....

e Some parametrizations of TMDs and GPDs are available, but we are a long way from
anything similar to PDF global fits



OAM content of TMDs

— TOT

— S wave

— P wave

0 I i I I i i 1
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OAM content of TMDs

up

— TOT

down

— TOT
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