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Outline : 6PDs

1) link of FF to Generalized Parton
Distributions :

nucleon "tomography”
2) GPDs and spin of nucleon

3) Hard exclusive processes : DVCS, ..



Generalized Parton Distributions : surkardt (2000,2003)
yield 3-dim quark structure of  elitsiy.3iyun @004
nucleon |

0z, Tff

0z,

Elastic Scattering DIS DES (GPDs)
transverse quark longitudinal i
distribution in quark distribution fully-correlated

quark distribution in
both coordinate and
momentum space

coordinate space in momentum space



Generalized Parton Distributions
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. D
known information on GPDs

= forward limit : ordinary parton distributions
HYxz, 6 =0,t=0) = qx) unpolarized quark distr
H(z,6 =0,t=0) = Aqg(z) polarized quark distr
EY, EY . doNOT appear in DIS ™® new information

= first moments : nucleon electroweak form factors

1
/1d:qu(:v,£>t) = F/(t) |Dirac
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Why GPDs are interesting

Unique tool to explore the internal landscape of the nucleon :

3D quark/gluon imaging of nucleon

Access to static properties :

constrained (sum rules) by precision measurements of
charge/magnetization

orbital angular momentum carried by quarks



GPDs : 3D quark/gluon
imaging of nucleon

pion valence

P e
.

el anll anlles
&

x<0.1 x~0.3 x~0.8
Fourier transform of GPDs :

simultaneous distributions of quarks w.r.t. longitudinal
momentum x P and transverse position b

=) theoretical parametrization needed
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GPDs : t dependence

modified Regge parametrization : Guidal, Polyakov, Radyushkin, Vdh (2004)
/
H%(x,0,t) = gqp(z)ax M (1—2)t

Ew,0,t) = (1= a)"gy(e) 2070
q

=) Tnput : forward parton distributions at u2=16eV2 (MRST2002 NNLO)
m) Drell-Yan-West relation : exp(-a’ t) -> exp(- a’ (1 - x) 1) : Burkardt (2001)
m) parameters:

regge slopes: a',=a’, determined from rms radii

Ny Tld  determined from F, / F, at large -t

=) future constraints : moments from lattice QCD
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Regge model
modified Regge model

ﬁ

experiment

consistent with slopes of

meson Regge trajectories
(~0.96GeV?)

o/ (GeV™) mm) Regge slope
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connection large Q?of FF <-> large x of GPD

1 1
L / du(1 — z)” e @ (o) ine — / dger P(1—0)+a’'Q*(1=2) Inz
0 0

1
_ /dxef(:v,QQ)
0

at large Q? : integral dominated by maximum of f(x,Q?), remainder

region is exp. suppressed (method of steepest descent)
vV
f(x,Q?) reaches maximum for: * =xo >~ 1— o O

"Drell-Yan-West" relation for PDF/GPD :

at large Q? : I is dominated by its behavior around x -> 1

I o (50,Q%) : VT Lo\
~ e ’ -
Flan@) 2 " @@
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electromagnetic form factors

PROTON  world data (2006) NEUTRON
L a 1.2 - 7 #
@) 1 =B— AN '.

= r
3. 08 |
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a 0.6
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0.07 |
So0s |
O 0.04 |
0.03 |
0.02 '
g 0.01
'0.27 : : T | \ Lo | \ . 0:
10 1 10

Q* (GeV?)

egge slope -> proton Dirac (Pauli) radius

modified Regge 1PD Igar'ame‘rer'iza‘rion
3-parameter fit

2, 3+ large x behavior of GPD E¥, E?-> large Q?behavior of F,, F,,

Guidal, Polyakov, Radyushkin, Vdh (2005) n,= 1.713, Ng= 0.566
also Diehl, Feldmann, Jakob, Kroll (2005)
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N =:g;g}:0— N, A

+ collinear quarks
Fr o~ 1/Qf
F,p/Fr ~ 1/Q
6, ~ 1/Q

GPD —

modified Regge model

Guidal, Polyakov, Radyushkin, Vdh
(2005)
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GPDs : 3D quark/gluon
imaging of nucleon

for é€=0 — t=—-A"

