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VTP, O...

- (factorisation)
+6

o GPDs 25 q(x,b ) ’3d imaging’

o | polarization =1 deformation
— 1 force from twist 3 correlations

o L%, — L%, = change in OAM as quark leaves
nucleon (due to torque from FSI)

e lattice calcs. of ISI/FSI & L%, bt

e Summary
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Nucleon Spin Puzzle 3

11
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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Deeply Virtual Compton Scattering (DVCS)

form factor

o electron hits nucleon &
nucleon remains intact

< form factor F(g?)

@ position information from
Fourier trafo

@ no sensitivity to quark
momentum

o F(¢?) = [ dvGPD(z,¢?)

— GPDs provide momentum

disected form factors

Compton scattering

@ electron hits nucleon, nucleon
remains intact & photon gets
emitted

e additional quark propagator

— additional information about
momentum fraction x of
active quark

— generalized parton
distributions GPD(z, ¢°)

e info about both position and
momentum of active quark




Physics of GPDs

q(x, by) for unpol. p
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g(x,b1) = [LAL H(x,0,— A% )e P A
Fi(—A?%) = [dzH(z,0,—A3)

x = momentum fraction of the quark

b, relative to L center of momentum
small z: large 'meson cloud’

larger z: compact 'valence core’

x — 1: active quark becomes center of
momentum

b, — 0 (narrow distribution) for = — 1




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)

example: yp — X

,1
5 = ot
Dy PN D
wr’

<

e u,d distributions in L polarized proton have left-right asymmetry
in L position space (T-even!); sign “determined” by k., & kq
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 +g-direction into momentum asymmetry that
favors —g direction— chromodynamic lensing

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

o confirmed by HERMES & CoOMPASS data



Average 1 Force on Quarks in DIS

dy +» average | force on quark in DIS from | pol target
polarized DIS:

2A,j[w92 @ oL X gr = g1 + g2

@ oL X g1 —

— ’clean’ separation between g, and é corrections to g;
_ . _ 14
o g2 =g¥"W + g with gV (2) = —g1 () + [, 7yg1(y)

1

Siiprgs (P8 a0 gF T (0)a(0)] P.5)

4

d253/dxx g2(x) =

color Lorentz Force on ejected quark (MB, PRD 88 (2013) 114502)

— -\ Y
V2F+Y = FO { f?y — _EY | B* = —(E+17>< B) for & = (0,0-1)

v

matrix element defining do ¢+ 1°¢ integration point in QS-integral
ds = | force & QS-integral = | impulse

magnitude of do

o (F¥) = —2M?dy = —10%27d;

o L deformation of ¢(z,b )

< sign of d3: opposite Sivers o |(F¥)| < o~ 1% = dy = 0(0.01)




Average 1 Force on Quarks in DIS

dy +» average | force on quark in DIS from | pol target
polarized DIS:

o or o< g1 — g, @ oL X gr = g1+ 92

— ’clean’ separation between g, and é corrections to g;
_ . _ 14
o g2 =g¥"W + g with gV (2) = —g1 () + [, 7yg1(y)

dy = 3 / et = m (P, S |g(0)r+gF*¥(0)g(0)| P, 5)

4

color Lorentz Force on ejected quark (MB, PRD 88 (2013) 114502)

- -\ Y
V2FTY =F% 1 F*¥ = _FY 4+ B* = —(E+ ¥ x B) for 7= (0,0~1)

magnitude of dy

o | deformation of ¢(z,b,) o (FY) = —2M?dy = —108% d,

fm
< sign of d3: opposite Sivers o |(FY)| < o= 16*1?1/ = dy = 0(0.01)

consitent with experiment (JLab,SLAC), model calculations (Weiss),
and lattice QCD calculations (Gockeler et al., 2005)



Angular Momentum Carried by Quarks

© Ly =yp. — 2py
o if state invariant under rotations about &
axis then (yp.) = —(zpy)
— <LT> = 2<ypz>
o GPDs provide simultaneous information
about longitudinal momentum and
transverse position

— use quark GPDs to determine angular
momentum carried by quarks

1
JE = §/dxx[H(x,0,0) + E(x,0,0)]

@ parton interpretation in terms of 3D
distributions (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

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 Distributions

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 Distributions

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 Distributions

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)

Torque along the trajectory of ¢ Change in OAM




Torque in General Nonzero!

difference £9 — L4
L%, — L%, = AL%.¢; = change in OAM as quark leaves nucleon
L8y — LY = —g [Ba(PSIa@Hax [ dr FH(,x1)] (@) PS)

