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Outhine:
Hard Exclusive Reactions

D
Y*
Hard scale: Complete spectrum P=(M,0) &/
Q%2 M, and/ort of X known o,

& Photoproduction (Q? <1 GeV?)
& Cross sections (Q2, W, t)

& Electroproduction (Q?>1 GeV?)

& tslopes
& Azimuthal asymmetries 4

& Spin density matrix elements

& Future
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ep—epV or ep—epy (DVCS)

High energy factorization Collinear factorization

 ppeg 4 49 , o v, Y
g ’— -
q '.' \
4
P Y D - Y

& Universal dipole interactions &) Parameterization of non-perturbative
nucleonic structure

& Low x <> large W h
& Information on parton-parton

© Scale: QQ = m% correlations

& VM: proven only for Orongitudinal
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Kinematic Landscape

Photoproduction

o(W)ocWo

ep—epV

p

HERA sees interplay between

, , 49 soft and hard
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Yop—vY

Photoproduction

H1 Diffractive Scattering of y at large Itl
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ep—epY(1S) Photoproduction

Events

ZEUS

i 60<W <220 GeV 7]
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|

14
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Di-muon events, invariant mass:

@ ZEUS 96/07 (468 pb™)
2% GRAPE yy— u'y (BH)
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|
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photoproduction light VM

| t] <

ep—epV Pomeron trajectories

H1 PRELIMINARY

®- Omeéga+H1+ZEUS Data
Correlated Errors

1.10} = Linear Pomeron Fit

B base Donnachie & Landshoff

1.05
1.00

QO

0.95

Elastic p° Photoproduction

0.80

10 DY 06 0B 02 00 02

t [GeV?]
H1-preliminary -09-016

ap=(0.126 + 0.013 £ 0.012) GeV-2

doj/dt =.E(f)

apl(t) = ap(0)

Canonical soft
pomeron:

a'p=0.25 GeV-?2

smaller than canonical soft pomeron

Z

H Hap(t)—1)

/

: (‘”‘ .

photoproductlon heavy VM
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| = 20-=I=1t -
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> | t]
o'p=(0.164 + 0.028 £ 0.030) GeV-2

hard pomeron known to be smaller

than canonical soft pomeron
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ep—epy cross-section

HT and ZEUS 1 arxiv:0907.5289
=2,
- - @ H1HERAII H1 Y
—, 10| 0 H1HERAI
S g [ — Dipole model
DQ - --- GPDs model
6 =
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ey
2 e H1HERAI
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IO e L e
Eh W = B2 GV o Rl e s S s e
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Hard exclusive electroproduction
of a real photon:
Deeply Virtual Compton Scattering,
DVCS

& Steep W2 dependence
€ 0~0.7, independent of QQ?
@ DVCS is a hard process: gluons resolved

C .
¢ Decrease of Opvcs with Q?
¢ Q*"dependence, n=1.5
9 Slower than for vector mesons
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ITransverse extension of partons

differential in t
& Extract do/dt in bins of Q2 and W

& Ansatz do/dt < exp(-blt!)

& t slope = average impact parameter b

@ Description of transverse extension of partons
@ Size of proton core (w/ o soft periphery)

ERA: DVCS cross section

(rZ) = (0.65 4+ 0.02) fm at zg = 1073

b [GeV™?]

b [GeV™?]

— Dipole model
8 I --- GPDs model H1
6 | i
‘} —— 4
4 r e H1HERAI
O H1 HERAI
2 O ZEUS HERA |
W =82 GeV Y
0....I....I....I....I....I....
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8 -
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7 F— Dipole model
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5 E_ k --------- ﬁi‘* *
4 -
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3 C 1 1 [ I [ [ [ I [ [ [ I [ 1 1 I [ [ [ I [ [ [
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W [GeV]

H1 arXiv:0907.5289
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HERA: t slopes

. H1 HERA-1 preliminary H1 HERA 1 prellmlnary
Electroproduction il mr e S - ORS G i as
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- * \V -
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3 ] " Jiy H196-00 &) b measures transverse size of
S TEPI o 3 ] VM @ nucleon
- Dhe 3 Y \ SE
o - : ; ! b :
4 - ® 0 * - & VM shrinks with increasing
ﬁ photon virtuality
o L » DVCS ZEUS LPS (31 pb™) _
; gzg: :} :Egﬁ :l & & Universal value of b = 5 GeV-2
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2 2 2
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Generahized Parton P

Distributions

Skewing: =0

f(quark helicity) &~

X

leading twist, quark chirality conserving, spin-1/2

v

nucleon spin flip §

photon: JP=1- (DVCS)

o~y

X H H
Vv E E

JP=1- mesons

JP=0- mesons

"L 3 bi(1x)

spectators

longitudinal

b.: impact parameter

“Nucleon tomography”

& PDFs: longitudinal momentum
forward limit £=0, t=0: H9(x,0,0) = q(x)

