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" J——
Outline
=) What is the physics contained in GPDs ?

® (GPDs: basic definitions and properties

® 3D imaging of the nucleon: link between elastic nucleon Form Factors and GPDs,
connection between longitudinal momentum and transverse position

® (Generalizations: Wigner distributions

® (GPDs and nucleon spin
@ Hard exclusive processes : DVCS, hard meson production, N -> A DVCS, ...

Reviews on GPDs

—> Goeke, Polyakov, Vdh : Prog.Part.Nucl.Phys. 47, 401 (2001)
—> Diehl : Phys.Rept. 388, 41 (2003)

—> Ji : Ann.Rev.Nucl.Part.Sci 54, 413 (2004)

—> Belitsky, Radyushkin : Phys.Rept. 418, 1 (2005)

—> Boffi, Pasquini : Riv.Nuovo.Cim. 30, 387(2007)



Deeply virtual
Compton

scattering
(DVCS)



Deeply Virtual Compton Scattering

Q2 large ")/* It=Az Y

low -t process : X+ & g X - & + diagram with
-T <« Q2 photons crossed
Pt

P-A/2 6PD (x, £ 1) P+ A/2 P o= 51000

1
v — 1 —1
Hi'5 pves P+\/§< ,0,0,—1)

1 +1

— I MnY 4 VM — g d
Z[pn LR ]/_1 w[x§+ze :1:+§ze]

P nliAA

X [Hgvcs(xvﬁt) N(p/)’Y-nN(p) + E%vcs(mv‘fat) N(p Jio N(p)]

+ 1 [ C UVRA X } /+1d 1 1
— |—i€ n x —
2 A 1 x—E+te x4+ E&—ie

9 [ﬁgm(x,m N )ynysN®) + Bhyes(e.6,t) N s
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DVCS (continued)

4 1 1
= Hpyes(w,§,1) = §H“/p + §Hd/P 4 §HS/p

and similarly for HDVC’S 7EDVC’S 7EDVCS

=) twist-2 DVCS amplitude independent of Q my SCALING |

m) DVCS amplitude is complex : imaginary part -> x= &

mp Q°, £,and T are kinematic variables

2
5/ and rpg —

with —
f 1—1‘3/2 2p°q

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

DVCS amplitude is sensitive to GPDs weighted
with coefficient functions



link GPDs and §~XBY* Py _—M...

X
observables
p p’
+1 +1
Toves H(x’g’f) dv 4.~ pESSD b H(EE) ..
xxE+ie J  x=x&

Cross sections and Beam or target spin asymmetries

charge asymmetries measurements (Re T) _ ~ containonly ImT,

Integral of GPDs over x A i.e. 6PDs at x = € and -§
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- DVCS asymmetries: first observations

AL = =)
(BH) * Im(DVCS) * sin @ =

(BH2+DVCS?) LerpS
DVCS Bethe-Heitler

LU

< 0.6}

CLAS -/

"t | 0 :
.0.15- ,: s _
0.2 - N s f

HERMES

-

Q2=2.66GeV?,
Xp = 011,

Q=1256ev2, | 06 |

xg = 0.19, o, deg ¢ (rad) -t = 0.27 GeV?
-t = 0.19 GeV? PRL 87:182002 \(2001) PRL/87:182001 (2001)

Vdh, Guichon, Guidal (1999)
twist-2 +TW'SD Kivel, Polyakov, Vdh (2000)
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Extracting GPDs from DVCS abservables

ot—0o AC §= XB/(Z'X?) , / Y
A= o35 = o k=-t/4M € 4

leptoni ¢
Polarized beam, unpolarized proton target: pl

Aoy ~ sing Im{FH + %(F +F2)H +kF,E}d¢ ~

—pr, H,E,

hadronic 2
plane

Kinematically suppressed
Unpolarized beam, longltudlnal proton target:
AGy, ~ singIm{F FHEFAF)(H + ... }dp  Emmmmpp H H
Unpolarized beam, transverse proton target:
AGyy ~ sindIm{k(F,H — F,E) + ....}dp - H,E,

Polarized beam, unpolarized neutron target:

Ao,y ~ sing Im{F,H + E(F,+F,)H - kF,E}d¢ ‘ H,, Hn, E
— I

Suppressed because F1(t) is small

Suppressed because of cancellation Hp(X, EH)=49H,(x,& t)+1/9 Hy(x, &, t)
between PPD’s of u and d quarks H (x,&t)=1/9 H,(x, g t)+4/9 H,(x, g t)
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Compton Form Factors (CFFs)

In hard exclusive process @ leading twist: one accesses 8 CFFs

P/dac (2.6.8) — H(—2,6,8)] C*(@.6), (1)

P | dz[E(z,{t) - E(-2,61)]C"(2,6), (2)
REAL parts of CFF = /0

P/ii{<x§w ~($£¢ﬂCT%8,($

L r [ @ [Bwen Bagn]o@e, @
 H(e.6t) — H(—£,6.1), 5)
IMAG parts of CFF o Z&&0-E(=600), (6)
-.ma&w+ékaaw (8)
with
1 1
CE@.6) = =5+ (9)

which we can call, respectively, in a symbolic notation,
Re(H), Re(E), Re(H), Re(E), Im(H), Im(E), Im(H)
and Im(FE).



