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Outline

® Generalized Parton Distributions (GPDs) and hae

® Probabilistic interpretation of GPDs as Fourier o
trafo of impact parameter dependent PDFs
s H(x,0, 3)! q(xb>) e
s E(x,0, 3)!? distortion of PDFs whenthe :"
target is ? polarized A\ ||,

1 SSAin SIDID/DY (Sivers & Boer-Mulders)
FEI m‘ d) L7
L pyist-3 quark-glyon correlations: AN %

dx X%g2(X) & dx x?e(X)

$ Summary




I Deeply Virtual Compton Scattering (DVCS)

® virtual Compton scattering:y p! vyp(actually:e p! e yp)

® ‘“deeply: ¢ Mg,jtj! 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).

(@) (b)



I Generalized Parton Distributions (GPDs)

® GPDs: decomposition of form factors ~ at a given value of t, w.r.t. the
average momentum fraction x = % (X; + X¢ ) of the active quark

Z Z

dxHgq(X, &, 1) Ff(t) dxHg(X, &, 1) = GqA (1)
Z Z

dXEq(X, &, 1) Fo\(t) dXEq(x, &, t) = G (1),

# X; and x; are the momentum fractions of the quark before and
after the momentum transfer; 2& = X  X;

® GPDs can be probed in deeply virtual Compton scattering (DVCS)
as well as deeply virtual meson production (DVMP)




I Generalized Parton Distributions (GPDs)

® formal de nition (unpol. quarks):

+

q X? vy X? p = HXE HuPdy* u(p)

To)

+E(x,&, *)u(pY g u(P)

® in the limit of vanishing t and ¢, the nucleon non-helicity- ip GPDs
must reduce to the ordinary PDFs:

Hq(X,0,0) = q(x) Hq(X,0,0) = q(x).

» DVCS amplitude
yA 1

dx
X i+ isGPD(X’E’t)

A(E, 1)



I Form Factors.vs. GPDs

forward off-forward .
operator . . position space
matrix elem. matrix elem.
qy™ q Q F(t) p(E)]
Rdx_eiXp+X_ X X
4 q 2 2 CI(X) H (X’ E; t) ?




I Form Factors.vs. GPDs

forward off-forward .
operator . . position space
matrix elem. matrix elem.
qy™ q Q F (1) p(E)]
Rdx_eiXp+X_ X" ot X
A g —> Y q % q(x) H(x,0,1) q(x,b-)

q(x, b, ) = Impact parameter dependent PDF




I Impact parameter dependent PDFs

® dene ? localized state [D.Soper,PRD15, 1141 (1977)]
Z
p",R» =0,,A N d’p-» p*,p2,A

Note: ? boosts in IMF form Galileap subgroup ) this state has
R? PLﬁLdX dZX? X?T++ (X): . iXiri;’? = O?
(cf.: working in CM frame in nonrel. physics)

®» de ne impact parameter dependent PDF

dX _ X r g X + _ ixp *x
q(x, b>) = p".R> = 02 2,b?)\/ Q(Z,b?)P,R?—O? e
R A b 2
[D q(X,b?) = R( é@l El;'()( O ?)1
q(X’b?) = (2 )ZI%HAI_—b”:H(X 0, ’2))1




I Impact parameter dependent PDFs

® No relativistic corrections (Galilean subgroup!)

] corrolary: interpretation of 2d-FT of F1(Q?) as charge density in
transverse plane also free from relativistic corrections (D.Soper
1977; MB 2003; G.Miller 2007)

® ((x,b-) has probabilistic interpretation as number density
® ¢ =0 essential for probabillistic interpretation

p*% 0, BY(x,b>)b(x,b>) p*,0; b(x, b»)ijp*, 0, 2

works only for p* = p*©

® Reference point fo[:,IPDs IS transverse center of (longitudinal)
momentum R Xl 2

1 forx! 1, active quark "becomes' COM, and q(x, b, ) must
become very narrow (0-function like)

1 H(x,0, 35) mustbecome - indep.asx! 1(MB, 2000)

1 consistent with lattice results for rst few moments



” unpolarized p (MB,2000) 02,

q(x, b,) for unpol. p
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| by X = momentum fraction of the quark

b2 2 position of the quark




I Transversely Deformed Distributions andE (X, O, 2)

M.B., Int.J.Mod.Phys.A18, 173 (2003)

® So far: only unpolarized (or long. pol.) nucleon! In general ({ =0):

R o= o+ x—x .\ . 2\ Fi

51— eP P+ "jgOy qx )jP,"i = H(x0, 35)'H (xbs)
R _ . _

&g XX P+ "jgQyt ok )jP# = XL YE(X0,  2).

