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Electron-proton scattering to study nucleon structure

Form factors:
transverse quark
distribution in
coordinate space

“

GPDs: H, E, H, E
Fully correlated quark

distributions in both coordinate

and momentum Space

>

JH(xEt)dx = F,(t) vo

Accessible in
hard exclusive processes

JE(xEt)dx = Fy(t) vy

Parton distributions:
longitudinal
guark distribution
In momentum space

H(x,0,0) = q(x),
H(x,0,0) = Aq(x)



Deeply Virtual Compton Scattering and GPDs

o Q2: - (e_ea)Z

*Xg = Q)2Mv v=E.-E,

* X+, x-§ longitudinal momentum fractions
- t=(p-p’)

* & = Xp/(2-Xg)

At leading order, leading twist, chiral-even,
p’ quark sector
— 4 GPDs for each quark flavor

conserve nucleon spin

« Handbag » factorization valid _ ~
in the Bjorken regime: Vector: H (x,E,t) Axial-Vector: H (x,E,t)

high Q?, v (fixed Xg), t<<Q? Tensor: E (x,5t)  Pseudoscalar: E (x& )

flip nucleon spin

Quark angular momentum (Ji’s sum rule)

3 :%—JG: %ilxdx[HQ(x,a,owEQ(x,a,O)]

X. Ji, Phy.Rev.Lett.78,610(1997)



Longitudinal

Transverse momentum

momentum \\ .

Impact
parameter ‘

o, &, k3 kALt

Thanksto C. Lorcé

Interplay between parton distributions
and reaction channels




Accessing GPDs through DVCS
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Sensitivity to GPDs of DVCS spin observables

2o (La . 1 1
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Imat, =72 [HY(£,6,8) - H (-&,&,0)] eptoni e

hadronic ‘4
plane
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Proton Neutron

Polarized beam, unpolarized target: iy
Ao, ~ sind IM{Fy 0+ E(F+F ) H -KF,E}do Im{FHp, Tl B}
\m{H,, H,, E}
Unpolarized bearrl: longitudinal target: |m{ ~ }
AGy ~ SINOIMEF TERE(F +Fo) (I + Xl 2E) —EKF, £+ }dp [ >
Im{ﬂn, E,, Eo}
Polarized beam, longitudinal target: Re { | }

A, | ~ (A+Bcosh)Re{F,H+E(F+F,) (4 + Xg/2E). .. Ydb :>Re{ H> o
n? n’ n

Unpolarized beam, transverse target: Im {}[‘ E }
]

Aoyt~ singIm{k(F,7 — F1E) + ... }dd :> Img }[p}
n



DVCS experiments worldwide
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JLab@6 GeV

* Polarization 85%
3 X 499 MHz operation

Continuous
Electron
Beam
Accelerator
Facility

« Simultaneous delivery to 3 halls —

» Shutdown in May 2012
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DVCS @ CLAS: first pioneering results

NON-DEDICATED experiments

[EP=ePX. s stcpanyan ctal, PRL87 (2001 s cronetal, prLs7 oo0s) [N
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A(d) = asind + Bsin2d BSA, BCAand TSA (T & L) at HERMES:

handbag dominance confirmed

B/a<< 1 — twist-2 (handbag) dominance

Low statistics
Limited kinematics
Uncertainties on determination of epy final state



Hall A (JLab): first dedicated DVCS experiment

ep—eyX Polarized cross

section difference
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Q2 evolution— evidence for scaling

(small Q? range)
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Limited phase space



The CLAS el-DVCS experiment

Part 1 of the e1-DVCS experiment:
« Data taken in the spring 2005
» Beam energy ~ 5.75 GeV
« Beam polarization ~ 80%
* Target LH,
(More data taken in 2008, under analysis)
a(t)

BSA ~ Im{4£,, 7, E,}
— 02 f
= ., 020<%<030 p_) epy 0

0F s« 0

Added to the standard CLAS §
v’ Solenoid magnet + s
v IC (inner calorimeter):
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+ APD readout
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F.X. Girod et al., PRL 100, 162002 (2008)
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CLASel : DVCS tI
el-aVvCs. Cross sections
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CLAS el-dvcs: DVCS cross section differences
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Extraction of Compton Form Factors from DVCS observables

Re(H) = P j;dT[H(.T, £0) = H(—x,&.0]C* (x, &)
Re(E) = Pj;cir[E( v,&,0) - E(=x,&,0] 07 (x,€)
Re(#) = P j; e[ (v, &.0) + F(ox,&,0)| 0 (x, 2)

BCFF = Re() = P[asfE(r. 0+ B 20 c(x.0)
Im(H) = H(£,£,1) - H(-£,£.1)
Im(E)=E(&,¢1)-E(-¢.8.1)

Im(H) = H(£,£,0) - H(-£,.1)

Im(E) = E(£,,0) - E(-&.6.1)

1 N 1

—§_x+§

with C*(x,&) =
X

M. Guidal: Model-independent fit, at fixed Q?, xg and t of DVCS observables
8 unknowns (the CFFs), non-linear problem, strong correlations