2
HY(xz,b;) = A ePL AL (g, & =0,—A %)
y ML (27_‘_)2 y ’ 1

\

Fourier transform of GPDs :

simultaneous distributions of quarks w.r.t. longitudinal
momentum x P and transverse position b



GPDs : transverse image of the nucleon
(tomography)  H:(x,b;)

d*A |
) (27’(’)2 ’ ’

X Guidal, Polyakov,
Radyushkin,

Vdh,
1 See PRD 72, 054013

<<<<< (2005)
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Moments of flavor-NS 6PDs

. - = o=l -
AT ir',:-=fd3bl E“ﬂl'blf dx ="~ q(z,b, )
' -1

Lattice results : m_= 740 MeV

mpn=3
An=2
*n=1

. LHPC/SESAM

Decrease slope : decreasing . . . . . )
transverse size as x -> 1 O 05 1 15 2 25 3 35

- ATZ




y .
lattice QCD for moment of PDFs :
present state-of-the-art

full lattice QCD : domain wall valence quarks,

2+1 flavor staggered sea quarks

m- LHPC (2007) .
i - | Ratio:
| . \ . EXPERIMENT / Lattice
! le 1
{ Lattice (normalized
il . ... ot @ @f @ @i ®--------- —
| to one)
O | - isovector quantities
u-d
LIE mige SRy O e S,y o 5:\-7& Bl (no disconnected
contributions)




Handbag (bilocal) operator :
new way to probe the nucleon

Y- A
W

Y’ generalized probe

a(0)v* q(v) = q(0)v* q(0) + v q(0)y* 0T q(0) + - - -

vs o 4 |
’)) ( Ws, Z°% ) probe  spin 2 (graviton) probe
4
(N|---|N) electroweak energy-momentum

form factors form factors
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Energy momentum form factors

nucleon in external classical gravitational field

\ =) G couples to energy-momentum
P +A/2 tensor

P-A/
A 5 A 1
(P+ 5 [T [P - 5) (M,V)Ei(,uV—l—V,UJ)
_ A A
_ = (v pv) ( Joo T
—N(P+2){A() HPY) 4+ B(t) PVMio Vi
v A2y L A Gordon
+ O(t) (AHFAY — A2gh) M}N(P >) ) Toree
identity
\ A v (py V) Ay
= N(P + 5) A(t)P*P” /M + (A(t) + B(t)) PVio ¥V

+ C(t) (A*AY — AZgH) %}N(P — 5)



(P| PV | P)

Mormentum sum rule

(P /d3 T (x

lim P—I——/d3 T% (x \P——

A—0
im [ &z =5 Py 20y P - D)
A—0 2 2
. 3 3/ A A Ov A
Jim (2m)° 8%(A) (P + = [T (0)[ P — o)
A(0) PY (2P%) (27)° 6°(0)

A\ ~ J

A0) PY (P |P)
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Mormentum sum rule (cont.)

(P|P"|P) = A(0) P" (P|P)

=) Total system : energy-momentum conservation

!

A(0) = 1

=) Physical interpretation in terms of :

quarks : A (0)

A0)+A(0) = 1

&
gluons : A (0)



Angular momentum sum rule
consider N in rest frame : P+ (M 000 S+(0,00,D
1 s 1, 1
(P,+§ | J \P,+§) J (P, + | P, +2>
— (P,Jr% | /dga_f {2 T (z) — 22T (z) } | P+

A1 o A 1
—eys Jim (Pt 53| [ EF T @) P G 4)

2
A1 - A1
o~ . 3o i —id-A = - 07 = -
€453 AILHO d°x x'e <P—|—2,—|—2‘T (O)‘P 2,—|—2>
8 3 —
= £4j3 ilglo [zaT(QW) J (A)]
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Angular momenturm sum rule (cont.)

S 0 . e A
— .0 i 3 53 Y S (0, )
€ij3 Alino (27)° 6°(A) ( Z(‘?A?) {[A(t) + B(t)] N PVio %Y, N
+terms independent of A
+terms quadratic in A}
L
2M
Y 1 1 0 _ji | _0i 1
X N(P,+z) | —= ) {P"d” + P 6"} N(P,+=)
2 2 | | 2

in rest frame

= ei33 (27)° 6°(0) [A(0) + B(0)]

1

— (2m)% 5%(0) [A(0) + B(0)] 7 M N(P,%) ot? N(P,Jrl)

2

e

_—

A(0) + B(0)] (P|P)
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Angular momenturm sum rule (cont.)

