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The DVCS Process Srensbes

DVCS is the simplest process t0 access (zeneralized Parton Distributions

Hard part describing absorption (emission)

Factorization Theorem of a virtual (real) photon by (from) a quark
K=k ,E) — ) »
- A i 2
k=(k,E) At sufficiently high Q? the i

handbag diagram is the .. ) ._
leading contribution to DVCS T

v

- -

Soft part related to the non-
perturbative structure of the nucleon

X. Ji, J. Osborne, PRD 58 (1998) 094018 J.C. Collins, A. Freund, PRD 59 (1999) 074009

DVCS & GPDs (I)

XV Infernational Workshop on Deep-Inelastic Scattering April 16-20, Munich



Fric Voutier

The GPDs Framework

D. Miiller et al., FP 42 (1994) 101 A.V. Radyushkin, PRD 56 (1997) 5524 X. Ji, PRL 78 (1997) 610

At leading order, GPDS are ¢ universal parton distributions (+¢ giluon GPDS)

descCribing the nucleon structure

Coherence between quantum states
of different helicity, longitudinal
momentum and transverse position

Skewness parameter

x Longitudinal momentum fraction

2¢& Transferred longitudinal momentum fraction

+/—t Nucleon momentum transfer

MHEMxE) WH(xED
NExE) STEMXED

M. Burkardt, PRD 62 (2000) 071503 M.Diehl, EPJC 25 (2002) 223

Fourier conjugate of the transverse I/Q resolution distribution in the transverse
position in the impact parameter space plane of par‘TonS with longiTUdinGI momentum x

Ji = %AZ P L= %ﬂldx x [H(x,E0-0)+ E*(x,E,1 - 0)]

DVCS & QPDs (59)
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Deep Exclusive Scattering et

GPDs Cah be accessed Via exclusive reactions in the Bjorken Kinematic regime

GPDs enter the cross section of hard scattering processes via an integral
over the intermediate quarks longitudinal momenta

14 GPDED) GPD(rE0)

1T Xt EFie Xt &

= Tﬂldx

@D (< =+£.&00)

H(x,£,0)
10 T -
7.5 \ .
Q2 >> M2 -t << Q2 A :
2.5 % é:
0 .
-2.51
0.8
O ___.____'__. — — I
X " e _

DVES & QPDs (II9)
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Photon Electroproduction

DVCS Bethe-Heitler (BH)

[ I o

oc(eN—-eNy) = =1l &

10°

T T TTITm

DVCS & Bethe-Heitler processes are undistinguishable
BUT the Bethe-Heitler amplitude is calculable and
known at low t

—— BH+DVC$

10

Znpolarized Cross Section
d’c B
dQ*dx,dtdg, do

/ 2 \ Polavized Cross Section LDifference
5 -1

7;;1 + ‘TDVCSF - 23 ) ,I;;H '%e{%r/cs}

g

do dQ’ dx, dt de [nb/GeV’]

Lepton beam charge

Q’=19GeV?

xg=031 1 d°G d°s
EMIE |

JlIIiJlJlIIIJl.IIIIIllJI

dQ’ dx,dtdg dp dQ* dx,dtdd dy
10 -5 0 5 10 15 - ~
G)Iy:f [deg] = ‘:I;?H ' ‘Sm{‘j/DVCS }+ me{TDVCS } ‘Sm{g;’VCS}

P. Kroll, P.A.M. Guichon, M. Diehl, B. Pire, M. Vanderhaeghen...

DVCS & QPDs (IV)
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/ DYVCS Harmonic Structure

A.V. Belitsky, D. Mdiller, A. Kirchner, NPB 629 (2002) 323

hadr'onlc plane Bethe-Heitler amplitude

+ dSO' _
dQ* dx,dtdp do /

r '}’* I;JE;)—S@)) { +¢" cos(p)+c, cos(2¢))}
1" DVCS DVCS 2
lepFonic plane g e :c g 1 “ cos(p) + [llicos20)]