& Form Factors: transverse position

il
moments of GPDs: / el s Eaa e ) = U (1)
by

&) Nucleonic Spin: total angular momentum

Ji relation:

1 1
= — lim

= b = dz [Hq(x, §,t) ST Eq(xa f,t)]

Jq
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Deeply Virtual Compton Scattering

W H %R

DVCS Bethe-Heitler (BH)
DVCS-BH
=|Toves|* + [TeH|* + TovesTeH™ + Toves* TeH interference term ‘J
Contribution at colliders. Holographic principle:
Fixed target: ® BH reference amplitude magnifies DVCS
| Toves|*« | Tan|? ® Measure magnitude A and phase ¢
: _ 1P

Exactly calculable in QED of DVCS amplitude TpvCs=Ae

given the nucleon elastic

12 form factors F; and F» Caroline Riedl (DESY), EINN09 at Milos, 30.9.2009




DVCS @ fixed target experiments
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The data are subject to
a harmonic fit w.r.t. the azimuthal

angle(s) ¢ (and ¢s)

to obtain azimuthal asymmetries

Longitudinal target spin asymmetry in DVCS

—8— _IO-5 [T T T I ' I ' I L [T T T ]
e - = HERMES Preliminary .
4 - ]
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0.3 - TR LU + VGG model @

0.2 [ % + g T e CLAS
SRR . S |

0.1 | -- T e HERMES

C kinematics!

o + |

—0.1 .
-0.2 |- - .
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CLAS hep-ex/0605012 —t [GeV ]
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DVCS @ fixed target experiments

The data are subject to
— (—=1) a harmonic fit w.r.t. the azimuthal

angle(s) ¢ (and ¢s)
to obtain azimuthal asymmetries

- _ Longitudinal target spin asymmetry in DVCS
‘q’, 9t: Z’ = _|0-5 L L IR N
,,.,:{; olig =~ | = HERMES Preliminary ]
e | a4 - |
I 4L = CLAS :
. 0.3 L + VGG model @
35 _; < e ... CLAS
4 = atatts el o S ]
g EEEEEEEE HERMES
3 i kinematics

> |i

1 E -
0 ;
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CLAS hep-ex/0605012 —t [GeV ]
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DVCS cross-section

in the valence quark region

Differential cross section vs. azimuthal angle

& Hall-A at JLab, proton target Bin: <xp>=0.36, <Q?>=2.3 GeV?2, <t>=-0.28 GeV?
e S e A e i = {
: _ i 0.02 P
Helicity dependentE 0.013%}‘1 \1*{7 "
< Im( 1) 0f—— e M
E -0.01;' i . \H L .l
GPDs @ x= . -0.02F i i Sl

0.1
---------------------------------------------------------- L oo Vv |
: (nb/GeV') _
\ x/’//{,t
T

Helicity-independent

B %
0.05 % )///
. : ~ i e s _".!—_'_ /._/
X Re( g ) - — N \-\' S .;‘..'_:.;'..; st ;'-..—/; - =
. b O —— e e
integral of GPDs over x P LS ME SR N S S oe OB S BNl
___________________________________________________________ i 0 90 180 270 360

0, (deg)

Hall-A Phys.Rev.Lett.97, 262002

1

& No Q? dependence of Tm(1)

(@

Computed BH contribution

@ Indication of factorization down to Q?=2 GeV? < helicity-independent cross section

@ GPDs accessible at moderate Q2
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Hydrogen
e p(d) e p(d)y Dgutegum
Re H
i al
(A) H%* Hermes arXiv:0909.3587
H—E‘i—H
bilinear in ‘E
(©) *Hermes JHEP06 (2008) 066
= Tm H
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

Amplitude Value

DVCS azzimuthal

1 : d HERMES
amplitudes 0
(A) Beam charge asymmetry: %T DVCs)
GPD H ’|‘
Projects out
(B) Beam helicity asymmetry: !
GPD H

QYH( T DVCS)

(C) Transverse target spin asymmetry:
GPD E from proton target

(D) Longitudinal target spin asymmetry:
GPD H
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DVCS azzimuthal

amplitudes 7

(prelim.)

Hydrogen
e p(d) e p(d)y Dgutegum
Re H
el
(A) H%* Hermes arXiv:0909.3587
H—E‘i—l'l
bilinear in ‘E
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!