DVCS: observables

Jlab/Hall A

Unpolarized cross sections

d's
dQ*dxgdtdo,,
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CFFs from
model indpendent fit extractions (I)

10F

JLab

x;=0.36,Q2=2.3 4}

HERMES
x;=0.09,Q2=2.5

DVCS:

H,., (JLab)

HR::

(JLab)

. . . .
0.4 G 0. 0.2 0.3 0.4
(GeV*)

—t (GeV®)
\ )

Guidal, Moutarde (2009)

as energy increases:

= « Shrinkage »
of Im(H)

= Im(H)> Re(H)

=) different
t-behavior for
Im(H) & Re(H)

solid circles :
VGG (1998)

model dependent fit
of
D. Muller,
K.Kumericki (2009)
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CFFs from DVCS:
G e e e
02 { ° - { { ° L l
otk } } | { _P?g% :TI(It)/’C:Lm/\ES
0 A
r Py > ar oo ' pre 1
:;’ :l‘j { } XC; =—0?3% : {l } { )8 =—02.376 :{’ } i )g =—O:?.306 <
s ! P F { €@X Girod et al.
o " . : - T, 2006
03 (%D Q Zo's5 ] Q Q 012% [/ )g=o?'2% ( :
i Q{ : Q* _‘b*, Chen et al. W)
, j : f (2008)
03 | NPT Lo Lo
0z f* * L4 Fo iy
0.1 ~. ' 5 . {A :
0o 05 1 l150 05 1 150 05 t(GeVz)
AL \
3.5 H (xg=25,0) H, (x5=25,)
3
qp
2.5
2 T ? L
15 Q

1
0.5

*‘3%* 4

te

O.Z O 4

0.6

—1 (GeV?)

fits (II)

€=0.16 Q2-1 82

0.5

O Fit with 7 CFFs
(bounds 5xVGG CFFs)

O Fit with 7 CFFs
(bounds 3xVGG CFFs)

< Fit with ONLY H and H CFFs
© V66 prediction

Guidal (2010)



DVCS:
asymmetries

p 7

e\[pes

summary 2011

A
Air)

A

cos(0)
AC

cos ¢
AC
cos(2¢)
AC

cos(3¢)
AC

sin¢

ALU,I

sin¢
ALU,DVCS
sin(2¢)
ALU,I
sin(¢- ¢,)
UT,l
sin(¢- ¢,)
UT,DVCS
sin(¢- ¢,)cos ¢
UT,l
cos(¢- ¢ )sin¢
UT,l
cos(¢- ¢.)
ALT,I
cos(¢- ¢.)
LT,BH+DVCS
sin($- ¢)sin¢

cos(¢- ¢ )cos ¢
LT,
sin¢
AUL
sin(2¢)
AUL

cos(0¢)
ALL

cos ¢
ALL

cos(29)
ALL

HERMES DVCS

® Hydrogen
A Deuterium
O  Hydrogen Preliminary

-0.2 -0.1 0

0.1

Amplitude Value

DV(CS
Asymmetries

ete”

Beam

Spin
Asymmetry
Transverse

target
Single Spin

Beam &
Transverse
Target
Double Spin

Longitudinal
Target



sin (29) sin ¢

sin (3¢)

Reso. frac.
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DVCS: transverse imaging

1

> (ri(zB))

dobVes / dt ~ exp(- B |t]) B(zp) = 3

T | transverse size of nucleon

- 8
N -
R * ................................... 2 years of data
< 6| S —— 160 GeV muon beam
~2 -h—___,______“‘fiz:ElES 2.5m LFI target
) e — T o €global = 10/)
« ZEUS <Q> =32 Gevj N
I v HI-HERAT <Q’> = 46&"\ ansatz at small x,
= « HI-HERATI <Q’> =8 GeV’ + ¢ o o + inspired b
i with ECAL1+2 pired by
i _ ; ., Regge Phenomenology:
o COMPASS <Q > =2GeV
or 280 days at 160 GeV
¢ o o o B(xg) = by + 2 o’ In(x,/xp)
L with ECALO+1+2 ,
| | | o slope of Regge traject
10 107 107 107 Xg

d’ Hose



Dispersion Formalism
for

DVCS (twist-2)
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helicity averaged twist-2 DVCS amplitude