P((p)P ) { +¢/ cos(p) + ¢ cos(2p) +.cos(3(0)}

DVCS amplitude DVCS / Bethe-Heitler interference amplitude

olons \ \
d’c d’6 L(x,,0%,0)

! r ¢
— - =0 (x,,0°,1) 82 sin(@) + =——22=""2 55" sin(p) + 5. sin(2
+2{d92dx3drd¢ed¢ dQdeBdrdqﬁedco} 00 B sin0) + Ty Wieinte) +Blsincze)

sPVES I are linear combinations of GPDs and cPV¢S ! of integrals of GPDs

DVES & GPDs (V)
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DVYCS @ JLab.Hall_A

QDedicated Aigh FIrecision Lxperiment

HRS

Plastic scintillator array

| Electromagnetic
calorimeter

Anh experimental Challenge

% Large luminosity
4 pAonto15cm LD, 4.1037 cm2.s1/nucleon

< Direct view & vicinity of the target

p-DVCS

Test of handbag dominance between _ _ _
1.5 and 2.3 GeVZ in the valence region % Hostile electromagnetic ambiance

Mostly sensitive to

within 60 cm to 1 m from the interaction vertex
at forward angles

large background from Mgller electrons

n-DVCS

at 1.9 6eV? in the valence region
Mostly sensitive to £

Exploratory measurement of the
polarized cross section difference Specific Scattering Chamber

Cerenkov based Electromagnetic Calorimeter
Customized Electronics & Data Acquisition

Experimental Features (J)
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Experimental Apparatus
=

= Nucleon Detector

Experimental Featwies (39

XV Infernational Workshop on Deep-Inelastic Scattering April 16-20, Munich



Fric Voutier

DVCS Setup Performances

Clectromagnetic Calovimeter

= 7 ;i I I i @ 16000 — 7% mass

|- ' : : : '

L 3 L

- HRS-Calo GTZO.'E) ns S 14000 c = 8.5 MeV

— coincidence f 5 5

L ) . £ 12000 —

[ i i = -

|58 1uuuu:—

- suuu:—

o suun:—

E 4000:—

o C 0

C 2000 — /A _) )/7/

H - u:\‘\ll‘\\ll \‘\\i‘\l\‘lll F‘i—-l_.—..lr—uﬂn——lm
230 -30 006 008 0.1 012 0.14 016 018 02 022 024

invariant mass (GeV)

The electromagnetic calorimeter is calibrated with H(e,ec,,prrs) elastic scattering

The monitoring of the calibration coefficient is insured via
T ¢q10s T Hrs detection and a relative procedure based on aging from radiation exposure

5t<1ns SE/E =25 % at 4.2 GeV 8x = 8y = 2 mm

Experimental Featwies (59T )
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- M,cut = (M +M_)
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- DVCS N&nproduction  ° contamination
30000 __ ,1“" (resonGnT or nOT) " ep —> eﬁop - e}/?/p

L 2 g

- \ M,
20000 — T

B R,
10000 —

C - Accidentals | -

0 L - _H-—-F-I o . ".‘. i ‘_r_r'—\_'\_“_’l_—lf_lg_l'_—m.__l-'\-\.l._ Ll
0 0.5 1 1.5 2 25 3 3.5
M2 (GeV?)

Experimental Cxclusivity

Subtraction of 0 contamination (1y in
the calorimeter) is obtained from a
phase space simulation which weight is
adjusted to the experimental n° cross

section (2y in the calorimeter).

Experimental Featwies (JV)

25000
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15000
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=]

DI.T!TIIIIil[l]ll]T!lT[][!IlT

25 3
M2 (GeV ?)

Remaining contribution <
(all non-n° electroproduction)
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e Foo-110 > p-DVCS ol e

P.Y. Bertin, C.E. Hyde-Wright, R. Ransome, F. Sabatié et a/.