4

et moving through magnetic dipole field of e~

®z
-y I_ y
T |
7k ;
B 5
o~ ,;,/"
p




‘Torque’ in Scalar Diquark Model (with C.Lorcé) 16

Liv — Ly ={(@y" (‘7? X *T) ~(1>

in scalar diquark model

(Ji et al., 2016) e pert. evaluation of (@W(F ></Y)q>
e fore: Lyyy— Ly =0toO(a) | — Lyu — Ly =0(a)
o Lyn — Ly; =0 in general? e same order as Sivers

o how significant is £y — Ly;? — Ly — Ly; as significant as SSAs

J v
why scalar diquark model? calculation

o Lorentz invariant

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

— Sivers # 0 e nonforward matrix elem. of Ggy™AYq

d

® JA=

A=0

— (k1) = 3’”;;]‘/[77((77* (Fx /Y) q)




Torque vs. L Force 17

difference £9 — L4
Ly — LY = —g [Bz(PS|g@nt[Fx [ dr- FH(r=,x1)] q(Z)|PS)
o change in OAM as quark leaves nucleon due to torque from FSI
on active quark

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

- -\ Y
V2FtY = FO { 2y — _EY | B* = —(E—i—ﬁx B) for 7@ = (0,0-1)

v

Single-Spin Asymmetries (Qiu-Sterman)

o | single-spin asymmetry in semi-inclusive DIS governed by
'Qiu-Sterman integral’

(ka) ~ (PSla@y* [ dr P07 x1)4(0)1PS)

e semi-classical interpretation: F++(r~,x ) color Lorentz Force
acting on active quark on its way out

— integral yields | impulse due to FSI



Quasi Light-Like Staples from Lattice QCD

challenge

o TMDs/Wigner functions
relevant for SIDIS require
(near) light-like Wilson lines

@ on Euclidean lattice, all
distances are space-like

TMDs in lattice QCD
B. Musch, P. Hagler, M. Engelhardt

nu+b

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

@ momentum projected nucleon
sources/sinks

e remove IR divergences by considering
appropriate ratios

— extrapolate/evolve to P, — 00




Quasi Light-Like Staples from Lattice QCD

nucleon nucleon

source sink

(fixed position)  (fixed momentum)

Euclidean
>

T t time
ank

Boer—Mulders Shift, u—d — quarks

IEPEEEES ]
IIL -
.
F=039. .
bz| = 0.36 fin. Tay ]
£l

my = 518 MeV 4 &
[ kDY SIDIS —| 1
N T 0 5 10 o

nlv] (lattice units)

fﬁiSIDIS = _flLT’DY (Collins)

=039, ‘
| brl=0.12 fm, iy
- L T T S
> | m= 518 MeV
= — DY SIDIS —|
eV T i e s e SR
~o -10 -5 0 5 10

7v| (lattice units)

fir(z, k1) is k -odd term in
quark-spin averaged momentum
distribution in L polarized target




Quasi Light-Like Staples from Lattice QCD

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

A Y

Pl

Euclidean
>

t. T i time
02k Boer—Mulders Shift, u—d — quarks ]
g].iB IEPEEEES ]
2 I Tt *
-
0.0 - -
=039, .
—0.1F | Iby|=0.36 fm. s ]
¥
my = 518 MeV * -
-02r  _py SIDIS —| ]
-0 -10 -5 0 5 10 o0

nlv] (lattice units)

L 1 y s
fir.siprs = —Jir.py (Collins)

— it Sivers—Shift, u—d — guarks
Z 0,4%> ]
= 02f IHE};E i
s 1 .,
=00 5
= F=078. =
=. —-02}F i s ]
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nlvl (lattice units)
fir(x, k1) is k -odd term in
quark-spin averaged momentum
distribution in L polarized target
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L9 vs. L?in Lattice QCD

difference £7 — L4

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

lattice QCD (M.Engelhardt)

Orbital Angular Momentum
o L vs. staple length
e same operator as for TMDs, only ztap e P &
nonforward matrix elements: < L}, for length =0
e momentum transfer provides — L%, for length — oo
position space information 00— T
(—> r, X kJ_) b u-d quarks PRELIMINARY 4
e staple with long side in 2 "I p=01,00 RAW SAMPLE
direction gl o = 518MeV DATA, NO
° (lgrge? nucleon momentum in 2 SYS?IJJI\;%;F{IS(IJS
direction —03f il
RN [} 13
e small momentum transfer in g P i 1
. . -04}}T ¥‘{ £°ff}'];
direction i fg1 0 s
— generalized TMD Fy4 (Metz et o5t - L - m
al) d
Kk OAM o shown L:‘Ltaple - Lstaple
@ quar .
1 /o similar result for each ALY,




