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m Wigner distributions
1 Parton distributions in phase space
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Parton distributions f.Bacchetastal

Transverse
ky
kT =axPt \—-l" k™ =gzP"
Longitudinal
N N
DIS 0 e.g. SIDIS Z Alessandro’s

« elephant »

2D Fourier
transform - T - T -

2‘}
elastic scattering / dz e.g. DVCS / d*k1 2??

y - T =g Pt
bLf by

cf. Hoyer’s talk _

[Miller (2007)] .
[Carlson, Vanderhaeghen (2008)] [Burkardt (2000,2003)] [C.L.., Pasquini, Vgﬂfergaeghgq (ggﬁ)]
[Alexandrou et al. (2009,2010)] [C.L.., Pasquini ( )|
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Wigner distributions

— Definition of the GTMD correlator

Quark [MeiRner, Metz, Schlegel (2009)] cf. Schlegel’s talk

polarization Gauge link

l 2 | H

dz=d®z1 ;. ‘o -k, -7, A Tz 2 A
WG R B, §) = 5 [ Spiat e TR o B ST DM G~ Bl

| +_pt
+ _ p T 4p” _p—p"

Nucleon PT == 3 T
polarization

4 X 4 = 16 polarization configurations <GP 16 complex GTMDs

(at leading twist)

—{ Definition of the Wigner distributions

Non-relativistic : [Ji (2003)] Relativistic : [C.L., Pasquini, Vanderhaeghen (2011)]
[Belitsky, Ji, Yuan (2004)] [C.L., Pasquini (2011)]

2 L. . L ) . . .
pg/] (2, F1,b.,5) = / C(IQA; e~ Aol ko ,0,A,S)| 16 real Wigner distributions
s

(at leading twist)
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Wigner distributions s 52

Wigner distributions have applications in:

- Nuclear thSiCS E.g. [Antonov et al. (1980-1989)]
* Quantum chemistry

* Quantum molecular dynamics

- Quantum information

* Quantum optics

* Classical optics o | ‘_/7*0_5 | pPr(X)

- Signal analysis 5 025k

* Image processing | / 1

* Heavy ion collisions wx, Py T 5
{

They can even be « measured » in some cases

Eg. [Lvovsky et al. (2001)] .

Heisenberg's uncertainty relations =msssp  Quasi-probability distribution
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m Model predictions
1 Light-cone wave function approach
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Over. I ap r.ep r'esenTaT i O n [C.L., Pasquini, Vanderhaeghen (2011)]

Drell-Yan-West frame AT — ()

CLTCL
Quark-quark correlator
m Light-cone constituent quark model
Urccom = Z (I)Uwzas Dgl/)i)* D((J'lg/)\i)* D((J'lg/)\i)*

(@) ax / oLz US/ Melosh rotation

Symmetric SU6) H(1/2)x _ 1 m + x Moy —kpr
T al - 7
/\I‘ : : .-/\'.5 momentum WF WF \/(m +aMyp)? + ki kr, m 4+ Mo N
!III ‘Ii | fl II‘I
| | | |

E\Ij > @ »—t W*E . .
ok S | m  Chiral quark-soliton model
\J : » ® > : "'\/f"'
! | W qosMm = Z (I)Jl o Foin Foory Fosas Valence WF
01020 ke kp
O  Canonical spin L F,\:L h+57 =37
a \/5 kp ko
A LC helicity ht%i),
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Unpol. quark in unpol. proton

[C.L., Pasquini (2011)]

Pl L1/(GeV™fin)] Pl L1/(GeV™fin)]
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k=03 GeV — k,=0.3 Gel —o
3.2 []2.04
disfavor f. [12.8 [lo.91
\T 024 []o.78
m2. [0.65
W16 mo.52
- %‘mred W2 0.3
| mes mWo.26
Mo+ Wo.13

o o
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Left-right symmetry === ho net quark OAM
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Unpol. quark in long. pol. proton

[C.L., Pasquini (2011)]

piy L1/(GeV?-fm)] piy L1)(GeV-fm)]
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L.>0 B -024
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» Proton spin

—> t-quark OAM

< d-quark OAM
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Unpol. quark in long. pol. proton

[C.L., Pasquini, Xiong, Yuan (in preparation)]

(k1) [GeV/ fm?)

by/fm

—06 -04 -02 00 02 04 06 06 -04 -02 00 02 04 06
b,/fm b,/fm

» Proton spin
— t-quark OAM

< d-quark OAM
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Long. pol. quark in unpol. proton

[C.L., Pasquini (2011)]

puo L1/(GeV? - fim?)] ,03; [1/(GeV*- fin’)]