JReam Polavized Cross Section Difference

<t>=-0.28 GeV"~

5 : : + 1 4’ ~ 4’ ~
P : 2| dQ*dx,didg. dp dQ*dx,didg, do

FS(XB9Q291)
F(p) P (p)

gewe o)
F](f) E(E()+F,(t) H - ! _F(t)E

4M

sm)=xY e @& .0 - Bl-£.2.0)

L, (x5, 0%.1) 57" sin(p) + sin(p) + 54 sin(2)|

Harmonic coefficients are obtained via a
minimization procedure between experimental
and Monte Carlo simulated yields taking into
account real external and internal radiavite

corrections, resolution and acceptance GPD
I
effects i o S, Twist-2 (BH.DVCS interference)
s < AN ()= ANM ()] 7
X :Z [SNEXp ; ]2 S, Twist-3 (BH.DVCS interference)
@) Dpycs _
S—Twist-3-(BVESDVES)-
C. Munoz-Camacho, Doctorat Thesis, Saclay, 2005 p-DVES @ JLab.Hall A (J)
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Zvpolavized Cross Section

-PXL

Grensb.e

d’c [ (x, Q ) BH DVCs | .DVCS DVCS
= 2 +c? cos(@) + 2 cos(2p) (+ T, (x,, +c cos(p)+c, — cos(2
t i Sddrdn” P el 1 e cos() + et cos(20) |+ T, (x,.0%0) e + ¢ cos(p) (20)}
F(XB,Q 1)
+c! cos(@) +ch cos(2¢) + ¢! cos(3
iy el cos(@) e eos2) + ¢ coso)
BH.BH amplitude -
BESBVES-amphitude

Cé Twist-2 (BH.DVCS interference) BH.DVCS inferference

¢ Twist-2 (BH.DVCS interference) > Fwist-2-(DVESDVES)

C3 Twist-3 (BH.DVCS interference) 2 T yjist-3-(DVESDVES)

L_Gluon-Gontribution—(BHBVES intert 5

<t=>==-0_28 G-E"lul"

BH

.1

0.08
0.06
0.04f

o002k

270 60
@, (deg)

C. Munoz-Camacho, Doctorat Thesis, Saclay, 2005

180

.u- u2 1 1 1 1 i 1 1 1
O

VS gluon-Contribution-(DVESDVES)-
: .

=> C(P=FO H+&Fo+R0) H— 5,

= C’(f)+AC’(f>=
F(0) H s B0 =& (F@) +EO)H +E)

//‘

5—~[Independent linear
combination

p-DVCS @ JLab.Fatl_a (IT)
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Expevimental Desults

:

L=

rensb

5 » 15
af - 1a
al ‘} T - & s
2| ’%‘ 2w i 3 1=z
1 — —11
- - _______________._-—-'—'_._‘ .
o - o> & Im c'(F) , 1Im c'(F*"} (integratad overt) [——— T Jo
A OO ImCYF) G”-1.5,1.9, 2.3 Gev® T T e e ]
1 F & = Re CY(F}, —Rea (CY+A CHF) Q°=2.3 Gev3[ - & 3 1
I EEEEEEPY Im G'(F) VGEG) - -
F—  Re CYF} VGEE) : L ]
. —Re(CHACHF) (VGG) E * —-2
C r o
-3 oo b o e b e C 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 L]
1.4 1.6 1.8 2 2 2.9 -0.3 -D.25 -0.2 -0.15
Q2 (GeV?2) < t > {(GeV?2)

% Twist-two contributions dominate the DVCS cross section and are Q? independent in
the measured kinematics range
% Twist-three contributions to cross section are small and are Q? independent within
error bars
< The t dependence of each harmonic coefficient is consistent with expectations while
their values are not reproduced by models

v

Strong indication for handbag dominance at Q% about 2 GeV?

in the valence region

C. Mufoz-Camacho et al., PRL 97 (2006) 262002 p-DVCS @ JLab.Fall_A (IIT)
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F03-106 > n-DVCS

P.Y. Bertin, C.E. Hyde-Wright, F. Sabati€, E. Voutier et al.