® Consider nucleon polarized in x direction (in IMF)
JX1 p+,R? =0,,"l + jp+,R? = 0,,#.
[1 unpolarized quark distribution for this state:

(X,b>) = H(x,b>) 1 o & ZE(x,0, 2)e brAro
A6D7) = HB2) oM ab, (2n)2 ?

® example: lowest moment p(b, ) = dxq(x,b?)

Z

2 | 2 |
pbr)= TR f)e Prara Lt 9 &2 p 2y ibea

(21 )2 ? 2M b,  (2m)?




I Origin of ?_Deformation

® Quark densities relevant for DIS/DVCS contain y* = y° + y?, and
left-right asymmetry from j* (p_d=n 2 direction)

1 E.g. lowestmoment/ j* and j* larger than j° when quark
current directed towards the y ; suppressed when away fromy |

1 For quarks with positive orbital angular momentum in X-direction,
J? is positive on the +4 side, and negative on the ¥ side

9

by | @
VAV S
® Details of ? deformation described by E4(x,0,  35)

® Note: current J* can be either due to quark OAM or spin or both
. R
0 Ji-relation 3, = S'  dx[Hq(X,0,0) + Eq(X, 0,0)] x and OAM?

>0

<0



I Transversely Deformed PDFs and=(x,0,  3)

® (x,b,) in? polarized nucleon is deformed compared to
longitudinally polarized nucleons !

1 0 z d?
— 5 ? % b A r—

» mean ? deformation of avor g (? avor dipole moment)

7z 7 Ve p
dx d%b- q(x, b~ )by = 1 4xE (x,0,0) = Ma
TR oM R 2M

o
® kP=1.913=:2k) ikj+ ..
1 neglecting strange (and heavier) quarks:
o Kh=2Ky+ Ky, =1.673 ) shiftin +4 direction
® Kj=2K,+ Kp= 2033 ) shiftin ¢ direction
» for proton polarized in +’% direction
s df = O( 0.2fm)



p polarized in +% direction (MB,2003)
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~— . ® enhancement of quark distribution
| when quark currents point in

: —0la/ /s, 2\ 0\ 04
LU 22) direction opposite to momentum of

1 sideways shift of quark distributions

: 1 ® sign & magnitude of shift (model-
2 021 independently) predicted to be re-
%Eﬂf bx o < Jated to the proton/neutron anoma-

lous magnetic moment!
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I GPD ! . SSA (Sivers)

® example: yp! nX
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® u,d distributions in ? polarized proton have left-right asymmetry in
? position space (T-even!); sign “determined” by K, & Kg

® attractive FSI de ects active quark towards the center of
momentum

1 FSI translates position space distortion (before the quark is
knocked out) in +4-direction into momentum asymmetry that
favors ¥ direction

0 correlation between sign of kP and sign of SSA: f1 kP

o f 1 K§ con rmed by Herwmes data; also consistent with

Compass deuteron data 7" + 29 0)

® conrmed by recent Cowmpass proton data



I Quark-Gluon Correlations (Introduction)

® (longitudinally) polarized polarized DIS at leading twist !
‘polarized quark distribution'g{(x) = ¢ (X)+ q (X) gu(X) gz(X)

9 é-corrections to X-section involve "higher-twist' distribution
functions, such as g>(X)

2M x

o / 01 02

® (,(x) involves quark-gluon correlations and does not have a
parton interpretation as difference between number densities

® for ? polarized target, g; and g, contribute equally to o

ot/ 9gr 01+ 0

[1 “clean' separation between higher order corrections to leading
twist (g1) and higher twist effects (g»)

® what can one learn from g,?