210 -0.5 0.0 0.5 10 210 -0.5 0.0 0.5 10

by [ fm] by [fm]
»  Quark spin
— v-quark OAM

> d-quark OAM
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Long. pol. quark in long. pol. proton

[C.L., Pasquini (2011)]

oty U/(GeV? fir)]

£iy [1/(GeV?- fin)]
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P Proton spin
—_— t~quark spin
<« a-quark spin
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Long. pol. quark in long. pol. proton

pir L1/(GeV? fin)]

P [1/(GeV*-fin?)]  [C.L., Pasquini (2011)]
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m Orbital angular momentum
1 Comparison of different definitions
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A ng u I a r' m O m e nT u m cf. Burkardt, Leader and Wakamatsu’s talks

Ji

- 1
. :

m  Each term is gauge-invariant

d3r @behp

+ fd?’fr?"x (E* x B%)

m  No decomposition of J9

Unpol. quark in
trans. pol. proton

Ji's sum rule

- T
L9 = §/da::v [H?(z,0,0) + E?(,0,0)] — gfdl‘ﬂq(-”f)

— — v -
J¢ S9

z

Jaffe-Manohar

m  Decomposition is gauge-dependent
m  OAM in LCWFs refers to EZQ (easy)

Jacp = %/dST yiZy
n f Br oyt x (—iv)y
+ [arEe e

+ /dsr E%7 x VA%

 29m?

Model-

hif (. k
(b dependent!

H_J

Trans. pol. quark in
trans. pol. proton
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Orbital angular momentum

[C.L., Pasquini, Xiong, Yuan (in preparation)]

— Definition of the OAM

OAM operator: 14— —_ /d3r oyt (F’x %T) e Unambiguous in
z absence of gauge fields

W', 1 |Lp, 1) = €2 (p', 7 [, 1)

State normalization

2PT 5(AT) (2m)° 6 (A L)

No infinite normalization T
constants /1 — f dA™Td*A
z 2P+ (27)3

=~ Unpol. quark in
(p’, T |Lg |p, T) long. pol. proton

No wave packets

_ fd$d2kL 42, (11 X /ﬁ) P N, kL, by L)
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Orbital angular momentum

[C.L., Pasquini, Xiong, Yuan (in preparation)]

— Overlap representation

, N N
NG _% f[da:]N 2k In S Saar 3 (i — ) {qjgﬁ (/}}-x vkn) \Iﬁw] Jaffe-Manohar
=1 n=1 Spectators are involved!
, N
i « = «— o
£ = 2 [ldaly @l D b [03 (Fix 9) o] Naive
i=1
N N
1 1 2 i
LI =2 /[dx]N A%k L]N D Sga {(x@- AL M S o) {‘PI\Iﬁ oy qlfl\fﬁ} } Ji
i=1 n=1

NB : LCWFs are eigenstates of total OAM
N N
_Z Z (kn X Vk»n) ‘Ijﬁ\\l"')\N l ‘I,)\l AN lz — (A - Z)\n) /2
n=1 “

For total OAM we find

¢N =N - ¥ l/dx koLN‘\I!/\l .

A AN z

‘ 2




Comparison using quark models

Scalar quar'k—diquar'k model : Eg = Lg (after regularization)  [Burkardt, Hikmat (2009)]
2 k4 ;
MIT Bag model : (=L =— / dz d*k,) ik hlLT [Avakian & a/. (2010)]

(no spectators)

Model LCCQM YQSM [C.L., Pasquini (2011)]

q U d Total u d Total

1z 0.131 —0.005 0.126 | 0.073 —0.004 0.069 Jaffe-Manohar -
L 0.071  0.055 0.126 | —0.008 0.077 0.069 Ji EX
L4 0.169 —0.042 0.126 | 0.093 —0.023 0.069 Naive -
4 1.867 —1.579 0.288 | 1.766 —1.551 0.215

Spherically symmetric g _ 9 K2,
quark models : L dr d*ky 55 hir

[C.L., Pasquini, Xiong, Yuan (in preparation)]
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Possible origin of the differences I

[C.L., Pasquini, Xiong, Yuan (in preparation)]

OAM depends on the origin
OI

_,f
. 2] N .1 # 14 L2 # 1o

But if El"‘EQZG =" lz1+lz2:l;1+l,22

. 7o Fi )
ive ~ (
Na - =
— D 7 b — Transverse center of
Jaffe-Manohar ~ [(T’@ - R) X k%] ; RJ— - E :Cl?nT'J_n momentum
n=1

Ji 272?