Bounding the domain of variation of the CFFs with model (5xVGG)

M. Guidal, Eur. Phys. J. A 37 (2008) 319



Extraction of CFF from CLAS DVCS pol. and unpol. cross sections
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The CLAS egl-dvcs experiment epoepy

Electromagnetic » Data taken from February to September 2009
Calorimeters * Beam energy ~5.9 GeV

nner « CLAS + IC to detect forward photons
Calorimeter » Target: longitudinally polarized NH,
(polarization ~80%)

L
L
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S
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° Beam <,

= prd Pipe

: '_l i 5
N \ Beam Position 3
ﬁ‘ Monitor 25
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Drift Chambers e

Beam Direction

—__ Cerenkov
Counters

-t(GeVie)
=

¥ TOF Scintillators 14
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Calorimeters ‘

Analysis by:

E. Seder, U Connecticut
S. Pisano, INFNFR o
A. Biselli, Fairfield U . 2_ :

S. Niccolai, IPNO 5 Q“-xg bins

* 4 tbins
02/06/2009 .
Also: ongoing BSA and TSA for nDVCS , « 10 ¢ bins

(D. Sokhan, Glasgow U)




Beam-spin asymmetry from the CLAS egl-dvcs data
Fit: aLUS|n¢/(1+Bcos¢)
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Beam-spin asymmetry from the CLAS egl-dvcs data
Fit: o sing/(1+Bcosd) . oy~ Im{7}
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Target-spin asymmetry from the CLAS egl-dvcs data
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http://arxiv.org/abs/arXiv:1410.6615

Target-spin asymmetry from the CLAS egl-dvcs data
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Double-spin asymmetry from the CLAS egl-dvcs data
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Double-spin asymmetry from the CLAS egl-dvcs data
Fit: (KLL+kLLcos¢)/(1+Bcos¢)
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Extraction of CFF from
DVCS TSA, BSA, DSA
(CLAS egl-dvcs)

Im# _has steeper t-slope than
Img/: is axial charge more
“concentrated” than the
electromagnetic charge?

Some sensitivity to Re#, ReE
but with big uncertainties

CFFs fitting code by M. Guidal

_CFF

— CFF

<Q% = 1.52 (GeV/c)*
X > = 0.179

<Q% = 2.41 (GeV/c)
X > = (0.255

L

<Q% = 3.31 (GeV/c)
X > = 0.453

CFF

£ <x>=0255

LU

<Q> = 1.97 (GeV/c)

25 <x > =0.345

<Q* = 2.6 (GeV/c)

_+_ Im{H), fit to present data
_+_ Im(H), fit to present data
_E*’_ Im{H), fit to [12] and [14]
_"1:_ Im(H), fit to [12] and [14]

[12] CLAS BSA (Girod et al.)
[14] CLAS TSA (Chen et al.)
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“He spin 0 nucleus, at twist-2 only one CFF in DVCS BSA
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0.2 =
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DVCS on nuclei: the CLAS eg6 experlment

* Data taken in the fall 2009

* Setup: CLAS+IC+RTPC+#*He target

* Beam energy ~6.065 GeV

* Goals: coherent and incoherent DVCS
* Nuclear GPDs, EMC effect

0o() Fa(t) SM[F 4]

Radial
Time
Projection
Chamber

Work by M. Hattawy, IPNO
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DVCS on the proton in Hall A

BH
|

} N Results from E00-110

0.02— beam helicity-dependent

< C. Munoz-Camacho et. al., PRL 97, 262002 (2006)
5 0 s $ 1 (

% Well described by Significant deviation from Bethe-Heitler:

O -0.02— ; : PR

3 leading-twist contribution _~| Both I(BH-DVCS) and |DVCS|? contribute

» 01 ¢ beam helicity-independen to the cross section

§ j ty P t \ )
)

(7]
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>

(]

0.05 )
[BH+DVCSP |
[

DVCS
[ 9
! ep—=epy= + +
O 80 180 270 360 o 4£~ .
(a) (b (c)

o= |BH|*+ I(BH -DVCS) +

~E§

Beam-energy separation
at constant Q2, xg and t:
experiment E07-007




EQ7-007: Rosenbluth-like separation of DVCS

|  Ebeam=3.355GeV x=0.36 Q2=1.5GeV*2 |

8 F _  Electron acceptance checks using DIS data
s "' DIS cross-section vs run number
€95 ] ] o
£, » Working on final global normalizations
3 (multi-tracks, dead-time, radiative
sE 5% around expected DIS c.s. corrections)
7.5;—
oS M. Defurne, CEA Saclay ep — eyX missing mass squared
O %970 8980 Ges0 9000 9010 9020 9030 o
runnumber >
o ESOO-O
» Data taken in late 2010 2 - Raw data
> Release of preliminary results 4000

expected in the next few months

3000

2000

3 kinematic points:

%alllll
é

xg=0.36, Q?=1.5, 1.75, 2.0 GeV? 1000
5binsint A Accidentals
2 beam energies per pOint O e g s

M2 (GeV?)

