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* Interest of GPDs

* GPDs and Deeply Virtual Compton Scattering

* New DVCS results from Jefferson Lab
* The JLab 12 GeV upgrade

 Future JLab experiments on DVCS
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Electron-nucleon scattering to study nucleon structure

Electrons are structureless and interact only electromagnetically

»1950: Elastic scattering ep—e’p’ (Hofstadter, Nobel prize 1961)

* The proton is not a point-like object
v (t=Q%) « Measurement of charge and current
distributions of the proton: form factors

/-\ (F4 (1), F5(1))
p p’

»1967: Deep inelastic scattering (DIS) ep—e’X
(Friedman, Kendall, Taylor, Nobel prize 1990)

» Discovery of the quarks (or “partons”)
v*(Q%)  « Measurement of the momentum and spin
distributions of the partons: q(x), Ag(x)
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Electron-proton scattering: yesterday
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Form factors: ﬁ

transverse quark Parton distributions:
longitudinal
guark distribution
In momentum space

distribution in
coordinate space




Electron-proton scattering: today
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GPDs: H, E, H, E
Fully correlated quark
distributions in both coordinate
and momentum space

Form factors:
transverse quark
distribution in
coordinate space

Parton distributions:
longitudinal
guark distribution
In momentum space
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Accessible in
hard exclusive processes

I H(x,E,t)dx = Fy(t) v o High Q? Final state known H(x,0,0) = g(x),
JEXEt)dx = Fy(t) vo H(x,0,0) = Aq(x)



Deeply Virtual Compton Scattering and GPDs

€ « Q%= - (e-¢’)?

*Xg = Q%2Mv v=E-E..

* x+&, x-§ longitudinal momentum fractions
*t=A?=(p-p)’

* & = Xg/(2-Xg)

« Handbag » factorization valid
in the Bjorken regime:
high Q?, v (fixed xg), t<<Q?

GPDs: Fourier
transforms of non-
local, non-
diagonal QCD

N N B - operators

At leading order QCD,

<«— twist 2, chiral-even (quark

_ _ helicity is conserved),

E H E quark sector

— 4 GPDs for each
quark flavor

conserve nucleon spin  Vector: H (x,§,t) Axial-Vector: H (x,§,1)

flip nucleon spin Tensor: E (x,§,t) Pseudoscalar: E (X,E,1)



Properties and “virtues” of GPDs

—_

[H(x, & thx=F(t) V&
[E(x,&tix=F,(t) v¢ H (x,0,0) = q(x)
- — Link with FFs - — Forward limit: PDFs
_H(X,f,t)dX=GA(t) V¢ H(x,0,0) = Aq(X)| (not for E, E)
[E(x, & tdx=G,(t) V& -
- Pﬁd valence
Nucleon tomography (e -
© d?A — 17 ~ |t r
q(x,b,) = | ——Le"" H(x,0,—A%) s | \
] !(2;;)2 Y - —— § |
ongitud.
TAdEA L s
AQ(x,b,) = | —=e"" H (x,0,-A y ___,,, - /
0= [ e o) L
M. Burkardt, PRD 62, 71503 (2000) x<0.1 x~03 x~038

Quark angular momentum (Ji’s sum rule) _
Nucleon spin: 2= % AT + AL + AG

1 1

~ [ xdx(H(x,&t=0)+E(x,&,t=0))=J =~ AZ4(AL) J

2™ 2 Intrinsic spin of the quarks AX = 25%
X. Ji, Phy.Rev.Lett.78,610(1997) Intrinsic spin on the gluons AG = 0 (??)

Orbital angular momentum of the quarks AL ?



Accessing GPDs through DVCS

DVCS allows access to 4 complex GPDs-related quantities: Compton Form Factors (§,t)

Toves _ A IX £ i 7GPDS(+E, &,1) + Only € and t are accessible
A\ B 2 experimentally

Re}[q=85PT<HQ(X,§J)—Hq(—X,f,t){ - }dx Imst, = e} [H(&,&,1) ~H (=&, 1)

E-X &+X
DVCS Bethe-Heitler (BH)
| |
2
T~ T T BH is calculable
o(eN—eNy) = + + (electromagnetic FFs)
O O O

o~ ‘T EA ‘2 — Re(CFFs) (also DSA)
Ao =o' —o o |(DVCS - BH ) — Im(CFFs) )m@@"'r'ﬁ
Ac |(DVCS -BH ) leptonic plane _,