I Quark-Gluon Correlations (QCD analysis)
—

® G0(x)= g () + (), with gV (x) g1+, Laa(y)

® (,(Xx) involves quark-gluon correlations, e.g.

Z
1 1
dxx2gx(x) = Zd7 =
0Cg(0) = 302 =

P,S q(0)gG™?(0)y" a(0) P,S

9 pEGﬂ’ GY + G = EY + B

» sometimes Cﬁl”ed color-electric énd magnetic p%arizabilities £

2M28xk = P,S fd EP,S &2M2%xk = P,S joBIP,S

with dz = 7 (Xe +2Xm ) — but these names are misleading!




I Quark-Gluon Correlations (Interpretation)

® g,(X) involves quark-gluon correlations, e.g.
Z

dxx?g,(X) = }dz = L

P,S q(0)gG*"¥(0)y" q(0) P,S
3% = gunzee PS 4086 OV 40

® QED: q(0)eF*¥Y(0)y™ q(0) correlator between quark density qy™ q
and ($-component of the) Lorentz-force

h |
\ P _
FY=e EJCIBI =e(E) BY= e F¥+F¥ = ¢ 2F*Y,

for charged paricle moving with ¥ =2 (0,0, 1)inthe 2 direction

1 matrix element of q(0)eF*Y(0)y™ g(0) yields y* density (density
relevant for DIS in Bj limit!) weighted with the Lorentz force that a
charged particle with ¥ 3 (0,0, 1) would experience at that point

1 d, a measure for the color Lorentz force acting on the struck quark
In SIDIS in the instant after being hit by the virtual photon

FY(0)i = M?2d, (rest frame; S* = 1)



I ? deformation! Quark-Gluon Correlations: g»(X)

® DIS off ? polarized target
| R
0 go(¥) = g2V () + g2(x), with gV (x) g2+ Laga(y)

® (,(X) involves quark-gluon correlations, e.g.

/
A3 (%) = %dz -

1

orzsy PS 004G 0y a(0) P.S

h i\
o P3cy Gwigy= EV+BX= @E@r(forﬁ 2)

1 do! (average) $-component of the) Lorentz-force acting on quark
In DIS (in the instant after being hit by the virtual photon ) (MB, 2008)

®» sign of ? deformation (k) $ sign of quark gluon correlations (d»)



I Transversity Distribution in Unpolarized Target (sign)

® Consider quark in ground state hadron polarized out of the plane

[ expect counterclockwise net current j-dssociated with the
magnetization density in this state

® virtual photon sees' enhancement of quarks (polarized out of
plane) at the top, i.e.

1 virtual photon "sees' enhancement of quarks with polarization up
(down) on the left (right) side of the hadron



Transversity Distribution in Unpolarized Target
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I IPDs on the lattice (LHPC/QCDSF)

® |owest moment of distribution q(Xx, b ) for unpol. quarks in ? pol.
proton (left) and of ? pol. quarks in unpol. proton (right):

067 9
04 8
7
02! 6 _
£ 59
= 0 E
5 4=
—02! 3
0.4 2
_04! 1ol |
_0s. UP O* up @ 0
06] o g3
down / \
0.4/\4//\0_’ i ] 2.5
02| . 2
3 o
€ o © [ B1s5g
Q ISy
-0.2; 1 \/\/ 1
_04} Il | 105
_06. i down @ 0

L /| 1
-06-04-02 0 02 04 06-06-04-02 0 02 04 06
by fm] by[fm]



I Boer-Mulders Function

® SIDIS: attractive FSI expected to convert position space
asymmetry into momentum space asymmetry

1 e.g. guarks at negative b, with spin in +4 get de ected (due to
FSI) into +% direction

1 (qualitative) connection between Boer-Mulders function h? (x, k- )
and the chirally odd GPD E+ that is similar to (qualitative)
connection between Sivers function /7 (x, k- ) and the GPD E.