Possible origin of the differences II

Jaffe-Manohar

Canonical energy-momentum tensor
Qv
Te ()

OAM density operator
MEM ) = 2V T (w) — e T (@)

orb

Total AM density operator
T @) = MEN ) + MA@

orb spin

Ji

Belifante energy-momentum tensor
T (x) = § [T4 (x) + T2 ()

Total AM density operator
MM () = gV THMx) — 2 T ()

M () = J% (z) +

[EOM terms| + [divergence terms]

PTI/d3 MOIE )P = (P17 [ dFr % (7, 0)|P,1)

[Bakker, Leader, Trueman (2004)]
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[C.L., Pasquini, Vanderhaeghen (2011)]

S ummar [C.LL., Pasquini (2011)]
y [C.L., Pasquini, Xiong, Yuan (in preparation)]

m Wigner distributions
Parton phase-space distributions

m Model calculations
3Q LCWFs (yQSM, LCCQM)

Correlations between quark polarization/motion and
nucleon polarization

m Comparison of different definitions of OAM
Overlap representation in non-gauge theories

Total OAM is the same but not individual contributions
Origin dependence, EOM?
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ki Z1 Position

Al b, space

Complete picture @ ¢ —0 Mometun

Transverse
[7Fs]
rP™ B
= bJ_
by
Longitudinal f d2 bJ_
—— [dx
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Model relations

Linear relations Quadratic relation
Flavor-dependent DAfi+ gi;, =2h X
D=4 0=
Flavor-independent gl =—hi7 =% 2n§ hif = —(gip)® **

k.2 [ AN ) [ N )
q9 39 _ K| plg **
gir, —hi = ShzZ i * e

[ BN ]
Bag [Jaffe & Ji (1991), Signal (1997), Barone & a/. (2002), Avakian & a/. (2008-2010)]
YQSM [C.L., Pasquini & Vanderhaeghen (2011)]
LCCQM [Pasquini & a/. (2005-2008)]

S Diquark [Ma & al. (1996-2009), Jakob & a/. (1997), Bacchetta & al. (2008)]
AV Diquark [Ma & a/ (1996-2009), Jakob & a/. (1997)] [Bacchetta & a/ (2008)]
Cov. Parton [Efremov & al. (2009)]
Quark Target  [Meifner & a/. (2007)] *=5U(6)
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Spherical symmetry

| [C.L., Pasquini (2011)]
Axial symmeftry about P

|

\/

/ } 2 P |

% 2

3

i

L|P
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LC helicity and canonical spin

Canonlcal kz — OO
boost

0,0) = |k, o)
N\
\ >

Light-cone
boost




Spher'i CC(I Symme'l' r‘y [C.L., Pasquini (2011)]

Bag Model, yQSM, LCCQM, Quark-Diquark Model (Ma) and Covariant Parton Model

Common assumption :  Explicit or implicit rotational symmetry

The probability does not depend on
the direction of canonical polarization




Formallsm

Independent quarks mmsp ¢FC (k) = ZD(”Q qC (k)
- 1/2)% 1 Kz K
LC helicity DE\S/ ) (k) = @ (_KR KZ)

Canonical spin

Light-Cone Quark Model Mi=) m ;’ik?l

7

K.=m+xMj K, =k kzzng—\/E2+m2

(Melosh rotation)

Chiral Quark-Soliton Model

K. = hOE) + & j(F) Ry = K j(R) e = #My = B

S-wave P-wave

Bag Model

K. = to(Jk|) + k t1(|’f|) K, = kl f1(|k‘|) k. =zMpy —w/Ry

S-wave P -wave



Formalism

[, =-1 l,=0 [, =+1 I, =+2
T T T T T T 1 T

Uit Uity Ui Uit Uit Ui Ui Ui

[, =-1 ’%Di.H. R1%2%3 z122l3 211223 l12223 l1l2z3 l122l3 211213 l1l2l3
Wiy || —zizers || zazezs —zilars  —lizers || —lilors  lizazs z1l2z3 11223

lz =0 ¢I_+ —Z1T223 —ZlT‘QZ3 Z12223 —Zl?"ng 11222’3 —Zﬂ”glg lezlg leglg
wE || —rizezs || —rizels —rilezs 212223 z1l2z3 z1z2l3 —rilals | zlal3

2/)"_'_+ rirezs rirals —Tri1Z923 —Z21T223|| 212223 —z21rols  —ri29ls 212203

lz =41 2/)-'__+_ r129T3 —Tri2223 1 lz’r‘g —Z21227T3 —Z1l2?°3 2129223 —T1l223 211223
VI__ || wmrars || —zirozs  —zizars  lirers || —lizers  —lhirazs ziz2z3 | lizezs

l, =42 ?l’f__ —Trirer3 rira2z3 2273 Z17T273 —z122T3  —z1T223 —Ti12223 12223

ZZEK;, lZEK}J, T EK;%
Assumption: > lz — in instant form (automatic w/ spherical symmetry)

b More convenient to work in canonical spin basis