Neutron targets allow to access the [east Khown and constrained GPD

CL(F)=F©) H+EF@)+F©) H -

Suppressed because F(t) is small

t
AM?

EOT

Deuterium

Suppressed because of cancelation between u and d quarks

S Q2 Pe @e '@Y* J‘ _1
(GeV?) | (GeV?) | (Gev/c) | (deg) | (deg) Lat (o)
4.22 1.91 2.95 19.32 | 18.25 4365
4.22 1.91 2.95 19.32 | 18.25 24000

Neutron data n(e,e’y) are obtained from the comparison between
deuterium D(e,e'y) and hydrogen data H(e,e'y)

n-DVES @ JLab.Feall A (J)
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D(e.e'y)X = p(e.e'y)p+n(e.ey)n+d(e.c'y)d+-

//

Subtraction of quasi-elastic proton

contribution deduced from H? data Dynamical separation of quasi-elastic neutron
convoluted with the initial motion of and elastic deuteron contributions
the nucleon MZ(H,))—-M%(D,)=t/2

M =(g+p-q)-2p,-(G-3")

Sy = L;T(N+ -N)d’Q - Ijﬂ(]\ﬁ -N")dQ From a sample of high
energy n°

U)C 3500

—s=— D, data
3000

2500 —e— H, data

]V%O(ZDZ)
)Jﬁo(}yé)

wﬁ%ﬂi -
ﬁ % i p-DVCS simulation

£

A

=0.95+0.06

2000
1500

1000

%
- (=

500 ) )
0 contamination

cancels in the
subtraction method

-500

o
o
U1
-

n-DVCS @ JLab.Featl A (I9)
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JReam Plolavized Cross Section Differvence it

5= 5 < 2
1{ a . }anug,gz,t) 2 sin(p) + 20w o Gin (o) ! sin(29))

2| dQ* dxydtdg,dp  dQ* dx,dtdg, dp § B, (@) P, (9)
. I, (x;,0%,1) ) .
+T, (x,,0%,1) s/ sin(p) + 222X 277 56! sin(@) + 52, sin(2
2a(X5,07,0) 814 (9) P (0P, () {ld (@) + 5,4 sin( (0)}
Neutron contribution \

I
Sy, Twist-2 (BH.DVCS interference)

7 Deuton contribution
DVCs_ S1y Twist-2 (BH.DVCS interference)
S—Twist3-(BVESDVES- I
Sl Twiet-3(BH.DVCS ¢ )
DVCS __ .
S S Tuist-3-{DVESDVES)-
(:.2;1500: R
:Z:-" 1000_— T o o
.E 500:— -~ t
S0 C(F)=F@) H+E(FO+E@W) H-——E@E
T H b | = CO=R0 I Ar0R0) Hgmre
- => C(FH)=(H,--HIH--FH) M| G,
: G
_ﬁ"'n.z B Y S Y S Y S —

Mx2 (GeV2)

M. Mazouz, Doctorat Thesis, Grenoble (2006) 1-DVES @ JLabHatl @ (399)
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Experimental Desults Greneb.e

xg =036 Q2%=191GeV?

—=a— neutron point + stat. err.

FE 4
— 1 C 1 '
5 - —«— deuteron point + stat. e S m [C d (f )] C S m[C Y (f )] —— Systematic errors
C 31—
4 —— (St +Syst)enors C —— VGG neutron twist-2
3 f_ Cano&Pire deuteron twist-2 2 :_
20 1 :— Jus0.4 Jd=0.8 e
11— : |
E 0 O Jus03 Jas0d +
0 L
E AT 0 se=0s
A C
A= 2
- Prelininary c Prelinninary
Cooooo b v b b e e b e b e _7"““'"““‘l““‘ll“‘\l\I‘\\\\
23.45 0.4 0.35 0.3 0.25 0.2 0.15 041 -3.45 0.4 0.35 0.3 -0.25 0.2 0.15 0.1
t(GeV) t(GeV?)

