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Kinematical domain

Collider :
. H1 & ZEUS 0.0001<x<0.01
A
P s | Fixed target :
N JLAB  6-116eV SSA,BCA?
o  HERMES 27 GeV  SSA,BCA
N
E;e’e g‘”g 1 COMPASS could provide data on :
o N | Cross section (190 GeV)
oo | BCA (100 GeV)
Wide Q? and x,; ranges
o1 02 03 04 05 06 Limitation due to luminosity
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What is a GPD?

= It is a proton matrix element which is a hybrid of
elastic form factors and Feynman distributions

= GPDs depend upon:

X : fraction of the longitudinal momentum
carried by struck parton

t.  t-channel momentum transfer squared

¢  skewness parameter (a new variable coming
from selection of a light-cone direction)

O : probing scale

X.J1 (1997) A. Radyushkin (1997)



Formal definition of GPDs:

I(M (|

L an)y a3 an) p) = H(x &0y u+ Ee Gt

e x, and x, are the momentum fractions of the struck
quark, and x = 5 (x;+x ).

® c=(x,-x;)/2 1s skewness. Depends on lightcone direction.

o : dxH (x,¢,t)=F(t)

o : dxE(x,S,t)=FE, (1)



Relation of GPDs to Angular Momentum

Generalized form factor and quark angular momentum:

(n Jv)a
(P|TI|P) = U(PY) | AZ8(6)A PV + BLg(t) 7 2| y(py
Total quark angular momentum:
1

Quark angular momentum (J1’s sum rule)

1 L jxdxlkﬂ(x £0)+E*(x,50)]

X. Ji, Phy.Rev.Lett.78,610(1997)
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GPDs And Orbital Angular Momentum Distribution:

OPHka -t — 1/77/(ﬁ iDMiDM .. D) W
Define generalized angular momentum tensor:

N PPttty 5050,3#1/12‘"/41 _ 513005/11#2"'#;1 (minus traces)

j d*&( p‘M ity (cf)‘ p); J_ x tensor structures x (27)"0"(0)

reduced matrix element

J’d3§<p‘M12---+++ (5)‘p> _ gt +£,1{)--+ +A£/6"+

L(x)= %[xqu) + xE(x)— Ag()]

Ji+Hoodbhoy



DVCS

e\\ ;

,Y* r‘Y’J—I“
>
Hq’ Hq’ Eq’ Eq&

v

e

x<

g
N

a)

DVCS cannot separate u/d quark
contributions.

DVMP

longitudinal only
q f*

M
q
4 Hq’ Hq’ Eq’ Eq&

vy

b)

M = p/w select H, &, for u/d flavors
M= n,n, KselectH, E



Exclusive Reactions & GPDSI

Form &
Compton e YL
Scattering ’L/LLI

(DVCS) «
v, &
# *1 F
Orbital
LTI 4 Lq Angular
R | Momentt
" b,
Exclusive
Meson arton

Distribution
Functions

Production

= Quantum numbers of final meson state select different GPDs

4 Pseudoscalar mesons (7,7...): H, E

4 Vector mesons (p, w, ¢...): H, E (flavour singlet)

4 f-meson family (fo, fo....): H, E (flavour non-singlet)
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Helicity-flip GPDs
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TMD Parton Distributions

= These appear in the processes in which hadron
transverse-momentum is measured, often together
with TMD fragmentation functions.

= The leading-twist ones are classified by Boer,
Mulders, and Tangerman (1996,1998)

— There are 8 of them
q(x, kL)a qT(X» kl-)»
Ay (x, ko), Ady(x. k). R
0q(x, ko), 0, q(x, ko),
Oq(X, ki), 0q(x, ki)

=




Wigner parton distributions &
of fsprings (Ji)

Mother Dis. W(r,p)

TMDPD q (x, kJ)




Wigner parton distributions (WPD)

Wix,p) = [ ¥ (x — /20 (z + n/2)ePdy

= When integrated over p, one gets the coordinate
space density p(x)=|y(x)|?

= When integrated over x, one gets the coordinate
space density n(p)=|y(p)|?



Wigner distributions for quarks in
proton
= Wigner operator (X. Ji PRL91:062001,2003)

Wr (7, k) = [ﬁw— n/2)TU(F 4+ 1 /2)e* 1dYy |

= Wigner distribution: "density” for quarks having
position r and 4-momentum k: (of f-shell)

Wi (7, k) = % {SEE <q‘;2‘ﬁf[m}‘ - *;2}
1 [ d3q

it | e 2 PYOR] - 72)



Reduced Wigner Distributions and
GPDs

= The 4D reduced Wigner distribution f(rx) is
related to Generalized parton distributions (GPD)
H and E through simple FT,

d3q
—zr;r
(r,x) = EM[ Ew}% Fr(z, &,t) .

T = T t=—q’
i P @60 = 0~ B 0] [

+ (8 x @'ﬁm [H(z, £, 1) + E(2,6,1)]

H,E depend only on 3 variables. There 1s a rotational
symmetry in the transverse plane..



