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Generahized Parton P

Distributions

Skewing: E=0
off forward limit

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

f(quark helicity) & X v
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"L 3 b(1-x)

spectators
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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:
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Jfep==tl i

= b = dz [Hq(x, §,t) ST Eq(xa f,t)]
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Deeply Virtual

Compton Scattering

2
Ov YN %f
DVCS Bethe—Heitler (BH)
DVCS-BH
:lTDVC5|2 + |TBH|2 + TpvesTeH™ + Toves* TeH interference term ‘J

/

Contribution at colliders.
Fixed target:

| Toves|?« | TeH|?

Exactly calculable in QED
given the nucleon elastic
5 form factors F1 and F»

Holographic principle:
® BH reference amplitude magnifies DVCS
® Measure magnitude A and phase @

of DVCS amplitude Tovcs=Ae'®
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Compton Scattering
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Azimuthal Dependences n

V*N—vN

- Unpolarized target E\‘___’E,____.
- Lepton beam with charge Cg bo
and polarization Pg

Ken
Teu|* = Z ¢ cos(n
- o | P1(0)Pa() %)
ourier n=0
expansion in - | A |
azimuthal | Toves | = Koves [Z &' Scos(ng) +Pgy 450 Si“(”ff’)]
angle d) n=0 n= 1
, CeKr
T = P1(0) ol ZcIcos(nu -I-PEZS sin(ng)
(“ ) “ n=0 n=1

Wanted: Fourier coefficients
Bethe-Heitler propagators P(¢) G 2

of BH, DVCS, and 7 terms
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Measured Azimuthal Asymmetries
i DVCS

Born cross-section: ALU
0(¢; Pa, Cg) = ouu(9) - [1 + PeApy () + CePaAiy(¢) + CaAc(o)]

Beam  Target

% . Beam charge asymmetry
Beam helicity asymmetries

BCA:
BSA: rojects out real part
Old approach at HERMES : : : P50 b
and CLAS: single charge BSA B e of Tbvcs
part of Tpvcs
. do— — do — dot — do~
Apu(o) = — Acl(¢) =

do— + do

dot 4 do—
no separate access

to s17 and s;PVCS
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Measured Azimuthal Asymmetries
i DVCS

Born cross-section: ALU—

7(6: Ps. Cg) = oun(@) - [1+ PeARYC3 () + CoPadfy (@) + CoAc(d))

Beam  Target
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part of Tpvcs
e QG iAOR o do™ — do~
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([(T v (,/0' - (_‘[(_)"F + (_‘[(_)'—
no separate access A
approach at HERM
1 DVCS ES:
to s1° and s 17 and s;DVvCs can be dlSentangled
Charge difference BSA: Charge average BSA:
(do ™% gt iy oy fepatl s = —— ——
AL(-}((;)) _ (:( 0’+_. (rr+_,, (¢ 0__ (rr—‘_.) 4“\( \(”." ~ (do dot=) + (do do )
(doT™ +do™™) + (do™™ +do~") " (dot+— +do+=) + (do—— + do—-)
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I'rom Azimuthal Asymmetries to
GPDs

& Express asymmetries in terms of Fourier coefficients ¢ and s
=asymmetry amplitudes

1
‘@Compton Form Factors (CFFs) IHIE, ) = Z/ dz CF (€, =) QG
ol

& Define linear combination of CFFs:

= i t twist-2 GPD
Cunp = FVH + E(Fl + FQ)H I F>5E
& Fq(t), F2(t): Dirac, Pauli nucleonic form factors
& At leading twist level (twist-2):

i vV —t i Q 7 05 Vit T
— R |C — —&|C

€1 X Q [ unp} X \/jtc() §1 X Q \S[ unp} BSA
BCA constant term
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DVCS at HERMES 1996-2005
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DVCS Beam Helicity
Asymmetries
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DVCS Beam Charge Asymmetry
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DVCS Beam Charge Asymmetry
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Nucleus

coherent

&

DVCS on Nuclear Targets

quasi-elastic

incoherent

& How does the nuclear environment modify nelstic
parton-parton correlations? W

& How do nucleon properties change in the nuclear medium?