< Indication for fwo contributions of opposite signs

< Deuteron moments are poorly defined by these data; exploration of small |t|
region might be an opportunity for future experiments

< Neutron moments are small and compatible with zero; the measured t evolution
provides constraints on GPD models

M. Mazouz, Doctorat Thesis, Grenoble (2006) 1-DVES @ JLab.Hall @ (V)
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YNodel Dependent Quark Angular YHomenta

F. Ellinghaus et al., EPJ C46 (2006) 729

~ C[ eXP = C[ Sty ' 2
<0y -x []exp(”] J[mip i A

i

Sl(ll

syst

HERMES 2002-04
Preliminary
hep-ex/0606061

Hall A E03-106
Preliminary

Neutron data are sensitive _

Lattice QCDSF

to Jy -0.2 '

GPD Model : LO/Regge/D-term=0 :
— Gnekeetxl Prog. Part. Nucl. Phys. 47 (2001), 401.

COdB VGG (M. Vanderhaeghen, P.AM. Guu:h(pn and M. Guidal)

-0.8/— ,

llJllll]JJllLlIIIIliIII]ll]Ill-.

-1-1 -08 -06 -04 -0.2 -0 0.2 0.4 0.6 0.8 1

1-PSC

Grenesb.e

T~

Proton data are sensitive
to J,

Complementarity between neutron and transversally polarized proton measurements

M. Mazouz, Doctorat Thesis, Grenoble (2006) Z. Ye, Doctorat Thesis, Hamburg (2006)

n-DVCS @ JLab.Feall_A (V)
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10 g

GPDs @ JLab 12 Ge'V

LHT1,ZEUS N | |
E % &";.\O ‘;“
F O Vo <j9€bA
) |
PSS LN N
E (\I » ..o 0
E .'. | ‘.o" \"L &
: COMPASS — | .-~ @
: o1 Fa
..' ”.”. | ‘ab ’.‘.C,)@
;HERMES —! LV 1
..' ..0° | @ - $
{ ------------------------ J L a b @ 6 G e V
01 02 03 04 05 06
Xp

Future Praspects (J)

The energy upgrade of the CEBAF
accelerator allows access to the
high xg region which requires
large luminosity

Specific DVCS cross section studies
in Hall A

DVCS, DDVCS & DVMP
measurements over a large
kinematic domain in Hall B with
CLASI12
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F12-06-114 > p-DVCS |

C. Hyde-Wright, B. Michel, C. Muiioz Camacho, J. Roche et a/.

| DVCS measurements in Hall A/JLab |

High precision cross
section data in selected
regions of the phase

space
Unphysicalwith E_ <11 GeV
[ ] Baan-88GoV ) )
E_ _88Gev High Resolution Spectrometers
[ Euan= 110 GV Upgraded DVCS calorimeter
|:| Epoar=5.75 GV
2 03 04 05 06 0.7 08 0.9,
Bj

Measurement of polarized & unpolarized p-DVCS cross sections

Extension to the neutron cross sections & recoil nucleon polarization observables
Possible extensions with polarized targets (?) & positron beam (?)

Future Praspects (JJ)
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Fo7-007 > p-DVCS?

P.Y. Bertin, C. Hyde-Wright, C. Mufioz Camacho, J. Roche et a/.

