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Outline

@ Deeply virtual Compton scattering (DVCS)
— Generalized parton distributions (GPDs)
— ’transverse imaging’

@ Chromodynamik lensing and | single-spin
asymmetries (SSA)

b (fm)

transverse distortion of PDFs
+ final state interactions

— SSA in AN —7+X
@ quark-gluon correlations — 1 force on ¢ in DIS

o L%, — L%, < torque due to FSI in DIS

e Summary

by

‘pizza tre stagioni’ ‘pizza quattro stagioni’




Deeply Virtual Compton Scattering (DVCS)

e virtual Compton scattering: v*p — vp (actually: e”p — e~ vp)
o ‘deeply’: —¢2 > M?,|t| — Compton amplitude dominated by
(coherent superposition of) Compton scattering off single quarks
< only difference between form factor (a) and DVCS amplitude (b)
is replacement of photon vertex by two photon vertices connected
by quark (energy denominator depends on quark momentum
fraction x)
< DVCS amplitude provides access to momentum-decomposition of
form factor = Generalized Parton Distribution (GPDs).

/d:ch(m,f,f) = F{(t) /deq(J:,f,t) = Fi(t)

r v




Deeply Virtual Compton Scattering (DVCS)

e virtual Compton scattering: v*p — vp (actually: e”p — e~ vp)
o ‘deeply’: —q,2y > Mg, |t| — Compton amplitude dominated by
(coherent superposition of) Compton scattering off single quarks
— only difference between form factor (a) and DVCS amplitude (b)
is replacement of photon vertex by two photon vertices connected
by quark (energy denominator depends on quark momentum
fraction x)
— DVCS amplitude provides access to momentum-decomposition of
form factor = Generalized Parton Distribution (GPDs).

/dxHq(:L',g,t) = F{(t) /dl‘Eq(:L’,f.,t) = Fi(t)
el
“ Q" TIL,P.0... e use known QCD evolution
. —— o equations to help disentangle z /&
x—aﬁ_____ : +E, Uasterination) dependence from DVCS

@ evolution slow!

< need wide Q? range = EIC




SSAs and Polarized Collisions

o form factors:<— p(7)
o GPDs(z,A): form factor for quarks with momentum fraction
— suitable FT of GPDs should provide spatial distribution of
quarks with momentum fraction x
o careful: cannot measure longitudinal momentum (z) and
longitudinal position simultaneously (Heisenberg)
— consider purely transverse momentum transfer

Impact Parameter Dependent Quark Distributions

(z,by) = @H =0,—AZ)e P AL
q\x, J_)_ (271’)2 (.T,f— y —& )€
q(z,b ) = parton distribution as a function of the separation b
from the transverse center of momentum R; =
MB, Phys. Rev. D62, 071503 (2000)

i€q,9 | ;%;

e No relativistic corrections (Galilean subgroup!)
< corollary: interpretation of 2d-FT of Fy(Q?) as charge density in
transverse plane also free of relativistic corrections
@ probabilistic interpretation



Impact parameter dependent quark distributions

q(z,b) for unpol. p . .
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e z = momentum fraction of the quark

o b=l distance of quark from | center of
momentum

e small x: large 'meson cloud’
o larger z: compact 'valence core’

\Q_/" -
\ e z — 1: active quark becomes center of
_ momentum

<5 by — 0 (narrow distribution) for z — 1




Impact parameter dependent quark distributions

proton polarized in +2Z direction

no axial symmetry!

] d?Ay 2\ —iby AL
q(z,by) = /(zT)QHQ(x7O7_AL)e

1 0 [d*A) ;
=9 YL g (4,0~ A2)emibrAL
oM aby/(%)? a(2,0,-Al)e

Physics: relevant density in leading twist
DIS is j* = j° + j3 and left-right
asymmetry from 53

v

MB, Int. J. Mod. Phys. A18, 173 (2002)



Impact parameter dependent quark distributions

ploton polarized in 42 direction

d2A _ib -
q(z,by) = /WHQ(I':(L_AQL)E I
1 0 d?A | —ib. -
o872t J oyt B 0B )2
Y

v

sign & magnitude of the average shift

- model-independently related to p/n
anomalous magnetic moments:

(b2) = fdw Jd?b, q(z, b )b,
= 5tz [dzE,(,0,0) = 5%




Impact parameter dependent quark distributions

sign & magnitude of the average shift

model-independently related to p/n
anomalous magnetic moments:

