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Motivation: Wigner Functions

o femtography: generate images of the nucleon
o unified framework (~ global fit) for

o Generalized Parton Distributions (GPDs)
o Transverse Momentum Dependent PDFs (TMDs)
o Orbital Angular Momentum (OAM)

mer function in LF tuent quark model (Lorcé & Pasquini)
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VTP, O...

- (factorisation)
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o Jaffe-Manohar vs. Ji decomposition of spin
— Wigner function definition for OAM
— L%,, — L%, = change in OAM as quark

e Summary
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Nucleon Spin Puzzle 4
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S =AY +A
5 = 5AS+HAGHL

Longitudinally polarized DIS:

1
o AR =3 Ag=3, [y dzlar(z) — qu(z)] =~ 30%
— only small fraction of proton spin due to quark
spins

Gluon spin AG
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Quark Orbital Angular Momentum
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e how can we measure L, 4
.
— need correlation between position & momentum e T

o how exactly is £, 4 defined
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electron hits nucleon &
nucleon remains intact

form factor F(q?)

position information from
Fourier trafo

no sensitivity to quark
momentum

F(¢?) = [ dzGPD(z,q*)
GPDs provide momentum
disected form factors

electron hits nucleon, nucleon
remains intact & photon gets
emitted

additional quark propagator

additional information about
momentum fraction x of
active quark

generalized parton
distributions GPD(z, ¢°)
info about both position and
momentum of active quark
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o Fi(—A?%) = [dzH(z,0,—A%)



P11YSiCS Of GPDS: 3D IIIlagillg MB, IJMPA 18, 173 (2003)

proton polarized in +Z direction

d?A b
Q(LbL):/WHq(%O,—Ai)@ B

1 0 d’A | :
- ey 1) O_AQ —ib A
2M b, / ) Za@0=Al)e
e relevant density in DIS is
jT = 3% + 5% and left-right
asymmetry from j*

@ av. shift model-independently related
to anomalous magnetic moments:

(b1) = [dz [d?b) q(z, b1 )by,
= 5t [ dzEy(z,0,0) = oL




GPD <— Single Spin Asymmetries (SSA)
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@ u,d distributions in L polarized proton have left-right asymmetry
in L position space (T-even!); sign “determined” by k, & k4
e attractive final state interaction (FSI) deflects active quark
towards the center of momentum
— FSI translates position space distortion (before the quark is
knocked out) in +j-direction into momentum asymmetry that
favors —y direction— chromodynamic lensing

= Kp,kn <> sign of SSAIMNIN (MB,2004) J

e qualitative connection GPDs ~» TMDs (or b ~ k)
o confirmed by HERMES & CoOMPASS data



Angular Momentum Carried by Quarks

e Wigner functions!
L. = [dx [d*b, [d*k (byky — byk,) W(z,b1 k1)

o Alternative: L, = yp, — zpy

o if state invariant under rotations about &
axis then (yp.) = —(zpy)

< (Lg) = 2(yp)
o GPDs provide simultaneous information e
vitudinal 1w : N\

about longitudinal momentum and ///W(“’W\J\.. f

7

transverse position év % /

— use quark GPDs to determine angular
momentum carried by quarks

1

Jy = —/d:c:c[H(a:,O,()) + E(z,0,0)]

4z

e parton interpretation in terms of 3D

distributions only for 1 component
(MB,2001,2005)



Photon Angular Momentum in QED 10

QED with electrons
7 = /dsrfx(ﬁxé):/dwx[Ex(ﬁxg)}

o replace 2" term (eq. of motion V - E=e¢j"= elTa), yielding
/d3 [u 7 x eAyp + EI (fxﬁ)Aj—&—E_jX/q

o 17 x e Ay cancels similar term in electron OAM 17 x (5 — e A)ip

— decomposing Jw into spin and orbital also shuffles angular momentum from
photons to electrons!




The Nucleon Spin Pizzas
Jaffe-Manohar decomposition

Ji decomposition

‘pizza quattro stagioni’

‘pizza tre stagioni’
3=>,(380+ L) +AG+ L
Lo, (3804 L) + A
£,=JBr(PS| @R (7 x id)a(IP.S)

3
Ly=J&(P,Slg (#)(7 x iD)d(?)|P,S)
=/ ) @ light-cone gauge AT = 0
o iD=id—gA e PP — AG — L= Mg o
e DVCS — GPDs — L¢ e manifestly gauge inv. def. exists

How large is difference £, — L, in QCD and what does it represent? J




Quark OAM from Wigner Functions

o in Bjorken limit, many relevant observables (PDFs, GPDs,
TMDs) equal 2" correlators

< consider 6-D Wigner functions

6-D Wigner Functions (Belitsky, Ji, Yuan)?