& DVCS in coherent region: new insights into ‘generalized EMC effect’?

e

/ & Nuclear GPDs # GPDs of free nucleon
- ° F 2 z{ + ﬁ{ & Enhancement of effect when leaving
l”% l”l/,:' forward limit?

@ : :
i & Strong increase of real part of Tpvcs with

atomic mass number A?
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DVCES Beam Charge Asymmet
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DVCS Beam Charge Asymmetry
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DVCS Beam Charge Asymmetry
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DIS

DVCS Nuclear Mass Dependence
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DVCS Nuclear Mass Dependence

N

= xe Monte Carlo sum
< _ e . Select for each target
g 015 i two samples (t-cutoffs):
o e 0
2 > coherent enriched

| associated BH

0.1 (= 65% coherent fraction)

> incoherent enriched
(= 60% incoherent fraction)

0.05
e
E [ ]
> BSA ratio: nuclear / free proton vs. A
Liiaianlanl : A 1 —.
00 002 0.04 0.06 0.08 0.1 0.12 S B Coherent enriched
2 v L (accep. & smearing — sys. error, ® HERMES PRELIMINARY
-t [GeV“] 5 2 - coherent fraction ~ 65%, except *He~ 30%;
£z =
»n 2D -
BCA VS. A < | average value: T
_ B Coherent enriched - 1k 0.91=0.19 | I L
5 - (accep. & sme'aring — Sys. error, = HERMES PRELIMINARY 5 < - I _____________________ l ___________________ I_ _____ .
- = coherent fraction ~ 65%) S <3 B T l
01— ~
\" L L
- B ol— (1) =0.018 GeV?, (x ) =0.065, (@) = 1.70I1~.ev2
-g—v — P . — I 1 1 1 1 1 I 1 1 1 1 1 1 1 1 I
¢ o4 {. § _ Incoherent enriched
| I - i (accep. & smearing — sys. error,
~ (-t)=0.018 GeV?, (x.)=0.065, (@® =1.70 GeV? T _'/'\_' 5 o elastic incoherent fraction ~ 60%)
e e l i 1
L Incoherent enriched 55 average value:
—~ L (accep. & smearing — sys. error, —“<-' B ’
S - ] elastic incoherent fraction ~ 60%) l Ny - 0.93+0.23 u
ot 0% [ g L LR ERERE, [ """""""""" l """""""""" T """ -
1 L u a < -
AL l 1 c3 B l
Pt B < 0 . () = 0.20 GeV?, (x,)=0.11 (Q°) = 2.85 GeV? T
§00 E— S . . C . . L
< 2
- (-t) = 0.20 GeV?, (x)=0.11 (Q%) = 2.85 GeV? 1 10 A1 0
| L L L 1 L L L 1 L L L 1 L L L | L L L | L L L | L L L | L
0 20 40 60 80 100 120 140
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1000 N/N

DVCS Nuclear Mass Dependence

DIS

xe Monte Carlo sum
Select for each target
- w— - coherent BH
0.15 = :
R two samples (t-cutoffs):
| N > coherent enriched
0.1 (= 65% coherent fraction)
> incoherent enriched
(= 60% incoherent fraction)
0.05 :
Y '11& -
P B, BSA ratio: nuclear / free proton vs. A
TR P, e e h ~_.,
% 002 o004 008 008 01 0.12 € [ Coherent enriched .
2 - L (accep. & smearing — sys. error, ® HERMES PRELIMINARY
-t [GeV“] :\1{ 2 - coherent fraction ~ 65%, except *He~ 30%;
- =
BCA VS. A 2;,:3 | average value: T
_ B Coherent enriched - 1k 0.91+0.19 | l 1,
£ L (accep. & smearing — sys. error, ® HERMES PRELIMINARY 5 < T I """"""""""" l """""""""" I """ )
-© - coherent fraction ~ 65%) €<3 — T l
01— L
;'. B 0 - (1) =0.018 GeV?, (x )= 0.065,(Q%) = 1.70Ieev2
e\’ — — = | L L L L | L L L L MR
8o I ‘§ B Incoherent enriched
< 0 __{' + I - i (accep. & smearing — sys. error,
B (-1)=0.018 GeV?, (x)= 0.065,(Q% = 1.70 GeV? T _'/'\_' 0 . elastic incoherent fraction ~ 60%) l
B Incoherent enriched § § B average value: 1
- L (accep. & smearing — sys. error, —'<-' B ’