J = 5 [A(0) + B(O)

=) Total system : angular momentum conservation

!

A(0)+B(0)=1 =% B(0)=0
B Physical interpretation in ferms of quarks & gluons

1
Tpy = : (A, 4(0) 4 By, (0))| % = J+J, = 2 A + L, +J,




. .
T form factors in terms of GPDs

A, A
=) (P+ ST 0)| P =3 nun,
A e A
= (P+ 2 [qi7" D" q(0)| P = Z) nymy

2
_ (1 v Ay
=N {MxH(x,f,t) + z [H(x,&,t) + E(x,&,t)] io” 2Mn“} N

1
=) f iz of both Ihs and rhs
—1
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Energy momentum form factors /
6., Spinof nucleon

nucleon in external classical gravitational field

P- P+ A/2 —> G couples to energy-momentum
N tensor 1
<N‘T”V(O)‘N> (M,U):i(,uy—l—y,uj)
\7/ v s V) ACV v v 1
= N{A(t)y(“P ) + B(t) PWig¥) T C(t) (AFAY — A%gh) M}N
1
= link to GPDs : / doaH(z,68) — A@t)+4E2C(0)
—1
. 1
X. Ji (1397) / draE(z,6,1) = B(t)—4€0()
—1
= SPIN

/_11 d:c:v{Hq(:E,f,O) +Eq(az,§,0)} = A(0) 4+ B(0) = 2J9

sum rule




S
quark contribution to pro’ron spin

) 2J1 = / da:a:{Hq(a:OO)+Eq(a;OO)} J1 :—Aq—|—Lq
—1
X. Ji !

. q _ _
ago7y | 277 =My + /_ 1d:E:CEq(:C,O,O) with M3 = /0 drz [g(x) + q(x)

m) parametrizations for E9 E(x,0,0) = £q/Nq (1 —2)" ¢u()

PROTON M.,d 2 Jd 2 Jd GPD : based on
valence model Lattice MRST2002
(6PV 01, GPRV 04) (QCDSF) M2 = 2 GeV?
u 0.37 0.58 0.66 + 0.04
d 0.20 -0.06 0.04+0.04 | 'attice s full QCD,
no disconnected
S 0.04 0.04 diagrams so far
u+d+s | 0.61 0.56 0.62 £ 0.08




orbital angular momentum carried by

quarks : solving the spin puzzle

2J‘1:M§+/

1

—1

1
qugAq—l—Lq

Ji (1997)

1
dxx E9(x,0,0)|with MJ —/ drx [q(x) + q(x
0

evaluated at p2 = 2.5 GeV?

PROTON 2 Jo Aq 2 Lo
GPD model HERMES
(GPV 01) (1999)
u 0.61 0.57 £+0.04 |0.04 ¥0.04
d -0.05 -0.25 + 0.08 0.20 ¥ 0.08
S 0.04 -0.01 +0.05 0.05 ¥ 0.05
u+d+s 0.60 0.30 £ 0.10 0.30 ¥ 0.10

)



Deeply Virtual Compton Scattering
Q? large  Y* Jt=12 Y

low -1 process : + diagram with

T photons crossed
L Pt »
Poaz eppxe ) Praz T Y
1
Hi'6 pves nt = P+ﬁ(1,0,03—1)
_ 1[‘*,& v ~V ,uy] +1d [ 1 ]_ ]
= 2pn +pn g /1 x $—§+i€+x+§—ie
_ A
X [H%vcs(%&t) N )ynN@®) + EL,oq(z,&t) N(p )io"™ Zm;N(P)]
1 +1 ] .
T [ A MVRA X B
+ 5 [ 1€ pmn,\] /1 dx {w§+i€ $+€i€]
. - i N
X [H%ch(w,ﬁ,t) N )ynysN(p) + EDves(@, &) N(p )vs 2m;N(P)]



DVCS (cont.)