= oC hadronic ‘&

20 |BH|" +|DVCS/" +1 plane




Sensitivity to CFFs of DVCS spin observables

+ p—
o' —o unp(U in¢ -
ALU o) = oc Twist-2

G+ to CO unp+CO unp+ (Cl unp+C1unp) COS¢ approximation

_ . (-t<<Q?)
c'+to —o -o o COLP+COLP+(01LPCOS¢

A= G+ T HOT 0T CanChuny t (Coong + Cuny) COS &
(&= Xg/(2-Xg)  k=-1/4M?) Proton  Neutron
Polarized beam, unpolarized target: |m{}[~ y’_‘[ E }

slunp sing Im{F,H + Q(F1+F2)5L[ KF,Z} Im{}[ j? E }
n’ n’ N

Unpolarized beam, longitudinal target: Im{ H. i’[
sy u~ SINOIM{F HHE(F,+F,) (4 + Xg/2E) —EKF, £+...} :> Uy p}

Im{HH,, .}
Polarized beam, Iongitudiﬂal target: Re{‘H. ]T[
c',Lp ~ (A+Bcosd)Re{F HHE(F+F,)(H + Xg/2E)... } :> Ri { }2- q?}}
) N

Unpolarized beam, transverse target: |
. m{¥H,, E.}
Acyr ~ cosdsin(ds—¢)IM{K(F, — F,E) +... } :>| - }[p}
n



DVCS experiments worldwide
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JLAB N N
i & XQ@
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o S. Stepanyan et al., PRL 87 (2001) C.M. Camacho et al., PRL 97 (2006)
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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

ngh resolutlon
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CLAS: unpolarized and beam-polarized cross sections

-t=0.204 GeV2
H

-t=0.262 GeV? -t=0.448 GeV?

cp—Epy

Q%=2.78 GeV?
x=0.335

=]
-
I

A(d'c) (nb/GeV"™)

!

0.1

F,)# -kF,

H.S. Jo et al.,
arXiv:1504.02009,
submitted to PRL

* Largest kinematic
ever covered

» Two observables
extracted

—— BH — V66
.......... KM10 --- KMI10a

» Data taken in 2005, e1-dvcs
* Beam energy ~ 5.75 GeV
 Beam polarization ~ 80%

* Target LH,

* Inner Calorimeter (IC)

21 Q%-xg bins, 9t
bins, 24 ¢ bins

. . . . 1 N L
0 50 100 150 200 250 300 350 50 100 150 200 250 300 350 5

0 100 150 200 250

KM10a model fits
Hall A 2006 data using
« anomalous » H

d (degq)



http://arxiv.org/abs/arXiv:1504.02009
http://arxiv.org/abs/arXiv:1504.02009

Extraction of Compton Form Factors from DVCS observables

GPDs cannot directly be extracted from DVCS observables, one can access
Compton Form Factors:

Re(7) = P[ dr{H(x,2.1)~ H(-x,£.0]C* (x.8)
Re(E) = PE;{T[E( v,&,1) = E(=x,&,1)] € (x,€)
Re( ) = P[[ delfi(x.£.0)+ H(=x,£.1)|C"(x,)

8CFF = Re(£) - P[ asfE(x. 0+ E(x 0] (x.2)
Im(#H) = H(E,&.1) - H(-£,£,1)
Im(E) = E(&,&,1)— E(~£,£.1)
Im(H) = H(£,£,0) - H(-£,.1)
Im(E) = E(&,.0)- E(-&.6.1)
1 1

with C*(x,&) = ——+——
X—g X+4g

M. Guidal: Model-independent fit, at fixed Q?, xg and t of DVCS observables
8 parameters (the CFFs), loosely bound (+/- 5 x VGG prediction)
M. Guidal, Eur. Phys. J. A 37 (2008) 319 & many other papers...