@ indroduced Wigner functions that depend on kT, k 1,&7, E 1
@ so far no insights from £~ dependence

< throw away that information ([ d¢™)

— 5-D Wigner functions




Quark OAM from Wigner Functions

5-D Wigner Functions (Lorcé, Pasquini)

GTMD(z, k1, A)

—— A=0
->- Jdz
Charge S

. A, < = L
W(z,by, k1) = / (%); e AL QTMD(x, ky,AL)




Quark OAM from Wigner Functions

5-D Wigner Functions (Lorcé, Pasquini)

oL 2 2 - -
L) = / (gzwf/ déﬁ'ﬁﬁ (P'S"|g(0)y ()| PS).

TMDs: f(z,k1) = [d?b, W(z, EJ_, EJ_)

GPDs: ¢q(z,b) = [ d*k, W (x, by, EL)

L. = [dx [d®by [d®k, W (x,b),ky)(boky — byks)

need to include Wilson-line gauge link Upe ~ exp (z% fog A. df’)

to connect 0 and &
— ‘light-cone staple’ crucial for SSAs in SIDIS & DY

Light-Cone Staple for Uoe

straight line for ¢
straigth Wilson line from 0 to £ yields &l_
JI—OAM . I3 4(07.0.) (007.01)
Li= fd3x<P,5|qT(f)(f X iD)q(:E’)|RS>

'light-cone staple’ yields L jqf fe—Manohar




Light-Cone Staple <+ Jaffe-Manohar-Bashinsky 13

L with light-cone staple at Bashinsky-Jaffe

= = too o AT = 0 no complete gauge fixing

— residual gauge inv. A* — AF4+0M¢(Z )

T [ v o Txid — £JBE:E><[Z'5—QA’(£L)

=) e -
T o _ JdzT A (=7 ,%1)

(different from SSAs due to °o A (Z1) = Tdz-

}

factor Z in OAM)

Bashinsky-Jaffe <> light-cone staple

e AT =0
= Ej/[ = F X {i({;—g/_l'l(:too,fl)]

(*] ,CJB =7 X |:’Lg— g./((ﬂ_ﬁ_)}

° fﬂ(fl) = W = % (A'L(Ooafl) + XL(*OO,fL))
= Lyp=5(La+Le)=Lo=Lc




Quark OAM from Wigner Functions

straight line (—Ji)
%:Zq%Aq+Lq+Jg
Ly=Jda(P.S|a@y*(7 x iD)a()|P,S)

light-cone staple (— Jaffe-Manohar)
2= 2,300+ L+ AGH L,
L= [d(P,S|g(@p+(x1D )a(&)|P.S)

oiﬁ:ig—gg

difference £7 — L4

L9 — L9 = —g [dBz(P,S|g@nH[Fx [ dr- F*(r=,x1)] q(Z)|P,S)

V2FtY = F% 4 F?Y — _EY { B* )




Quark OAM from Wigner Functions

straight line (—Ji) light-cone staple (— Jaffe-Manohar)
%:Zq%Aq—i—Lq—i—Jg . %:Zq%Aq—i—Eq—FAG—Fﬁg
Ly=Jda(P.S|a@y*(7 x iD)a(@IPS) | £1=[ds(P,S|a(@n*(7xiD)a(#)|P,S)

o iD=id—gA iDI =i —g Al (&~ ,x1)—g [° dr~F*

difference £7 — L4

L1 — L9 = —g [dBz(P,S|g@nH[Fx [ dr= F*(r=,x1)] q(Z)|P,S)

color Lorentz Force on ejected quark (MB, PRD 88 (2013) 014014)

— N\ Y
V2FtY = FO { 2y — _EY | B* = —(E+17>< B) for & = (0,0,-1)




Quark OAM from Wigner Functions

straight line (—Ji) light-cone staple (— Jaffe-Manohar)
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— N\ Y
V2FtY = FO { 2y — _EY | B* = —(E+17>< B) for & = (0,0,-1)

Torque along the trajectory of ¢ Change in OAM




‘Torque’ in Scalar Diquark Model ws « c o

Liv — Ly ={(@y" (‘7? X *T) ~(1>

in scalar diquark model
(Ji et al., 2016)

N\ Z
e pert. evaluation of (g +<F xA)q
o fore™: Ly — Ly =0to Ow) 1> (ay )
o carlier paper by M.B. & — Ljm — Ly =0(a)
H.BC overlooked h =0 e same order as Sivers

component of Pauli-Villars ~ < Ly — Ly; as significant as SSAs

o Ly —Ly; Z0in general?