9 == elastic incoherent fraction ~ 60%) l [ Ny 1 ___‘_)-_9_% :5_9_2_3_ ___________ !________________ ____I __________________________ L
<= 017 j - £< N [ l | |
AL 1 3 -

Pt B < . () =0.20 GeV?, (x ) = 0.11,(Q% = 2.85 GeV? T

3 0 B

8o 0 — = . Ly . L

< 2 2 2 1 10 10°
- ()=0.20 GeV?, (x ) = 0.11,(Q%) = 2.85 GeV A
0 20 40 60 80 100 120
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DVCS Transverse Target Spin
Asymmetry Aur(d,ds)

L Ayt the only DVCS asymmetry on the proton

for which GPD E is not suppressed
(JLab Hall-A: BSA on neutron)

& HERMES: transversely polarized hydrogen, 170 pb!, 2 beam charges
> Separation of DVCS and interference terms possible:

A{TT ((:)' (%"I)S) X [(1(_7‘+ ((f)- (.*:.)5)—(10-- ((f). (155)] == [Cl(_T+ ((j), (j)s—l—fr) —(](_7'—((:)‘ (:’s""'ﬁ)]

A{TT(‘?"a ds) x Im(FoH — FRE&)sin(¢ — ¢s)cos @
+ Im (FQ'H — (1 + EFQ)«‘) cos(@ — @s)sin @
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DVCS Transverse Target Spin
Asymmetry Aur(d,ds)

L Ayt the only DVCS asymmetry on the proton

for which GPD E is not suppressed
(JLab Hall-A: BSA on neutron)

& HERMES: transversely polarized hydrogen, 170 pb!, 2 beam charges
> Separation of DVCS and interference terms possible:

AB¥CS(¢I¢S)

A{TT ((*), (*)S) X [Cl(_7+ ((f)‘ (f':)S)—dU- ((j)‘ (f)s)] -l- [Cl(7+ ((r..#)‘ (++)S+T'r) _(:1(_7'—((:), (:)5+7T)]

also sensitive to GPD E

A{TT((:% ds) x Im(F2H — FE&)sin(¢ — ¢s)cos ¢
+ Im (FQ'H — (1 + SFQ)E-) cos(@® — @s)sin @
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DVCS Aur Amplitudes

2=
= -
< 0
0.2
S 02F
S i
T |
iz
n o
< -02
0.4
=
R .
2 0.2
<
=
5 -
S
<
0.2

Model: VGG with variation of J,, while J4=0
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=

- 8.1% scale uncertainty 1 o AIUTI,I R
J=0.6— —
uT04
L I 02 ]
: — : ——
1 HERMES
L 15 T ep'—epy ]
| 1 " | | " " | ]
| ; | 7
1 b
L I—,«%‘ S -
| 'IE':F 1
(')'012'014i016'20'0.'1'0.i2 03 '2"4i6'2'8'1'g
overall -t (GeV") Q" (GeVY)

\sensitive to:cfes

Im(FaH — FE) -

sin(¢ — ¢s) cos(no)

NOT sensitive to Jy:

I

Im (FaH — (Fy + ¢F2)€) -

cos(@® — &g)sin @



sin($-¢ S)coscb

AUT

0s(¢-¢ )sing

c
UT

A

DVCS Aur Amplitudes

02 _ 8.1% scale uncertainty AUT,DVCS S m e
0f ] -
; - sensitive to Jy:
0.2 ' _ ' \
——— ————— Im(F2H — FéE)-
- HERMES ' sin(¢ — ¢s) cos (ng)
0.2 i epTeepy M
0f
-0.2
-04
0.2 I NOT sensitive to Jy:
0 Im (F2H — (Fy + £F2)E) -
E cos(d — odg)sin &
-0.2
0 02 04
overall

]
-

Model: VGG with variation of },, while J¢=0
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sin ¢
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sin¢
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sin(2¢)
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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

amplitudes 7

(prelim.)