TRosenbluth like investigation of the DV CS Cross sectioh off the proton

; ; [ eos(o) relc! (F
&' T 0% e, ) 2D | el ()]

0" dx, didp,dp  dQ” dx, didy, dg) P()P.(9)
’ ’ . 1 ’ +I cos(2¢))iRe[C' (}"eﬁ )]
ReC Re(C+AC)

- z,g - i Neglected in EO0-110 analysis
2 E
A 15 A :
: ] ¢ 1E ; i
LR Y
. wre selC’ 7 (F)]=melC’ (F )|+, ™ (F.F°)
.................... _1 S I SR RS
KR 7S R R RV S TR T N )
t(GeV? t GVl Re[AC" ()] =se[ac’ (F)]+n,C” (F. F)
o Projected Data e
0
* 0 E ) N1, No are kinematical
; . b0 0 } parameters depending on the
\ 0E incident beam energy
1 0 & & " "
""" T T 1 R (Y O R | | R} 1
{68V t(Gev')

Study of the importance of DVCS bilinear contribution to the cross section

Future Praspects (JIJ)
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Summary

... Too Early to Conclude ...

The dominance of the handbag mechanism in DVCS was observed at
Q? as low as 2 GeV?, validating GPD like analysis at JLab energies

First measurements of DVCS off the neutron confirm
the expected sensitivy to £

Neutron experiments are mandatory complements to proton ones

DVCS @ JLab.Hall_A
continues at 6 and 12 GeV with an upgraded calorimeter
(acceptance, trigger...) towards detailed investigations and exhaustive
mapping of GPDs

DVCS DVMP

Conclusions (J)
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4%

m

P gy

Pulse 2

Pulse 1

— Data Signal

80

T
100 120
t (ns)

Prompt
—~, _Trigger T1
=)
STOP
. IN=>1GHz
51 52
L, | RESTART
PbF2 |’— i 1 L
7 Bit >;<\ f F\(
R/ AR\
— %F }L( 7 = ———] ADC
A ] \;7//\ 12 Bit
’7 P :‘*; <
NO
nx20 ng gate Towers
Trigger  ves OUT=1MHz
START
‘w : TRIGGER
supervisor

Registering of any group of 4 neighbouring blocks
is enabled when the energy deposit in this group

exceeds a fixed threshold

An ey coincidence freezes the Analog Ring Sampler
and launches an accurate signal digitization in terms
of 128 samples of 1 ns duration

Off-line wave form analysis

= Minimum separation time of 4 ns

Experimental Features
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Aadronic Calorvimeter

— 0.3 =
F > L - 30
asol predicted block & LD, target No cut on the missing mass I
- Elo'zs:_ - -—'-:::-.- - ‘wn ignal in the PA and the 2| r
300 } g : _ en signal in the an e 2 layers
, L] -
C G‘I’ = 1 ns C prediction with calo+spectro (if p-DVCS process)
200 0.15— —15
C - s T o
150 C - T )
- 01— e —10
100 LH, target - T -
- 0.5 = I D 5
50 - = ST
- B g -
C C aa -
% 45 40 5 0 5 0 15 20 % : 006 007 008 °
time (ns) ene_A + ene_B (GeV)
Coincidence time spectrum of the Proton Array when Energy deposit in the Proton Array and in the Tagger
looking at the block predicted from the scattered when requiring in-time signals in each detector

electron and the real photon

Good operation of the Tagger and Proton Array assembly
which are used in a logic based analysis to check exclusivity

Neutron -> 001 Proton->111

Eaxperimental Features
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K=8.6 GeV, 0’*=3.0 0 GeV%,x,=0.38, ©,=26.5° k'=2.15 GeV,0_,=—14.5°
Calo 13x16 Blocks at 1.5 meters Lu=0.74X 10" em™s™", 60 Hours

-PC=

Grenesb.e

K=11 GeV, 0*=9 GeV%,x,=0.6, 0,=30.23°k'=3 GeV,0,,,=—11°
Cale 13x16 Blocks at 3 meters Lu=2.97 X 10" em™s™", 400 Hours
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Measuring sPVeS.I and cPVeS I harmonic coefficients linked to
linear combinations of GPDs and of integrals of GPDs
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