® Boer-Mulders: distribution of ? pol. quarks in unpol. proton

#
(P ko) Sq

M

fl(x,k3) h]9(x,k3)

NI

fyrp(X, Ko ) =

® h’%x, kZ) can be probed in Drell-Yan (RHIC, J-PARC, GSI) and
tagged SIDIS (JLab, eRHIC), using Collins-fragmentation



I probing BM. function in tagged SIDIS

o

how do you measure the transversity distribution of quarks without
measuring the transversity of a quark?

consider semi-inclusive pion production off unpolarized target

spin-orbit correlations in target wave function provide correlation
between (primordial) quark transversity and impact parameter

(attractive) FSI provides correlation between quark spin and ?
quark momentum ) BM function

Collins effect: left-right asymmetry of m distribution in
fragmentation of ? polarized quark ) ‘tag' quark spin

cos(2p) modulation of 1 distribution relative to lepton scattering
plane

cos(2p) asymmetry proportional to: Collins BM



I probing BM. function in tagged SIDIS

Primordial Quark Transversity Distribution

— ? quark pol.



I ? polarization and y absorption

A
® QED: whenthey scatters off ? polarized quark, the ?
polarization gets modi ed
# getsreduced in size
# gets tilted symmetrically w.r.t. normal of the scattering plane

guark pol. before absorption

guark pol. after absorption

lepton scattering plane



I probing BM. function in tagged SIDIS

Primordial Quark Transversity Distribution

— ? quark pol.



I probing BM. function in tagged SIDIS

Quark Transversity Distribution after absorption

— ? quark pol.

lepton scattering plan

guark transversity component in lepton scattering plaps |



I probing BM. function in tagged SIDIS

? momentum due to FSI

— ? quark pol.

| k2 due to FSI

lepton scattering plan

on average, FSI de ects quarks towards the center



I Collins effect

o

9

9

When a ? polarized struck quark fragments, the strucure of jet is
sensitive to polarization of quark

distribution of hadrons relative to ? polarization direction may be
left-right asymmetric

asymmetry parameterized by Collins fragmentation function

Artru model:

» struck quark forms pion with ¢ from qq pair with 3Py “vacuum'
guantum numbers

[1 pion “inherits' OAM in direction of ? spin of struck quark

1 produced pion preferentially moves to left when looking into
direction of motion of fragmenting quark with spin up

Artru model con rmed by HermEs experiment

more precise determination of Collins function under way (KEK)



I probing BM. function in tagged SIDIS

? momentum due to Collins

k- due to Collins
L9 quark pol.

| k2 due to FSI

lepton scattering plan

SSA offt in jet emanating fron? pol. g



I probing BM. function in tagged SIDIS

net? momentum (FSI+Collins)

v
k- due to Collins

| k2 due to FSI

lepton scattering plan

[1 in this example, enhancement of pions Witimomenta? to lepton plane



I probing BM. function in tagged SIDIS

netk; (FSI + Collins)

| netk?

lepton scattering plan

11 expect enhancement of pions wttmomenta? to lepton plane



I Quark-Gluon Correlations (chirally odd)

» ? momentum for quark polarized in +%-direction (unpolarized
target)

Z 4

i = 2§+ P,S q(0) dx G*Y(x )a*Yq(0) P,S
0

® compare: interaction-dependent twist-3 piece of e(x) (scalar
twist-3 PDF)

Z

dxx?e(x) ep = J

= oz PS40 (0)a"Yq(0) P.S

1 hFYi = MZEZ
1 (chromodynamic lensing) e, <O



I Summary

L I )

DVCS | GPDs Generalized Parton Distributions

GPDs "' IPDs (impact parameter dependent PDFs)

E9(x, 0, 2) $ Kg=p (contribution from quark avor g to anom
magnetic moment)

E%x,0, 3%)! ? deformation of PDFs for ? polarized target

? deformation $ (sign of) SSA (Single-Spin Asymmetries: Sivers
& Boer-Mulders)

R
’ﬁ deformation $ (sign of) quark-gluon correlations ( dx x?g,(X),
dx x?e(x) probed in)



I GPD | . SSA (Sivers). perturbative treatment

® treat FSI to lowest order in g

]

°

Z .
g T d, b D

R
with pa(b, )= dr pa(r ,b->) summed over all quarks and
gluons

SSA related to dipole moment of density-density correlations
GPDs (N polarized in +% direction): u ! +4 andd ! ¢
expect density density correlation to show same asymmetry
Yu(0)y™ 2u(0)pa(b-)i >0

sign of SSA opposite to sign of distortion in position space
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