(1) = [d [d*b1q(z,bL)b,
= 5t [dzEy(2,0,0) = 5%

kP =1.913 = 2kP — 2kl + ...
o u-quarks: kI =2k, + Kk, = 1.673
— shift in +g direction
o d-quarks: k!, = 2k, + K, = —2.033
< shift in —g direction
o (b1) =0 (x0.2fm) M

Yy




Impact parameter dependent quark distributions

sign & magnitude of the average shift

model-independently related to p/n
anomalous magnetic moments:

(1) = [dx [d*b,q(z, b1 )b,
= 517 [dzEqy(z,0,0) = 5%




Angular Momentum Carried by Quarks

transverse images <+ Ji relation for quark angular momentum:

o J7 =my [drervq(z,ry) with b¥ =¥ — 51—

distribution relative to CoM of whole nucleon

, where g(x,r) ) is

e recall: g(x, b ) for nucleon polarized in +Z direction

q(z,by) = /MH (z,0,—AF )e~*Pr2e
5 (271')2 g\ Yy 1
1 9 [d®°A ‘
_ — E,(z,0,—A3 )e 1AL
oMy b, '/(271_)2 1(z,0,—A7 e
1
= J("f = MN/dx zrfq(z,r,) = /d:l?$ (mbe + 2) q(w,r1)

l/dm [H(z,0,0) + E(z,0,0)]

2

e X.Ji(1996): rotational invariance = apply to all components of J_(;

@ partonic interpretation exists only for | components!




Angular Momentum Carried by Quarks

lattice: LHPC
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@ signs of L7 counter-intuitive!
e evolution? (A.W.Thomas et al.) J




Transverse Imaging in Momentum Space

TMDs
e Transverse Momentum Dependent Parton experiments

Distributions JLab@6GeV &
e 8 structures possible at leading twist (only 3 for PDFs) 12GeV, HERMES,
e fis and hi require both orbital angular momentum ~ COMPAss I & II,

and final state interaction RHIC, EIC,
FAIR/PANDA

o can be measured in semi-inclusive deep-inelastic
scattering (SIDIS) & Drell-Yan (DY) qq — ptpu~

“TMDs” 20
nucleon polarisation
Sivers function | U i
correlation between the
transverse spin of the nucleon A&
and the transverse momentum ] f_t ( f;r i -
of the quark number density (] i
sensitive to orbital angular {
momentum . -
qua_rk L . (=w-(=» 8ir(=) - (-
Boer-Mulders polarisation Lt
function - helicity Aq
correlation between the | h - -
transverse spin and the 5 - ~ 1 B
transverse momentum T\ - 1L ¥ TP transversity
of the quark in unpol nucleons o s ]3“_ ‘ &
T-odd =




GPD <— Single Spin Asymmetries (SSA)

Sivers fi5 in semi-inclusive deep-inelastic scattering (SIDIS) yp — X

hi
. . ot
Py PN 7 I
r-

v

e u,d distributions in 1 polarized proton have left-right asymmetry
in L position space (T-even!); sign ’determined’ by k,, & kg
o attractive FSI deflects active quark towards the CoM

— FSI translates position space distortion (before the quark is
knocked out) in +j-direction into momentum asymmetry that
favors —g direction — ‘chromodynamic lensing’

= Kp,kn <—> sign of SSAINN  MB, PRD 69, 074032 (2004)J

o confirmed by HERMES (and recent COMPASS) p data; consistent
with vanishing isoscalar Sivers (COMPASS)



FSI in SIDIS vs. ISI in DY 12

compare FSI for red’ ¢ that is being knocked out of nucleon with ISI
for ’anti-red’ ¢ that is about to annihilate with a ’'red’ target ¢

ISI in DY

@ knocked-out ¢ 'red’ e incoming ¢ ’anti-red’
— spectators ’anti-red’ — struck target ¢ 'red’
< interaction between — spectators also ’anti-red’
knocked-out quark and < interaction between incoming
spectators attractive ¢ and spectators repulsive

test of fiz(z,k1)py = —fir(2,k1)siprs and hi(z,k1)py = —hi (2,k1)sip1s
critical test of TMD factorization approach




Quark-Gluon Correlations

higher twist in polarized DIS

2M
@ oL X g1 — Vzg2

° g1 =35> ,eagi with ¢! = ¢"(2) + 7" (2) — ¢*(2) — ¢*()
@ g involves quark-gluon correlations

< mno parton interpret. as difference between number densities for g

e for L pol. target, g1 & go contribute equally
orT X gr = g1 + g2

— ’clean’ separation between g and é corrections to ¢;

What can we learn from go?