4 1 1
= H)yog(&t) = §Hu/p + §Hd/1p 4 §H8/p

and similarly for Hpves , Epves , Epves

= twist-2 DVCS amplitude independent of Q ™ SCALING !
m DVCS amplitude is complex : imaginary part -> x = §
m Q?, & and t are kinematic variables

2
5/ and rg =
1 —xp/2 2p - q

with ¢ =

m) variable x is integrated over (xz x, !)

DVCS amplitude is sensitive to GPDs
weighted with coefficient functions



DVCS : beam spin asymmetry

)
Ay = =
(BH) * Im(DVCS)
*sin®
DVCS
QZ

Q%=26 6eV?,x,=0.11, -t = 0.27 GeV? o
<oe HERMES 03
041 + (2001) 02

02 -
04

06 [

=
0.1
0.2
\ 0.3
lllllllllllllllllllll N
-3 -2 1 0 1 2 3
¢ (rad)

0.1

B
twist-2 + ’rw@i

Bethe-Heitler

1-156eV?, x, = 0.15 - 0.25,
+=0.1-0.25 GeV?

JLab/CLAS
(2001)

nnnnnnnnnnnn
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Kivel, Polyakov, Vdh (2000)




=) DVCS Bethe-Heitl
DVCS on proton ethe-Heitler

JLab/Hall A @ 6 GeV _(GPDY
(2006)

Difference of polarized cross sections

o o) (nbiGev) it — Im (C))
Q dxgdtde,, dQ dxgdtdy, . 000 Im (C_g4)
1<t>=-0.33GeV’ ——————  <t>=-028GeV’ ————  I<t>=-023GeV' —————  <t>=-0.17 GeV~ -
u.ﬂzf ' : 0.02] u_nzf_. o S S
u.n1f u.m: 0.01[/" { ........... ___________
of of o IiTI T
-0.015-"- . u.u1f W0 LNNGE
»0.023 -IJ.D2E .02 e T
u_uaznnuuinnuuin ||i|||| ,u_ugznnuui:::ui: |i|||| go3 o 1Ly a1 |i|||| o3 L a1 |i||||
L] a0 180 270 360 [1] 20 180 270 360 [+] 20 180 270 360 [+] 20 180 270 360
@ _ (deg) o (deg) o (deg) o, (deg)
2 ~ 2 N :
Q% 2 GeV Unpolarized cross sections o N
-
X.= 0.36 — 9 (nbiGev? o Re (C)
B . dQ dxgdtdp_ ---- Re(C'+ac
" B e Re (CLy)
1<t>=0.33 GeV> ———— | <t>=-0.28 GeV® ——— 1 <t>=-0.23 GeV~ — : L <t>=-0.17 GeV” —
0.13 : 5 : 0.1] : : : 0.1 : : ' : :
0.08[ 0.08[ u.uaf 2
u.:}sf ] u.t}sf u.usf
u.mf u.mf u.mf
0.025 u.uzf u.uzf ~a
of. of

L
180

270 360 o 80 180 270 360 -IJ.IJ'L;) 80 180 270 360 0. D.I-J 80 180 270 360
o,, (deg) o, (deg) o,, (deg) o,, (deg)

also JLab/CLAS, HERMES, H1 / ZEUS

['] 20



sin(¢) term

DVCS on neutron

Cl(F)=F ,(t) H+& (F, (t)+F,(t)

/

O because F,(t) is small

14 Fz(t)E

AM? /

O because of cancelation of u and d quarks

n-DVCS gives access to the least known and constrained GPD, E

JLab / Hall A (E03-106):

Jy !