Projects out

!
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(A) Beam charge asymmetry:
GPD H

(B) Beam helicity asymmetry:

(D) Longitudinal target spin asymmetry:
GPD H
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HERA / HT: Beam Charge
Asymmetry in DVCS

o
o

S . < H1 e H1HERAI
&) First measurement at collider < 041 — 0.16 cos ¢
¢ GPDs model
& low xg=104...10-2 0.2 ]
@ 6.5 <Q?< 80 GeV? 0 - \1\
L 30 < W < 140 GeV : { 4
Q Itl<1 GeV?2 0.2~ ’
0.4
:‘v‘ POSIthe COSq) amplltude '06 :I 11 I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I 11 1 I 11 1
© Re(tpycs) > 0 0 20 40 60 80 100 120 140 160 180
& Sign change compared to HERMES H1 arXiv:0907.5289 ¢l [degrees]

& Ratio o = Re(tpvcs) / Im(tpycs)
& 0=0.20 + 0.05(stat) + 0.08(sys)

9 In good agreement with calculation from dispersion relation
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Access to the total angular
momentum of quarks

e n— e ny: sensitive to GPD Eq

Total angular momentum of quarks Jq:

& Hall-A at JLab, deuteron target

& Quasi-elastic proton contribution k- /1
- , Jq = = lim dz z [HY(z,&,t) + Bz, &, t
subtracted from deuteron signal * 20/ _, [H(2,&,) (z,&,t)]

o. 6 - 1
& Beam-helicity asymmetry: %
) 'ty 0.8
eﬂSlthl
from SE- 0. JLab Hall A
e O oJq __ n-DVCS
:_’:-7: - === This experiment sin 045
o 2= Ary*n® J,=-0.4 o *3‘%‘0 18
| e -#——_—_l_ — J,=-0.6 0.2 el 5 DO |
E == =.. AEEEE= EEEs= ‘TR R R R R T N L T J =0.3 .0 . @Y RAEpe s .- ’
o4 Jrommapunn sasmsssnnelonesnn Y. T ; .
- . * F * Jd_O.Z | .f\;m ::»'((J( ‘;V?\')t!\"-{":ln:l.e—:»r.:h-::,u [;,1111
A - — R e o mee o J =06 -0.2- ] Lattice QCDSF (unguenched) [41]
': Ju:0.8 L [JLHPC Lattice (connected ‘.r‘f:ﬂ'ﬁl [42]
_oE~  ===- AHLT calculation [36] 2 04! i
- L. GPDs ftrom : -
.35~ VGG calculation [37] 0.6~ Code VOO (Vasdorhacphen, Geiohon fad Geided
-4'::_1 "I L A et VST AN T R TI WAN T sl O el  vid R TR 1 (U O VA el RS L N v O [T TR AN I 0.8 HERMES Preliminary
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2 1708 06 04 02 0 02 04 06 08 1
Hall-A arXiv:0709.0450 HiGons J,
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Access to the total angular
momentum of quarks

en—eny: sensitive to GPD Eq

Total angular momentum of quarks Jq:

& Hall-A at JLab, deuteron target

r o]

& Quasi-elastic proton contribution I /1
, Jq = = lim d HYz, & t) + EYx, &t
subtracted from deuteron signal B e e % [HY(z,§,1) (@,6,)]

& Beam-helicity asymmetry:

¢rom sensitivity

g 3_ 0 ]q:
°~ [ ==a== This experiment .
o 25 p ALUsmq)
\g = J,=-04
= 1: ; l Jd= 0.6
E ssz=mwesjlasssshusss sh s s ssnsesssnnh esezssss J =0.3
-1 = { J,=0.6
= Jd=0.8
o= ==-= AHLT calculation [36]
.3 — VGG calculation [37]
-4E | | | | | | |
05 -045 -04 -035 -03 -0.25 -0.2 -0.15 -0.1

2
Hall-A arXiv:0709.0450 t (GeV”)
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0" Spin Density

Matrix Elements

& Cross-section for exclusive @° leptoproduction:

do

drp dQ? dt

& W parametrized by Spin Density
Matrix Elements (SDMEs)

& SDMEs describe helicity transfer
from the y* to the o

 s-channel helicity conservation
(SCHC) L—L, T-T

& s-channel helicity violation

& More precision data from HERA

18
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HERMES p1 2002-2005
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Global fit to H(x ‘c:,—xt from DVCS data

0.5F

small -X behawor extracted

_ 2
from collider data t=-0.3GeV I
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\\
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The Future

‘;: 0.3:-
5 !
I
= 0.2.'
& Global GPD fits Mposo HERMES, CLAS
| +HALL-A
0.0 0.(;01 0.(;05 0.(;10 0050 0100 0.5100 1.000

arXiv:0904.0458 [hep-ph] x

& COMPASS 2012-15:

large Recoil + polarized target
‘DVCS test runs’ 08 /09, small Recoil

& JLab 12 GeV upgrade
@ Q%max =13...14 GeV?, e* beam

& Future Electron-Ion Collider (&g and eA)

L eRHIC @ BNL: vs = 15-200 GeV (HERMES: 7 GeV),
ENC @ GSI: Vs =40 GeV, ...
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Summary:
Hard Exclusive Reactions

& Wide spectrum of measurements of cross sections and azimuthal asymmetries

& Hard exclusive reactions as testing ground for QCD

& Universal t slope

&) Access to Generalized Parton Distributions
& Different quantum numbers of final state select different GPDs
& GPDs provide 3-dimensional picture of nucleons

& GPDs allow (in principle) to constrain total angular momentum of quarks

Thanks to everybody who delivered input to this talk!!
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