_ . 1
o g2 = g3V + go with g3 () = —g1(2) + [, %gi(y)

1
2M P+28z

(P, S [a(0)9G*(0)7"q(0)| P,S)

y

do = 3/d$x2§2(:€) =




Quark-Gluon Correlations: Interpretation

1
M P+25®

V2GtY =G% + G* = —EY + B® J

d2_3/dxm g2(x) = < S’q )gG Y (0)y ’PS>




Quark-Gluon Correlations: Interpretation

1

d2_3/dxmg2() W

(P.5a(0)9G™(0)y"q(0)| P, S)

color Lorentz force MB 2008

VEGHY =G+ G = —EV+ B = —(E+7 x E)y for 7= (0,0,-1)




Quark-Gluon Correlations: Interpretation

1

aarprge (1S 1I09G™ O a0)| P.5)

dy = 3/da:z2§2(z) =

color Lorentz force MB 2008

VG = G% £ G = _EY 4 B® = f(E_'+17>< E)y for 7 = (0,0~1)

— dg <> average color Lorentz force acting on quark moving with
v = ¢ in —2 direction in the instant after being struck by ¥*

(FY) = —2M?dy = M <P 51q(0)gG(0)yq(0)| P, S)

cf. Qiu-Sterman matrix element k‘y fo dr [d%k, k% fi(z, k2)

(k) = 2+< ' /d:z: gGH (@ )yt (O)‘P,S>

semi-classical interpretation: average k; in SIDIS obtained by
correlating the quark density with the transverse impulse acquired
from (color) Lorentz force acting on struck quark along its trajectory
to (light-cone) infinity

matrix element defining ds ) ~ 1% integration point in QS—integralJ




Quark-Gluon Correlations: Interpretation

1
d2—3/d969692() m( .S [3(0)gGT¥(0)v*¢(0)| P, S)

MB 2008

color Lorentz force
o A\ Y
V2GHY = G + GV = —FY 4 BT = —(E—H?x B) for 7 = (0,0,~1)

— dg > average color Lorentz force acting on quark moving with
v = ¢ in —2 direction in the instant after being struck by ~*

(FYy = —2M?dy = — PM (P,S1q(0)gGT(0)y"q(0)| P, S)

sign of do <> imaging

® kq/p — sign of deformation magnitude of do
— direction of average force o (FY) = —2M2d, = ,106;6"\{ do
< dj >0,df <0 e expect partial cancellation of
o cf. fix* <0, fix* forces in SSA
= [(FY)| <o~ 15%

lattice (Gockeler et al., 2005)

< dy = 0(0.01)

Y~ 0.010, d2 ~ —0.0056




quark-gluon correlations

Twist-3 Correlation Functions (Qiu, Sterman, Collins,..)

dyTdyy ot g o
i k) = / LWy iwPup gie2P 3 (P o7 |g(0)y* F+ (3 )a(uD)| P sr)

(2m)?
@ x5 momentum of gluon ¥ i F,5
- i L,
@ x, x + xo momenta of quarks '.I'-——‘ﬁl i
Sivers function 2 l% W

scale dependence of SSA <« quark gluon correlations




The Nucleon Spin Pizzas

Jaffe-Manohar decomposition

Ji decomposition

- L ‘pizza quattro stagioni’
plzza tre stagionl’

light-cone framework & gauge AT =0
%:Zq%Aq—i‘Lq"’Jg

J%:2q§Aq+£q+AG+Lg |

30q = 3 [d3z (P, S| ¢! (&)23

q R et BV
Ly=J (P Sl ()7 < iD)g L= (RS ) (7 % i0)a()IPS)

( AG=c+=4[dr (P, | TLF+ 47 |P, S)
J, = [dx (P, 9] [ax x(ﬁ X é)} P, S) Lg:2fd3r<RS|TrF+J‘(f X z’g)Aj|RS>
0 il —id— ol manifestly gauge invariant definition
— for each term exists




The Nucleon Spin Pizzas

Jaffe-Manohar decomposition

Ji decomposition
light-cone framework & gauge AT =0

1= 3iAq+L,+J
2 = 2zt Loty J1=%, LAq+L,+AG+ L, |
LAg = 1(d®z (P, S| ¢t (£)Z%¢(&) |P, S =
280 = 3 (B ET@ZAD S £ _ sy 2| o7 < i8)aIPS)
Ly=J#*(RS1¢' @) < iD)@IPS) | AG—ct-iifasr (P, S| TP+ 40 |P, 5)

3

(
Jy = [@x(P,5| [#x(E x B)]"|P.5) £y =2[dr(PS|TeF+(7 x i5)i1ﬂ'|P,S>
o iD—=id— ai manifestly gauge invariant definitions
— Y for each term exist

o GPDs — L4
— .
o PP —AG— L=, L
o L9 # L1
e L1 —-[9="
e can we calculate/predict the difference?
e what does it represent?