e how Signiﬁcan‘ﬁ is Ly — Lyi? J calculation m.B. & c.Lores

why scalar diquark model?

o Lorentz invariant

e 1% to illustrate: FSI—-SSAs
(Brodsky,Hwang,Schmidt 2002)

— Sivers # 0

e nonforward matrix elem. of gy™AYq

d
dAT | A=0

= (k1) = 2t gyt (7 x A) )




Calculating Jaffe-Monohar OAM in Lattice QCD 16

challenge

TMDs in lattice QCD

M.Engelhardt, P.Hagler, B.Musch, J.Negele, A.Schiéfer

e calculate space-like staple-shaped
Wilson line pointing in 2 direction;
length L — oo

e momentum projected nucleon

o TMDs/Wigner functions sources/sinks
relevant for SIDIS require e remove IR divergences by considering
(near) light-like Wilson lines appropriate ratios

o on Euclidean lattice, all < extrapolate/evolve to P, — 0o

distances are space-like




Quasi Light-Like Wilson Lines from Lattice QCD

nucleon nucleon
source sink
(fixed position)  (fixed momentum)

Sivers—Shift, u—d — guarks
Fuclidean F i 1
—- [ e ]
time i .
£=039, y
Boer—Mulders Shift, u—d — quarks ] = lbz| = 0.12 fm, teu - .aa—.--fﬁ-;
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Quasi Light-Like Wilson Lines from Lattice QCD

nucleon nucleon
source sink
(fixed position)  (fixed momentum)

l = .
flT,SIDIS — _f]_T~DY Collins

= 4 Sivers—Shift, u—d — quarks
| > o4f ]
Euclidean 8 = %
time: ERE {Hihil ]
= "
00 )
= P 078, 2
= —02F '3 E ]
02l Boer—Mulders Shift, u—d — quarks 4 7“_‘: e Ibz| = 0.36 fin. I}{
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© oifdllqrIzsess, ] = — DY SIS [
s Tt . 1 e S S
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Quark OAM - sign of £9 — L4

L%, — L%, = AL%.¢; = change in OAM as quark leaves nucleon
L84 — Ik = —g [Bo(RSlg@NHEx [ dr F+(r=, %) *d@)|BS)

et moving through dipole field of e~

o consider e~ polarized in +2
direction

< (i in —Z direction (Figure)

@ et moves in —2 direction

— net torque negative

sign of L9 — LY in QCD

@ color electric force between two ¢
in nucleon attractive

— same as in positronium

@ spectator spins positively
correlated with nucleon spin

— expect L7 — L9 < 0 in nucleon




Quark OAM - sign of L7 — L4

difference £7 — L4

L%, — L%, = AL%.¢; = change in OAM as quark leaves nucleon
L84 — Ik = —g [Bo(RSlg@NHEx [ dr F+(r=, %) *d@)|BS)

et moving through dipole field of e~

lattice QCD M Engelhards ot al.

o consider e~ polarized in +2

directi ® Lgtapie vs. staple length
irection

Zin 2 direction (Fi < L%. for length =0
< jiin —2 direction (Figure
K (Figure) — L%, for length — oo
+ . ~ . .

e et moves in —2 direction

1.0
— net torque negative —
4 m os—r HH*H‘HE;, _,;;&Hiﬁ ]
5 S . =S - L [
sign of £ — L% in QCD 5 ?"zi}f IEEY . %&ﬂ:ﬁ
=Y ¢ =UJ ¢ 2u quarks
o Ed 0.0 T
° Folor electric force{ between two ¢ = ; HH?HH””H;HH&H% ;
in nucleon attractive T st !
s U N
<5 same as in positronium = 8| 44a50800 *23554540448 5
-1.0 : : : :
@ spectator spins positively S Alg) =k 0 B Mg w
. . nivi/a
correlated with nucleon spin )

— expect L7 — L9 < 0 in nucleon




Summary

o

VTP, O...

- (factorisation)
+6

5-D Wigner functions

application: Ji vs. Jaffe-Manohar OAM
e TMDs in lattice QCD bulim)
e JM OAM in lattice QCD M

L
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Vision 20

(]
(SN

evaluate GTMD:s in lattice QCD (include disconnected diagrams)
force tomography implicitly included in calcs. of GTMDs with
quasi light-like staples!

develop flexible parameterizations of GPDs & GTMDs that
include rigorous theory constraints, such as polynomiality and
Lorentz invariance relations

combine with QCD evolution

constrain parameterization using ’global fits’

5-D images of the nucleon (actually 6, if Q? is included)
visualize by performing reduction to 2 or 3 variables, or 'travel’
through 6-D by dialing some variables while viewing the others
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