Extraction of CFFs from eldvcs pol. and unpol. cross sections

[Q*=1.11 GeV?, x =0.126] [Q*=1.63 GeV?, x=0.185] [@%=2.23 GeV?, x=0.335] _ _
6 E T A=530 £0.95F T A=4.98 T056 F A1 125 CFFfits by M. Guidal
c :_ ---- b=4.25 +0.98 ---- b=3.03 + 0.55 ---- b=1.04 + 3.68 (H and H on|y)
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E3F 3 3
: P P e e
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Q% (GeV/e)*

-t (GeV/c)

CLAS: DVCS on longitudinally polarized target

» Data taken in 2009, egl-dvcs
* Beam energy ~5.9 GeV

* CLAS + IC to detect forward photons
» Target: longitudinally polarized NH; (P~80%)

+ 3 DVCS observables
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Beam asymmetry

* 5 Q?-Xg bins
* 4 tbins
10 ¢ bins

E. Seder et al., PRL 114 (2015) 032001
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Q% (GeV/e)*

-t (GeV/c)

CLAS: DVCS on longitudinally polarized target

» Data taken in 2009, egl-dvcs

* Beam energy ~5.9 GeV

* CLAS + IC to detect forward photons
» Target: longitudinally polarized NH; (P~80%)

+ 3 DVCS observables
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10 ¢ bins

E. Seder et al., PRL 114 (2015) 032001
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« This Work

4 CLAS 2006
HERMES 2010

.

CLAS: <Q2>= 2.4 (GeV/c)?, <xg>= 0.31

SN
t (GeV/c)

HERMES: <Q?>= 2.459 (GeV/c)?, <xg>= 0.096
CLAS2006: <Q>>= 1.82 (GeV/c)?, <xg>= 0.28

 Improved statistics x10 at low —t
» Extended kinematic coverage



CLAS: DVCS on longitudinally polarized target

» Data taken in 2009, egl-dvcs
* Beam energy ~5.9 GeV

* CLAS + IC to detect forward photons
» Target: longitudinally polarized NH; (P~80%)

+ 3 DVCS observables
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Beam asymmetry

10 ¢ bins

E. Seder et al., PRL 114 (2015) 032001
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Extraction of CFFs from 5: <Q™> = 1.52 (GeV/cy’ 5‘ <Q*> =1.97 (GeV/c)’
eg]_-dvcs TSA, BSA, DSA £ < =0179 E <xg>=0.255
CFFsfitting code by M. Guidal ‘ I |_ HJ
(7 CFFs included in the fit) CEgt : H { =
Img{ has steeper t-slope than B l l 1= :
Img{: is axial charge more z F Q I'=41I(G Iw }l :_vaﬂw
iy <l = L. ' B “or <)== .1 ! B
“concentrated-” than the S ; _ 0255 o SE q; _ 0,345 e
electromagnetic charge? 3 E
— PROTON TOMOGRAPHY sE | -1
r d ZA i -~ !:..'E:— - :
sab) - [ERe Aoy L i
0 (272-) ol - ]
_[H(x,g,t)dx “R(t) XP o SIE <Q> =331 (GeVic)
_ b e osf- XK= = 0.453 _+_ Im({H]}, fit to present data
.[ H (X’ g’t)jx - GA(t) V’;% \\?\\X ::'r'f_ _+_ Im(H), fit to present data
® ”'_ o
" —8— Im(H), fit to [12] and [14]
_ C { _"l— Im(H), fit to [12] and [14]
S. Pisano et al., PRD 91, 052014 (2015) 'F
af [12] CLAS BSA (Girod et al.)
S N T T [14] CLAS TSA (Chen et al.)




H,(Re, Im)

DVCS on nuclei: the CLAS egb6 experiment

 Data taken in the fall 2009
* CLAS+IC+RTPC+*He target; E~6.065 GeV
» Coherent and incoherent DVCS: nuclear GPDs, EMC effect

“He is a spin-0 nucleus: at twist-2 only one CFF in DVCS BSA
to(9) Fa(t) SM[FH 4]

AL () =
2 2 ~ 2
o1 (9) F (0)+ i (0) FA®) REH s |+ a3 () Re[H 1| + a3 () SM[3H,
2 D‘B: : : : |
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- ] 1 » High —t: the two asymmetries tend to become compatible
-20
0.06 0.08 01 0‘12‘ 0.14 0.16 0.18 0.2




d*o [nb/GeV"]

A [nb/GeV’]

- Bethe-Heitler

0.04

0.02

-0.02

-0.04

¢ |deg]