OAM from Wigner Functions

mer Functions (Belitsky, Ji, Yuan; Netz et al.)

77 _ dgfﬁ_ dzgl_df_ ik-& e +
Wb k) = [l [Toe (PS aO0)r a(©)IPS).
o (quasi) probabilty distribution for b, and k.

° f(xakl) = fdeLW(‘TJ;LvEL)

"] q(fE,bL) = fkoLW(l‘,gL,/;l)

OAM from Wigner (Lorcé et al.)

Gauge Invariance?

need to include Wilson-line
gauge link to connect 0 and &
(Ji, Yuan; Hatta)

L,= /d:c/deL/dszW(x, b1, k1) (boky — byks)

= [#r(PS|atr (7 x i8)aDIPS) = £




Quark | momentum from Wigner Distributions 20

Wigner Functions with gauge link (Ji, Yuan; Hatta)
W(z,B1,51) = /dgq1 /Meiwp's'm(onw 4(€)|PS)
yV1l, vl ) = (27‘_)2 (277)3 0¢ .

(kL) = [dz [d*b, [d*k, W(z, b, k. )k, depends on choice of path!

light-cone staple

straight-line gauge link E"
13 G(07,0,) (00™,0,)
kL) = (PS|q(@)yyiDq(Z)|P,
<kL>‘ _‘< ,‘S_|‘q(a:)'y_' 7_‘ a(@)|BS) e correct choice for k| distributions
e iD =10 — gA(Z) relevant for SIDIS
o (k1) =0 (T-odd!) (K1) = (P.S|g(@)*iDy()|P.S)

° iﬁzié—g[f(a:‘ =o00,x;) AT =0
o (K1) # 0 (FSI! Brodsky,Hwang,Schmidt)

v




Quark | momentum from Wigner Distributions 20

difference (K9) — (k%)

(KY) — (k) = —9 fd3 (BS|g(@n AL (00, x1) — AL(2)]q(Z)|PS)

A (00, x) — = [ dr-FT(r=,x1)
\/§F+9:F09+Fzy:—Ey—|—B”” J

light-cone staple

straight-line gauge link

3 a(0=,0,) (00™,01)

(kL) = (P,S|g(&)yy*iDq(Z)|P,S)
e iD =10 — gA(Z) relevant for SIDIS
o (ki) =0 (T-odd!) (K1) = (P,S|g(#n*iDq(Z)|P,S)

@ correct choice for k| distributions

0 iD=i)—gA(z~ =o0,x,) AT =0
e (K1) # 0 (FSI! Brodsky,Hwang,Schmidt)




Quark | momentum from Wigner Distributions 20

—

</€‘i>—</~ci =—gfd3 (PS|a(@n AL (00,%1) —
f dr—F+L(r—

AJ_(OOXJ_) AJ_

AL (D)]g(D)|P,S)

XJ_)

Impulse due to FSI

(K1) = (K1) — (k%)
= (average) change in L
momentum due to FSI!

straight-line gauge link

(k1) = (PS|a(Zp*iDq(@)| PS)
o iD =id — gA(Z)
o (k1) =0 (T-odd !)

9. €1)

& a(0=,0,) (007,01)

@ correct choice for k| distributions
relevant for SIDIS

(PS\q(#WFLDQ( )| P,.S)
—id — gA(z™ At =0
° <’CJ_> # 0 (FSI! Brodsky,Hwang,Schmidt)

- OO,XJ_)




OAM from Wigner Functions

Wigner Functions with gauge link (Ji, Yuan; Hatta)
T _ dQQ_'J_ d2§J_d£_ ik-& /ol = 4

W and thus L, = [dx [ d®b, [ d*k, W (z,b.,k1)(boky — byk,) may
depend on choice of path!

straight line (Ji et al.)

straigth Wilson line from 0 to ¢ yields
3
L1=[d*x(PS|q} (7)(7 x iD)q(#)|P.S)

o iD=1id— g/f
e same as Ji-OAM

(*] f(:E, kl) :fd2le(£C, EL, EL)
not the TMDs relevant for SIDIS
(missing FSI!)