-3 IIIIIIIIIIIIII|IIII|IIII|IIII|IIII

preliminary data

Ju=04 Jd=-0.8

Ju=0.3 Ja=0.1"" + |
Ju=06 Jd=-0.8

981" JLab Hall A
== neutron point + stat. err. Dvcs (neutron)
0.6 Preliminary

m— Systemafic errors

0.4

—— VGG neutron twist-2

0.2

-0
0.2
04
| GPD Model :

Goeke et al., Prog. Part. Nucl. Phys. 47 (2001), 401.
0.6 Code VGG (M. Vanderhaeghen, P.AM. Guichon and M. Guidal)

0.4 0.35 03

0.1

HERMES
DVCS (proton)

Preliminary
hep-ex/0606061

t (GeV?) 0.8
-1 1 I 1 ‘ 1 I 1 ‘ 1 i 1 ‘ 1 ‘ 1
-1 08 06 -04 02 -0 02 04
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DVCS : target spin asymmetry

e

proton
oab —— pisino JLab/CLAS
- ’ = p1 = 0.249 + 0.050
3 “'2; ’,,-" N Model Calculation mainly sensitive to
) 6> H
-ﬂ_1_
0.2 . gt calculation :
0af o T ' Vdh, Guichon, Guidal
L S T R (1999)




Hard electroproduction of
mesons (p°: , w , ¢, T, ...)

* M
~
N /9;/
% L
e Py
~ GPDs )&
Factorization theorem shown for  hard scattering

longitudinal photon amplitude
Collins, Frankfurt, Strikman (1997)




" B
Meson acts as helicity filter

1

longitudinally pol. Vector meson pr) = NG | TL+LT)
1

PseudoScalar meson  |7) = 7 | TL—LT)

. N
7 Q \)k

m) \ector meson : accesses unpolarized GPDs H and E
m) PseudoScalar meson : accesses polarized GPDs Hand E



Hard electroproduction of
vector mesons (p°: , w , ¢)

= amplitude for longitudinally polarized vector meson

r _ _..41 /1 Pvi(2)] 1
My, = e g 0 [ : dz . 5 (4ra)
— =, '\ . HAnmAA
X Avn Np)y-nN(p) + Broy N(p)io™ 5 == N(p)

= leading (1 gluon exchange) amplitude depends on a,
goesas 1/Q

= dependence on meson distribution amplitude ®,
Py, (2) = fubz(1—2)
with f, = 0.216 GeV, f, =0.195 GeV, from V —eTe”



Flavor decomposition of GPDs H and E

1 1 1 1
A o - dr — (e, H* — eq H®
0 PLP /_1 ! \/5(6 o ) {x—§+ie+x+§—z’e}
p 1 1
—1

1 1
dr — (e, E* — eq E°
! \/§(€ ca E) {:U—§+'ée+:c—|—§—ie}

_ B d €u €d
p+ AP?” N /d (A" = H) {x—§+ie+w+§—ie}
_ _pd Cu €d
Bp_g B / E E {aj—§+'ée+x+§—z’(—:}
1 d 1 1
“ Ao, / \f w H* + eq HY) {x—§+ oo }
d 1 1
Bu / 7_ w B+ ea BY) {x—§+ +:1:—|—§— }



Hard electroproduction of mesons :
target normal spin asymmetry

X

N
lepton plane > % z
- q
in leading order (in Q) == 2 observables 0 = o, + o
207 l
- Asymmefry A = . Target polarization normal
L
to hadron plane
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Hard electroprod. of vector mesons :

target normal spin asymmetry
~2[Ay

m

Ay =

* JAR(1—€) — B2 (& + t/(4m%)) — Re(AB*) 22

A— GPD H B—GPD E

unpolarized cross
section

ratio : less sensitive to NLO and higher twist effects

linear dependence on GPD E —

131 11

sensitivity to Jvand J¢

measure of TOTAL angular momentum
contribution to proton spin



exclusive p° prod. with transverse target

2A (Im(AB*))/n
Ayr == |A|2(1-82) - [B2(E2+t/4m?) - Re(AB*)2E2 p? A~ (2H +HT)
-§°) — +t/4m-) - Re *
B ~ (2EY + E9)
0.05
AUT . si=0 Q>=5GeV?
003 Asymmetry depends
0.1 e /i linearly on the GPD E,
N " /1 which enters
-0.15 | e e A Ji’'s sum rule.
0o | 2000hrs NG =02 "
-0.25
- o dominance AQ2=1 T =04
03 | 4 =05GeV? AL— 02 T K. Goeke, M.V. Polyakov,
M. Vdh (2001)
035 Lo b b b b b b b b 1

0.05 0.1 0.I15 0.2 0.25 03 0.35 04X 0.45 0.5
B