% T DVCS)

(A) Beam charge asymmetry:

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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e e ey

HERMES 2006-2007:

Recoll Detector

Pijrpose:

% To tag exclusive events

> |dentify recoiling target proton
> |dentify particles from
background processes

--

\ - = Photon Detector

Scintillating
Fiber Tracker

SC Solenoid
(1 Tesla)

Silicon Strip
Detector

Target Cell with
unpolarized
'H or 2H
"H (*H): factor of 1.6 (0.5) Azimuthal coverage: 76%
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HERMES 2006-2007:

Recoil Detector

Purpose:

% To tag exclusive events

> |dentify recoiling target proton

SCEciennl Identify particles from

1 Tesla
( ) background processes
— —
\ e - Photon Detector
e 3 S ‘ - Hermes 2007 data
s : - 1 = :
: Scintillating %0-9 E_Rocoulmg p{)o\;grécandldatos
Fiber Tracker  Sos
=07 F
o}
06

Silicon Strip & '
Detector Z

Q
03
0.2 -
0.1 E
Target Cell with e
unpolarized 8,,.00(Rocoil [rad ]
H or 2H
"H (*H): factor of 1.6 (0.5) Azimuthal coverage: 76%

15 more than 1996-2005
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DVCS
and the Recoil

> MiSSing Q- A D = @meas — Pealc
» Missing p: Ap = pmeas — Pealc

-0.2

-0.4

19

Hermes 2007 data

DVCS candidates

-1

-0.75 -05-025 0 025 05 075 1

Ap [ GeV/c ]

Missing Mass (~ M3):
Mg = (p+ Py — P )2

Hermes 2007 data

-og . Traditional DVCS analysis
5 (E, >5 GeV)
O 1500 |
Q
|Ap|< 1 GeV/c
1000 | ,,/
|Ap|> 1 GeV/c
500
0

-2 0 2 < 6 8 10 12 14
M2 [ (GeV/c) ]
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Separation of Resonant and
Elastic States with the Recoil

DVCS / Bethe Heitler

@ Elastic: Hermes 2007 data
> ep — epy -og | Traditional DVCS analysis
_ 5 (E, >5 GeV)
@ Resonant ('associated’): O 1500 |- '
Q
> ep — eATH
- + , Recoil proton
IR ey { nﬂ.o’ 1,3 in acceptance
P 203 1000 |-

with Coplanarity cut

» 12% of signal
@ Presence of 7 = proton fails

coplanarity cut Ms M
» Select elastic: j A
" yau§ |~
-2 0 2

* ’A(j)’ < 0.1 rad i'u | ST NN T [N W TN W (N WO TN T NN TN W TN NN TN NN N N
# ‘p“}a‘lcv"p‘}maﬂ —05=1.5 4 6 28 10 12 124
» Select resonant: M: [ (GeV/c)™ ]

* |A¢| > 0.35 rad
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Summary and Outlook:
DVCS at HERMES

& HERMES 1996-2005
& Target spin asymmetry on transversely polarized H published in 2008
& BSA and BCA on H, D and nuclear targets to be published in 2009

& Target spin asymmetries on longitudinally polarized H and D early 2010

& HERMES 2006-2007
& Recoil detector allows separation of resonant and elastic contributions
& Resonant asymmetry unknown so far

& Allows refinement of pre-Recoil data

& HERMES provides complete set of DVCS azimuthal
asymmetries as input to global GPD fits

& Limited only by statistics and acceptance
21 Caroline Riedl (DESY), HERA DVCS Working Group Meeting, Hamburg 28.10.2009