-

u(x,k,r) “Parent” Wigner distributions

Probability to find a
quark u in a

nucleon P with a
certain polarization
in a position r and
momentum k

TMD PDFs: f.U(X,k1),9,f 47, hy,h™y, GPDs: H U(x,&,t), EU(x,E,t), H,E,...
Measure S Measure momentum
momentum transfer - L transfer to target

to quark ; //Q“ % Exclusive meson data
k; distributions also - Un important in

important for
exclusive studies

PDFs f “(x,kt), 94, h;

understanding of
SIDIS measurements

FFs Fyu(t),F 0t (t)..

Some PDFs same in exclusive and semi-inclusive analysis

Analysis of SIDIS and DVMP are complementary




Holography 1s "lensless photography" in which an 1image 1s
captured not as an image focused on film, but as an interference
pattern at the film. Typically, coherent light from a 1s
reflected from an object and combined at the film with light from a
reference beam. This recorded interference pattern actually
contains much more information that a focused 1image, and enables
the viewer to view a true three-dimensional image which exhibits

parallax.

laser splitter lens mirrow

lens ——
object i object beam

\ /

mirrow reference beam holo grap]
plate




Computed Tomography
Computed (CT) 1s a powerful nondestructive evaluation

(NDE) technique for producing 2-D and 3-D cross-sectional images of
an object from flat X-ray images. Characteristics of the internal
structure of an object such as dimensions, shape, internal defects, and
density are readily available from CT images.

¥-ray Tube

Test Component
X-ray Beam Image Intensifier
‘ Computer ((( )

Turntable " Controlled Turntable
Interface @

- Analog Video
Signal

“m

Serial Lmi‘; o -
Eeem 0%

_—

PC with Image
Capturing Hardware




From Holography to Tomography

A. Belitsky, B. Mueller, NPA711 (2002) 118

holograpl
plate

beam diffracted off a parton

By varying the energy and momentum transfer to the
proton we probe its interior and generate tomographic
Images of the proton (“femto tomography”).
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Imaging quarks at fixed Feynman-x

= For every choice of x, one can use the Wigner
distributions to picture the nucleon in 3-space;
quantum phase-space tomography!

x=0.01 x=0.40
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s
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GPDs ON A LATTICE

O — gl G Bl g
— Generalised Form Factors

(p', s'|OW B (A)|p, s) =

1

n_

2

u(p’, 5’),&{.{#1[‘,“}? S)Z Agn2i(t)AP2 - . . AF+LBH2+2 pHn!
=0
{ -
—_— r ! I.ET ||l-.I:.l;r.-ll'&'il'.-" . B .
‘|‘U[F’ s ) - u[p: 5) Z E’an.z.-'{f}ﬂﬂl o ﬁnza_1ﬁuza+z - F—?.u }
=0
t Conlt) = T(p, 8" Yu(p, $)APL - APy even
m



A44(0°) = F(0%)

B (0%) = F{(Q")
A4(0°)=G4(0")
Bb(0*)=Gi(0")

J? = 1(44(0)+ B (0))
137 = 48(0)



Viotivation Moments and Form Factors Results Conclusions and Outlook
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e Only [ = 1 form factors computed so far
to avoid disconnected diagrams. F{=! =
Fip — Fi, but Fyy,, Fo, not known accu-
rately for Q% = 1 GeV2.

e Our normalization is F3((Q)°) — k as
0
) — 0.

Fleming

PRELIMINARY
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m_ =775 MeV
m =408 MeV?
m, = 350 MeV
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1

M. Burkardt hep-ph/0207047

e Higher moments A, weight = ~ 1.

e Slope of A}, decreases as n increases.

e Slope of .—1"1",_,""'ii|] = -0.93(4) (CeV)2.

e Slope of A4T4(0) = -0.13(3) (GeV)2.

e Will this continue at light pion masses?

Fleming

i
__l:.':“[ _—\"i e /L]TEEI'J_L"‘;&J"]}J‘ / ..lf""'l'_lr_l.'li T. I..J_ i'
—1

::u L L j'
|

ar rimy
A 0! L)

b S | e
fimy = q sn
FAR) AT (0)

4

lim g(ax, by ) o f-i':bil

r—1
1 & «  AwnAzAzx  m=897 MeV
Uﬁ i .T = ; o
Al d 06 . ik ) l
e A 1
0.4 L
0.2 + = S

0 05 1 15 2 25 3 35
-t [GeV?)
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The lattice gives no intuition. Can we do build models in
some sensible limit ?