Beam-energy separation
at constant Q?, xg and t:
experiment E07-007
(Analysis ongoing)

DVCS on the proton in Hall A

Results from E00-110
M. Defurne et. al., arXiv 1504.05453 (2015)

« Significant deviation from Bethe-Heitler (BH)
« Both 7(BH-DVCS) and DVCS? contribute to the cross section
* Twist-4 corrections (TMC) may be necessary to fully describe data

DVCS BH

e [T L




DVCS on the neut

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

) r

Im(C

3F
a IE— —a— This experiment
= J,=-0.4
1| S _{ J=-0.6
= R U [N M| |
']5 i i F f { = ..I:=1.I.£
S T | uzs
2F -~~~ S.Ahmadetal, PR D75 (2007) 094003 1 o
4E —— VGG, PR D60 (1999) 094017
-42_ 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0.5 0.45 0.4 0.35 0.3 0.25 0.2 0.15 0.1

t (GeV?)

Proton and neutron GPDs (and CFFs) are
linear combinations of quark GPDs

1

o1, (&)= S, (E 591, ()
I,(60) =5 9,(E0+ 596, (E0)

A combined analysis of DVCS observables for
proton and neutron targets is necessary to
perform a quark-flavor separation of the GPDs

ron in Hall A

Aoy~ sing Im{F,# + E(F,+F,)# -kF,E}

% [ xa(H(x.&t=0)+E(x &t =0) =]

» E03-106: First-time measurement of Ac, , for
NDVCS, model-dependent extraction of J,, J4

» E08-025: Beam-energy « Rosenbluth »
separation of nDVCS CS using an LD2 target
» Data taken in fall 2010 concurrently with
E07-007, analysis ongoing
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JLab upgrade to 12 GeV

E=2.2,4.4, 6.6,8.8, 11 GeV
for the Halls A, B, C

Beam polarization > 80%

Upgrade completed in 2014
20 cryomodules

Add 5
cryomodules

Study of high xg domain
requires high luminosity

Q (GeV)

The 12-GeV upgrade is
I well matched to studies in
the valence-quark regime




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

Scattering PbF2
L-HRS chamber calorimeter
(] w<a cev? 1stexperiment to run after

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

] [ Buen=575Gev Started in fall 2014,
0.1 02 0.3 0.4 05 0.6 07 0.8 0.9, to be continued in
B 2015-2016

the 12-GeV upgrade

JLab @ 6 GeV



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
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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?

ijar:.‘l‘fons for Q2=2.5 GeV?, x;= 0.2 PY‘GJEC*TOHS for Q2=2.5 GeV?, x;= 0.2
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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



E12-11-003: BSA for DVCS on the neutron with CLAS12
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E12-11-003: BSA for DVCS on the neutron with CLAS12
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DVCS: global view

Observable Target Sensitiv ity Completed 12-GeV
(target) to CFFs experiments experiments
ATpeamip) | Unpolanzed hydrogen JmH, Hall A, CLAS Hall A, CLAS12,Hall C
BSA(p) Unpolarized hydrogen JmH, HERMES, CLAS CLAS12
TSA(p) Long. pol. NH3 JmH,. SmH,, | HERMES, CLAS CLAS12
DSA(p) Long. pol. NH3 H{-HF. ReH, | HERMES, CLAS CLAS12
tTSA(p) Transv. pol. protons ImH,, ImE, HEEMES CLASI12
ATpeamin) | Unpolanzed deuterium Fmé, Hall A
B5Ain) | Unpolanzed deuterium Imé, CLASI12
TSAin) Long. pol. ND3 SmH, PR12-15-004
DSAin) Long. pol. ND3 ReH,, PR12-15-004
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Conclusions

» GPDs are a unique tool to explore the internal dynamics 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 via DVCS

v" Recently-developed fitting methods allow to extract CFFs from DVCS observables. Need to
measure several p-DVCS and n-DVCS observables over a wide phase space

v 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)

v First tomographic interpretations of the quarks in the proton:
v’ valence quarks are concentrated in its center, sea quarks at its perifery
v’ axial charge more concentrated than the electric one

— 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: quarks’ spatial densities, quark-flavor
separation, quarks’ orbital angular momentum...

— Beyond DVCS: double DVCS (x dependence), TCS, exclusive meson production, ...