=) twist-2 DVCS amplitude for GPD H : convolution integral

1
_ (+) L 1
A== [ deHO g0 [ b

involves singlet 6PD  H'™ (2, &,t) = H(,&,t) — H(—z,&,t)

m) SSA measures Im part : ImA(,t) = WH(H(&& t)

=) Re part involves convolution integral :

1
ReA(&,t) = —PV/O de H) (z,€, 1) [xif + xigl
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dispersion relation for
helicity- averaged twist-2 DVCS

. — Q2 I = Q2
=) energy variables V= AMNE’ v AM Nz

=) helicity averaged ampl : even in v A(v,t) = A(—v,t)

B) once subtracted fixed-t dispersion relation (analyticity, crossing)

_ _ > 1% 4y [nA( 1
ReA(u,t):A(O,t)+V—/ S w4

—
subtraction @
at v =0 YT M

v=0 — —

U Ve — 2

v—00 — £=0
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DR for DVCS (cont'd)

®) once subtracted fixed-t dispersion relation in variable x

ReA(&,t) = At(t) -+ %PV /O d; é;}’;(x_’tl))

Subtraction function accessible through spin asymmetries

= |ink with twist-2 6PD : [mA(z,t) =7 H ) (z,2,1)

. B ! (+) 1 1
eA(ﬁ,t)—A(t)—PV/O de H'"/ (x,x,t) x—§+x—|—§

DR for DVCS amplitudes (in terms of GPDs)

Anikin, Teryaev (2007) Diehl, Ivanov (2007) Polyakov, Vdh (2008)
Kumericki-Passek, Mueller, Passek (2008) Goldstein, Liuti (2009)



B
subtraction function for DVCS

=) difference between convolution and DR integrals :

1
B () () 11
A(t)—PV/O do |HO (. €0) = HO (2,,1)| lﬁ—az §+a:]

=) Subtraction function is independent of £ = formally put £ = 0
1
A(t) = —PV / da,é [H<+>(x,o,t) - H(Jr)(x,:z:,t)}
—1

=) fime reversal : GPD even in £ (2" argument)
H(x,—x,t) = H(x,x,t)

A(t) = =2 PV/1 d:z:l |H(x,0,t) — H(z,z,1)]

-1 xr
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subtraction function for DVCS:
relation with D-term (I)

=) |orentz invariance ™» polynomiality of Mellin moments of GPDs
1
[ dsaH@en = Ap+C €
1
1
[ e Bt = BP0+ R0 €+t W (0 €
1

=) highest moment generated by
Polyakov-Weiss D-term contribution to GPD

" I
h51_21<) Nf/ dz 2" D(Zat)
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subtraction function for DVCS:
relation with D-term (II)

/ “ﬁ H(w, & +,0) — H(w, &)

d é?”

n=1

1 1d i
E nz(nﬂ)/ 7 gt 0
- 2{: h§:21
n = odd

1 (' D(z1t) 2
= — [ d — = — D(t
Nf_/_lzl—z N; (*)
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subtraction function for DVECS:
relation with D-term (IIL)

=) A(t) = =2 PV/1 da:l[H(x,O,t)—H(a:,x,t)]

-1 X
4 1 [t D(z1t)
A(t) = 5~ D) with D()—if_ldz -
=) Gegenbauer expansion of D-term
D(z,t) = (1 —2?) Z d,(t) CB3/2)(z)  Gegenbauer polynomials
n oc;d \f 053/2) (Z) = 3z

j i L | xQSMatt=0:d; =40, d; =-12, d; =04

Goeke, Polyakov, Vdh (2001)

also calculable in lattice QCD
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dispersion analysis for DVCS: GPD H

Re A(E,t)

§*ImAG, 1)

Double Distribution model

=== v 5:1

Dual model

based on same forward distr.

result for real part shown for A=0

0 P S S AR R R It SO
01 02 03 04 05 06 0.7 08 09 1
g Polyakov, Vdh (2008)

experimental strategy :

measurement of imaginary parts : single polarization observables
over sufficiently broad range in &

real parts : fix the subtraction constants, cross check by
extracting constants at same t for different values of &
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DR for DVCS amplitudes involving
EPD H-tilde