Analysis underway (A. Marti, IPNO & Valencia U)
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DVCS on the neutron in Hall A

M. Mazouz et al., PRL 99 (2007) 242501

IE
IE— —a— This experiment
= J,=-0.4
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OF i f ; ¥ { =SS
o | ucs
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C. Desnault, IPNO

» E08-025: Beam-energy « Rosenbluth »
separation off the neutron using an LD?2 target

Important contribution of [DVCS|? term
expected in unpolarized cross section

Data taken in fall 2010 concurrently with E07-007
Q2=1.75 GeV?, x3=0.36

E08-025, analysis ongoing:
Calibrations completed

Exclusive data isolated

Cross section extraction underway
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.Jl_ab upgrade to 12 GeV Continuous

Electron
Beam
E=2.2,4.4, 6.6, Add new Accelerator
8.8, 11 GeV hall Facility
Beam polarization
P, > 80%
Add arc
20 cryomodules

Add 5
cryomodules

Upgrade of the
U Instrumentation of
the 3 existing Halls



Kinematic coverage for the 12-GeV upgrade

- Sea/gluon  Valence ‘

region reglon Study of high xg domain
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New capabilities in HallsA, B & C

ji -
il

‘|li|;1:u.lll
v

igh luminosity

'CLAS12: large acceptance,

DVCS experiments at 11 GeV have been
approved for each of these three halls.
Complementary programs:

» different kinematic coverage

« different precisions/resolutions

» focus on different observables

2r'High Momentum Spectrometer (SHMS)
at hlgh luminosity and forward angles



E12-06-114: DVCS at 11 GeV in Hall A

» Absolute cross-section measurements

» Test of scaling: Q? dependence of do at fixed Xp;

* Increased kinematical coverage

JLab12 with 3, 4, 5 pass beam (6.6, 8.8, 11.0 GeV)
| DVCS measurements in Hall A/JLab I

W?<4 GeV?
Unphysical with E__<11 GeV
[ ] Ewen=66GeVv
[ ] Epan=88GeV
[ ] Euan= 11.0GeV

NG :
[ ] Epwen=5.75GeV

001 82 0.3 0.4 05 0.6 6?/”6:6"6'.9”;(”'
Bj
JLab @ 6 GeV

Scattering PbF2
chamber calorimeter

L-HRS

1stexperiment to run after
the 12-GeV upgrade

Startin 2014
for 1 year of data taking
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CLAS12: p-DVCS transverse target-spin asymmetry

100 days of beam time
Beam pol. = 80% ; target pol. (HDIce) = 60% ; Luminosity = 5x1033 cm=s!
1< Q?< 10 GeV?, 0.06 <xg< 0.66, -t; < -t < 1.5 GeV?

ijecﬂans for Q2=2.5 GeV?, x;= 0.2 PY‘GJEC*TOHS for Q2=2.5 GeV?, x;= 0.2
- w0
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Work by M. Guidal

Projections for CLAS12 for H,,,
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From CFFs to spatial densities

How to go from momentum coordinates (t)
to space-time coordinates (b) ?
(M. Guidal, H. Moutarde, M. Vanderhagen,
Rept.Prog.Phys. 76 (2013) 066202)

Him(§, 1) = H(§,8.1) — H(—§,8.1)

Applying a model-dependent “deskewing” factor:

H(2.0,1)
H(E, & ¢

2

© dA, )
Hx.b.) :f Ay Jo(biAL) H(x,0, —A2)
i
Burkardt (2000)

b (fm)

Projections for CLAS12



BSA for DVCS on the neutron with CLAS12
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BSA for DVCS on the neutron with CLAS12
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Timelike Compton Scattering with CLAS12
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E12-13-010: DVCS at 11 GeV In Hall C

* Energy separation of the DVCS cross section

 Higher Q% measurement of higher twist contributions

* Low-xg extension (thanks to sweeping magnet)

Sweeping
magnet

1116-block PbWO,
calorimeter

12

Q? (GeV?)

Q? vs x; coverage in Halls A and C

-Hall C 11 GeV
_Hall C 8.8 GeV
—Hall C 6.6 GeV

' Hall A 6.6 GeV
-Hall A 5.75

Xg

Tentative running:
~2019-20




Summary

» GPDs are a unique tool to explore the internal landscape of the nucleon:
« 3D quark/gluon imaging of the nucleon
« orbital angular momentum carried by quarks

» Their extraction from experimental data is very difficult:
» there are 4 GPDs for each quark flavor
* they depend on 3 variables, only two (&, t) experimentally accessible
» they appear as integrals in cross sections

» Recently-developed fitting methods allow to extract CFFs from DVCS observables
» \We need to measure several p-DVCS and n-DVCS observables over a wide phase space

» A wealth of new results on various DVCS observables is coming from recent CLAS and
Hall-A experiments (on the proton, deuterium and “He targets)

» The 12-GeV-upgraded JLab will be the only facility to perform DVCS experiments in the
valence region, for Q2 up to 11 GeV

» DVCS experiments on both proton and deuterium targets (polarized and unpolarized)
are planned for 3 of the 4 Halls at JLab@12 GeV