OAM from Wigner Functions

s with gauge link

/dQQd&‘
(2m)?

Wigner Funct

G
(2m)?

W(z,B., 1) = /

W and thus L, = [dz [ d?b, [ d®ky W (z,b,, k1) (boky —

depend on choice of path!

(Ji, Yuan; Hatta

e (P'S"|q(0)y Uoea(€)|PS).

byk,) may

v

Light-Cone Staple for Z/{OiELC (Hatta)

o want Wigner function that yields
TMDs relevant for SIDIS when
integrated d?b

— path for gauge link —
"light-cone staple’ — L{(;LELC

q(§7.€1)

| |

¢ 4(0-,0,)

£

N3
| =Jdz(PS|a(@y* (7 xiD)a(?)|PS)

o iD=id— gA(z~ = o00,x)
o stapleat = = —o0 L%
o PT= [I=L=LC
o Aj(ogxy)=—-Ai(-0x)) =
L =Ly
< link at £~==+00 no role for OAM!

— manifestly gauge invariant
definition for £%,,




Quark OAM from Wigner Distributions

straight line (—Ji) light-cone staple (— Jaffe-Manohar)

L, =Jd*(PS\a(@n*(7 x iD)a@IPS) | £1=[ds(PS\a(@y*(#xiD)a(&)|P.S)

—

o iD=1id—gA

— —

0 iD =id — gA(z~ = co,x)

difference £7 — L4

L9 L1 = —gfd3 (PS|g@n 7> (AL (00, x1) — AL(2))]"¢()|P.S)
A (co,x)— A, () = f CdrFH(r=,x))

V2FTY = F% 4 F?y — _FY 4+ B* J




Quark OAM from Wigner Distributions

straight line (—Ji) light-cone staple (— Jaffe-Manohar)

L, =Jd*(PS\a(@n*(7 x iD)a@IPS) | £1=[ds(PS\a(@y*(#xiD)a(&)|P.S)

—

o iD=1id—gA

— —

0 iD =id — gA(z~ = co,x)

difference £7 — L4

L9 L1 = —gfd3 (PS|g@n 7> (AL (00, x1) — AL(2))]"¢()|P.S)
A (co,x)— A, () = f CdrFH(r=,x))

color Lorentz Force acting on ejected quark (MB: arXiv:08103589)

= N\ Y
VZF+Y = FO% { F*Y = —FY + B® = —(E+17>< B) for & = (0,0~1)




Quark OAM from Wigner Distributions

straight line (—Ji) light-cone staple (— Jaffe-Manohar)

L, =Jd*(PS\a(@n*(7 x iD)a@IPS) | £1=[ds(PS\a(@y*(#xiD)a(&)|P.S)

—

o iD=id—gA

— —

0 iD =id — gA(z~ = co,x)

difference £7 — L4

L1 4= _gfd3 (P, *(*)y+[m><(AL(OO-,XL)—AL( 7)) a(@)|P.S)
A(oo,x1) —AL(@) = [Zdrm FH(rm,x1)

color Lorentz Force acting on ejected quark (MB: arXiv:08103589)

= -\ Y
V2FtY = FO L F?y — _EY { B* — —(E+17>< B) for & = (0,0~1)

Torque along the trajectory of ¢ Change in OAM




Quark OAM from Wigner Distributions

straight line (—Ji) light-cone staple (— Jaffe-Manohar)

L=[d*s(PS|q@y*(% x iD )a(#)|P.S) | £1=[ds(P,S|q(@y+(7xiD)q(&)|P.S)

o iD =id — gA(Z) o iD=id—gA(z~ =o00,x)

[




Summary

@ Deeply Virtual Compton Scattering — GPDs
< impact parameter dependent PDFs ¢(z,b )
o E(x,0,—A%) < 1, (contribution from quark
flavor ¢ to anomalous magnetic moment)

o F(z,0,—A?%) — | deformation of PDFs for L
polarized target

“06-04-02 0 02 04 05
gfml

@ parton interpretation for Ji-relation ]
o higher-twist ([ dz 22g2(x), [dzz?e(z)) +» L force A .’_®

in DIS N

e | deformation « (sign of) quark- gluon T
correlations ([ dz 2?gs(z), [dzz?e(z)) \:H

o L%, — L% = ALpgs change in OAM of ejected T

quark due to FSI

combine complementary information from deeply-virtual Compton
scattering, semi-includive DIS & Drell-Yan to study orbital angular
momentum and map the 3-d structure of hadrons
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