=) Under crossing : amplitude odd in v A(v,t) = —A(—w, t)
B) gssume unsubtracted dispersion relation (cfr. Bjorken sum rule, GDH

sum rule,... in forward case)
_ 2 © ImA( t
quuw:-ﬂpv/‘cm’m W)
0

7 V2 — 2
ReA(€,t) -%W/iilﬁ(ﬂll 1]
1) = —— T ImA(x, —
s 0 rx—& x+¢&
= |ink with GPD ImA(z,t) = wHM (z,z,1)

H) (x,&,1) H(z,&,t) + H(—x,&, 1)
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DR for DVCS amplitudes invelving
GPDs E and E-ftilde

= GPD E : once-subtracted DR

GPD (H + E) is unsubtracted
subtraction constant for GPD E is ™ - A(t)
(cfr. - D-term)

= GPD Etilde : once-subtracted DR

subtraction constant for GPD Etilde =) sum of pseudoscalar
meson poles

(n°% n,.)
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DVCS cross sections

polarized data : JLab/Hall A unpolarized
e+tp»e+pty (E,=575GeV) o1 e tpwe tpty (E,=5.75GeV)
~ . o ® _
}5 0.01 t=-0.17 GeV’ 008 b %o t=-0.17 GeV’ Lo
2 0 0.06 ™
— 0.04 |
2 ool 002 Q% =23Gel x,=036
S ~ 0l
< .
& 00 > t =-0.23 GeV?
o 001 O 0075
B =
2 0 S 0.05
b ool 2 0025
T -0.02 N
¢ 002 = 0l
s ' _Cg
= 001 3 0075
<
Q 0 © 005
-0.01 0.025
-0.02 :
L 111 ‘ L1 ‘ I | ‘ I | ‘ I | ‘ I | ‘ I | ‘ 0
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
@ (deg) © (deg)

Moiseeva, Semenov, Polyakov, Vdh (2008) Bethe-Heitler



Hard meson
electroproduction
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hard e,ll@@w@w@d)uﬁﬁm of mesons
(p%:, @, ¢, m, ..)

e
/Capbs)\ %(W

Factorization theorem shown for ~ hard scattering
longitudinal photon amplitude

Collins,Frankfurt,Strikman (1996)
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meson acts as helicity filter

1
longitudinally pol. Vector meson |PL) = NG | TL+ 1D

1
PseudoScalar meson |7) = 7 | TL—=1T)

I+

m) Vector meson : accesses unpolarized GPDs H and E

m) PseudoScalar meson : accesses polarized GPDs Hand E
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hard electroproduction of
vector mesons (% , w , @)

m) amplitude for longitudinally polarized vector meson

r .41 /1 Py, (2) 1
My, = ie 3 o/ dz . 5 (4ras)
— / < 4 . ,{AnﬁlAA
x Ay, N N(p)v-nN(p) + By,ny N(p)io T N(p)

m) |eading (1 gluon exchange) amplitude depends on a, goes as 1/Q

m) dependence on meson distribution amplitude &,

Oy, (2) = frb62z(1—2)
with f, =0.216 GeV, f, =0.195 GeV, from V — ete”

Mankiewicz, Piller, Weigl (1998) Vdh, Guichon, Guidal(1998)
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flavor decomposition of the GPDs H and E

1
1 1
Ao, = dr — (e, H* — eq H?
b /_1 ) \/5(6 e HY) {$§+ie+x+§ie}

pO By, = /_11dx i(euEU—edEd) { ! ! }

1
_ _ - d . s
p* Aoin = /_1d‘” (H" — H) {w—§+ T4 &~ }
> 1
_ _ - d - K
Bp = /_ldx (E E) {x—f—l— x+E— }
1 1 d 1 L
w A — /_1da: E(euH + dH) {x—§+ x+E&— }
1
B 1 d 1 L
B, , = /_1dx —Q(euE + eq E) {x§+’& x+§z}
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hard electroproduction of 0% cross sections

|1.60<02(Gev )< 1so| ]1_90<n (GeV') < 2.20 220 < Q° (GeV ) < 2.so| 12.50<02(Ge\f‘)< 2.so|
3 3 i 5 )
2 1 ' E ; 3 T% =
-~ P - I L "
= - i F - i
P /\/ 30 [
fg-. 10" = = = L /_/
¢ : g F
= B
2 1E @ E e =
- L)
o : % ; ® F ®
N | i L
2 w0k = :
- :
2 [ N I
[4.60 < Q7 (GeV') < 5.10 ]
& . CLAS (5.754 GeV)
3 J . e
o F = 0
=3 N ] » CLAS (4.2 GeV)
o L
) A o CORNELL
. o 10 E
> F ¢ HERMES
© L Al o E665
10 —