&~ local operators
\ - % - v, (V. % Y,
(1) (2)
--A:ﬁ'ﬁ\\‘-h—
V] - Cé) - \
(3)

Hq(mfgﬁt) — [[dm][dy]q);(ylfyﬂvyﬂ)(bg(‘rl?i:ﬂ!"I:S)ITHQ("I:?:?yi?‘EaE!t) ;

hoodbhoy



GPDs - Experimental Aspects

DVCS measured at HERA (at H1 and Zeus)
DVCS measured at JLab (fixed target,CLAS)
DVCS planned at COMPASS, CERN

DVMP measured at HERA
DVMP measured at JLab
DVMP measured (old data, 2002) at COMPASS

DDVCS planned at JLab



Some Generalities
1 :P( 1 j—m&(x—g)

x—&+ig X —

= Im{F} =7Z'Z€§ {Fq(ff,f,t,Qz)qu(—ffafafan)}

Re{F}:—ZejPdeF‘](x,f,t,Qz){ - }
. | X

-6 X+g

~

=
| ee v* plane
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DVCS l

small signal big noise

\“

do(¢)-do(4)
do(¢)+do(f)
do"($)—do (¢)
do" () +do (§)

A (9)= (Beam Spin Asymmetry, BSA)

AC (@) = (Beam Charge Asymmetry, BCA)

find that:
A (P« Im(]\% 9sing and AC (@) oc Re(]\% 9 Ccos @

where:  Mo= “to_t{EH+§(F1 + F,)He- t E}

2m 4m?



WHAT ABoOUT THE GDP E 7

DATA TAKING WITH TRANSVERSE
HYDROGEN TARGET IN PROGRESS ...
~ 6 MILLION ON TAPE

Ay UNPOLARIZED BEAM,
TRANSVERSELY POL. TARGET

Integrated DIS HERA Run Il {polarized)

3000 |- :;;um J,a"
I
w2500 ﬁ: r/f
;
Asin(d—os) msq:: '
AUT 41{ (FQH—I o FlEl) P 1{|[|1J T '_zuu “m m
ay of Running
cos(¢p—ag) sin qr:r T _— - ~
Ay — o SU(FoH, — R EY) ~ 8 MIO EXPECTED IN TOTAL

(NOVEMBER 2005)
Ellinghaus




JLAB progress

GPD Reaction Obs. Expt Status
H(EE,1) ep—epy (DVCS) BSA  CLAS 4.2GeV Published PRL
CLAS 4.8 GeV Preliminary ef_ri”;)(
CLAS  5.75GeV Preliminary
(+6) Hall A 5.75 GeV Fall 04 }Dedicared
L CLAS  575GeV Spring0s )
H(%S,6,1) ep—epy (DVCS)  TSA  CLAS  5.65GeV Preliminary
CE(HEED em)—eny (DVCS) BSA  HallA  5.75GeV Published
(u+d) ed—edy (DVCS) BSA CLAS 5.4 GeV under analysis
H(x <&, &,1) ep—epe’e (DDVCS) BSA  CLAS  5.75 GeV under analysis
LH,E (u+d) ep—epp o, CLAS 4.2 GeV Published PLB
_________________________________________________________________________ CLAS  5.75GeV underanalysis
IH JE (Qu-d) ep—epo (op) CLAS  5.75GeV Accepted EPJA

+ other meson production channels &, ), @ under analyses in the three Halls.




New Ideas For
Investigating GPDs



DDVCS

(Double Deeply Virtual Compton Scattering)

DDVCS-BH interference generates a
beam spin asymmetry sensitive to

- A S ImT""" ~ H(£x(&,q"),E,1)+K
P/

The (continuously varying)
virtuality of the outgoing
photon allows to “tune” the
kinematical point (x,E,t) at
which the GPDs are sampled
(with |x | <&).

M. Guidal & M. Vanderhaeghen,
A. V. Belitsky & D. Miiller, PRL




Using real photons to probe proton structure.

-

Large scale provided by ¢ = (P —P')’

PH — to be published in PRD, April 2006






Large and calculable. Calculable (72 diagrams) but
Gives zero asymmetry.  small. Also gives zero asymmetry.

Interference of these two is the key !



D (ATAT +ATAL)

®N(09¢) — Vo5 5
Z‘Aly’s
Y,S
2
_ 64722 ae, (COS gy M gjx
(_t) GM(t) \/—_t

j[dX][dy] (ezxzyz + e3x3y3)CD(x1,x2,x3 YDO(v,, ¥, ¥5)x0(x, —,)

X XX 0, Vs (Vi + A))_’lz

e G, (t)— (—t7) at large .
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Real photons are used to probe nucleon structure.
Real photons are easily available at many labs.

At large-t the proton structure is much simpler.
The expression for the asymmetry is very compact.
The size of the signal is large at modest -t.

Only F, form-factor considered here: F; involves spin-flip which is zero
for massless, collinear quarks.



OPEN QUESTIONS

How big will Sudakov effects be?

Will the next order calculation (few thousand diagrams!) change the
angular structure?

Will it dominate the present calculation?



GPD CHALLENGES

Goal: map out the full dependence on x,&,t,0°

Develop models consistent with known forward
distributions, form factors, polynomiality
constraints, positivity,...

More lattice moments, smaller pion masses,
towards unquenched QCD,...

Launch a world-wide program for analyzing GPDs
perhaps along the lines of CTEQ for PDFs.

High energy, high luminosity is needed to map out
GPDs in deeply virtual exclusive processes such as
DDVCS (JLab with 12GeV unique).
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