Torque <> moments of twist-3 GPDs

difference £7 — L4

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

J&x1 (PS|g(@nEx FH (=, x1)] q(&)|PS) =0

o formal argument: PT

@ intuitive: front vs. back cancellation in ensemble average

[ ioF ‘o
AN A { o?
f \ . il
i\ ¢ |8 B——
\ S
i o/ = 7
% E
N N

@ lowest nontrivial moment
Jd?z  (PS|@( @y [Ex0_Ft(a—,x1)] ¢(Z)|P.S) =0

< off-forward matrix element of gvsv, D? ¢ (twist-3, 3 moment)

V.




Summary: May the Torque Always be With You

o GPDs 4 q(x,b ) ’3d imaging’
1 polarization =1 deformation
sign of qg-correlations

sign and magnitude of ds

o I I o

simultaneous info about L position & long.
momentum

Ji sum rule for J,

I

o L%,, — L%, = change in OAM as quark leaves
nucleon (due to torque from FSI 5 PR
( q ) g

o ISI/FSI and £%,, vs. LY, in lattice QCD

a(660) (07,61

& q(0~,0.) (007,0y1) « \/ N\



Angular Momentum Carried by Quarks

lattice: (lattice hadron physics collaboration - LHPC)

(=] 1 u
£ A%
& 2 [ ] ]
2 4 fmt—s - -
o
9
S .
€ 02- | @ no disconnected
e T g
o o ° %5 ° o quark loops
2 00 @ chiral extrapolation
2 TAsd .
£ o 8 I N e QCD evolution
o -02rx J

0.0 0.1 0.2 0.3 0.4 0.5 0.6

m?[GeV?]

1 1
yi=g / de « [H(z,0,0) + E(z,0,0)] I9=Ji— _A%S




Apveg ~ GPDs

interesting GPD physics: e

o J, = [ dvz [H(z,€,0) + E(z,€,0)
requires GPDs(z,§,0) for (common)
fixed € for all x

o | imagingrequires GPDs(x, ¢ = 0,t)

VTP, 0.

-~ (tactorisation)
+4

o ¢ longitudinal momentum transfer on the target & = p+/;£ -

E+ 4pt
pt/+pt

GPD(x,£,t)
RApves(é,t) _>f La dp EED(z.8,t)

r—&

e x (average) momentum fraction of the active quark z =

SApves(§t) — GPD(E,&,1)
e only sensitive to ‘diagonal’ z = &

o limited & range

o limited £ range

@ most sensitive to x ~ &

@ some sensitivity to z # £, but

Polynomiality /Dispersion Relations (GPV /AT DI)

Ag@) = [ @bt @ [ Henb@) 5 q)



Apveg ~ GPDs

a' %

interesting GPD physics:

o J, = [ dvz [H(z,€,0) + E(z,€,0)
requires GPDs(z,§,0) for (common)
fixed € for all x

o | imagingrequires GPDs(x, ¢ = 0,t)

“Lrhe % Y.T,P0....

-~ (tactorisation)
+4

SApvos(é,t) — GPD(E ¢, 1) RApyes(E,t) — [1, do SRSl

S

Polynomiality /Dispersion Relations (GPV /AT DI)

A6 ,0%) /d xftQQ /d erQ) +A®QY)

e Can 'condense’ all information contained in contained in Apycs
(fixed Q?) into GPD(x,z,t,Q%) & A(t,Q?)

o if two models both satisfy polynomiality and are equal for z = ¢
(but not for z # ¢) and have same A(¢, Q%) then DVCS at fixed
)? cannot distinguish between the two models




Apveg ~ GPDs

Polynomiality /Dispersion Relations (GPV /AT DI)

2 1 2. GE 2
H(x7£at,Q):/ dl‘H(‘L‘LtﬂQ)+
z-§ —1l z—§
e Can ’'condense’ all information contained in contained in Apyvcs
(fixed Q?) into GPD(z, x,t, Q%) & A(t,Q?)
e if two models both satisfy polynomiality and are equal for x = £

(but not for z # &) and have same A(t, Q%) then DVCS at fixed
Q? cannot distinguish between the two models

1 s
A, ,Q?) = [ s A1, Q?)

need Evolution!

| \

8 ddqu( Nz, & f}_[ da’ 1\\( )qu (2, £, 1)

i -
@ ()2 evolution changes z distribution in a known way for fixed &

< measure Q? dependence to disentangle x vs. ¢ dependence