: VGG GPD model

s 6K GPD model

/C H,E(z,€,t) D\ /C HY,B9(z, £, 1) )\
N N N N




hard electroproduction of mesons:
target normal spin asymmetries

IepTOn plane—/>&~1. V

X

in leading order (in Q) m 2 observables 0 = or + I, op

=) Asymmetry :

/

A =

207

Oy,

—

n

l

Target polarization normal
to hadron plane
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hard electroproduction of vector mesons:
target normal spin asymmetries

2 |A

AVLN o ‘ J_‘
T
y Im(AB*) /mN
A2 (1—¢2) — [BJ* (£ +t/(4m})) — Re(AB*) 27

= A—GPD H B—GPD E
= |inear dependence onGPD E «—— unpolar'ized cross section
m) ratio: less sensitive to NLO and higher twist effects
m) sensitivity to JYand J¢

measure of TOTAL angular momentum contribution to proton spin



exclusive % production: transverse target

AUT _ 2A (Im(AB*))/n p A ~ (ZHU "‘Hd)
2(1=2) — 2(5=2 2 * 2
[A[2(1-E2) - |B]A(E2+t/4m?) - Re(AB*)2& P B ~ (2E¢ + E9)

< B 2=5 Ge\/? 04
0.4 |

-t = 0.5 GeV?

P o O\ Asymmetry depends
linearly on the GPD E,

which enters

Ji’ s sum rule.

______
——————————
_____
-
-
-

0.2

L=10%cm2s!
021 %i, 2000hrs
C L | L L L L l L L L L l L L L L |

1
o 0.1 0.2 0.3 0.4 0.5
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hard electroproduction of vector mesons:
target normal spin asymmetries

yL+p pL+n

z 0.6
= e J=0.3 O’ =2.5GeV’
E 0.4 B -t =0.25 G€V2
> » :
02
é I
m -
7 0
é L
2 02 F
:
04
0.6 Lt

PR A VA VA T S SO W NS ST SR S |
0.05 0.1 0.15 02 025 0.3 0.35 04 045

Xpg

p*, sensitive to (J! - J9)



N ->A DVCS
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N ->A DVCS and GPDs

= 2 >» 7* IT = Az ,7
« low -t process :
i -t « Q?
X+ & X- &
N ] A

Huw. He, He, Hy (%, € 1)

1
[ e en = 2650
-
/deE(x,g,t) — 2a%() % Jones-Scadron
_11 N-> A form
/ deHo(x,6,0) = 205(1) factors
1

1
/d:z:H4(a:,§,t) = 0
—1
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60

N ->A DVCS events in CLAS
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201
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Moreno (2009)
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N -> A magnetic dipole GPD and FF

large N.: 6™, (0)= «/J2=2.62

large N_ limit EXP: 6% (0)=3.02

Gt (0) [T G* (0
Gi() = DO [l pwen - plagn - DOm0 - o)
Ky —1 Ry
//
« GPD o 12 - FF
0.2 O data : MIT-Bates, MAMI,
0. < Jlab/Hall €, Jlab/CLAS
o | | &
1 N R 08 modified Regge
R GPD model
S5 0.6 d °ce
0.6 * 5
= 0.4 04 . L]
== o0. 02 e
1 SSSSSS 2H, 4 e
h ’ 0.5 ,° Oo 1 2 3 4 5 6 71 8
b, (fm)



Energy / Luminosity frontier

o~
O L

102

10

Jlab 11 GeV projections:

Guidal (2012)

1

001 02 03 04 05 06 07 0

01 02 03

Hard exclusive reactions :
high energy and high luminosity
required + polarization

0.4
—t in GeVv? 0.2
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Summary

Light-front densities provide an imaging of hadrons

@ clastic nucleon form factors : empirical transverse charge densities reveal
different spatial distributions of u / d quarks

@ shape of hadrons can be understood within relativistic QF T from higher e.m. moments
of transverse charge densities as deviations from their "natural” values

@ GPDs: 3D picture, densities in longitudinal momentum, transverse position

further extensions including transverse momentum d.o.f.

® GPDs allow access to quark & gluon angular momentum contributions

@ DVCS extracts Compton Form Factors involving GPDs,

new strategies in analysis: model independent fit extractions, dispersion relations

@ rich harvest around the corner: Jlab 12 GeV, Compass
Future: sea, gluon region -> high energy + high luminosity: EIC, ENC
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DVCS @ H1 / ZEUS: data

good DVCS fits at LO, NLO, and NNLO with flexible GPD ansatz
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DVCS @ COMPASS: projections

beam charge & spin asymmetry

Comparison to different models
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