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A complete picture of
nucleon structure requires
the measurement of all these
distributions




Exclusive reactions giving access to GPDs
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Exclusive reactions giving access to GPDs
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Properties and “virtues” of GPDs
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Quark angular momentum (Ji’s sum rule) _
Nucleon spin: ¥2= % AT + AL + AG
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Orbital angular momentum of the quarks AL ?



Deeply Virtual Compton Scattering and quark GPDs

C

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

At leading order
QCD, twist 2,
chiral-even (quark
helicity is
conserved), quark
sector
— 4 GPDs for
each quark flavor

conserve nucleon spin ~ Vector: H (x,§,t) Axial-Vector: H (x,E,0)

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



Accessing GPDs through DVCS

DVCS allows access to 4 complex GPDs-related quantities: Compton Form Factors (§,t)
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Sensitivity to CFFs of DVCS spin observables
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DVCS experiments worldwide
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JLab@6 GeV

Continuous
Electron
Beam
Accelerator
Facility

ngh resolutlon'
High Iumlnoslity (L~1037)
Limited coverage 5
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\H, .

flnal states
L~IO34 o~

* | .~200 mMA
* Polarization 85%
3 X 499 MHz operation \
« Simultaneous delivery to 3 halls ~
« Shutdown in May 2012




CLAS: unpolarized and beam-polarized cross sections
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* Largest kinematic
ever covered
* Two observables

extracted
—— BH —— VGG
......... KM10 --- KM10a

» Data taken in 2005, el-dvcs
» Beam energy ~ 5.75 GeV

» Beam polarization ~ 80%

* Target LH,

* Inner Calorimeter (IC)
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S. Pisano et al., PRD 91, 052014 (2015)

CLAS: DVCS on longitudinally polarized target

« Data taken in 2009, eg1-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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CLAS: DVCS on longitudinally polarized target

« Data taken in 2009, eg1-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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« This Work

4 CLAS 2006
HERMES 2010

.
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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 épepy

« Data taken in 2009, egl-dvcs DSA ~ Re{#;, f[p }
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DVCS on the proton in Hall A
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« Significant deviation from Bethe-Heitler
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Extraction of Compton Form Factors from DVCS observables

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

Re(#) = P [drlH(x.6.1) - H(-x,£,0)] € (x.8)
Re(E) = Pj;fiT[E( v,&,1) = E(=x,&,0)] €7 (x,8)
Re(71) = P delfl(x,&.0) + H(-.£.0)]C(x.2)

8CFF = Re(E)=P[ fE(r£0) + E(x 0] C(x,8)

Im(#H)=H(S.5.1)-H(=¢.S01)
Im(E) = E(&.5.1) - E(-5.5.1)
Im(H)=H(S.5.1)-H(-¢.6.1)
Im(E) = E(¢.S.1)- E(=¢.6.1)

1 l

with C*(x,&) = —+
X—g J+€_.,

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...




H,

Results for H,. and H, . from the fits of JLab 2015 data
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H,, has steeper t-slope than H,,,: the
axial charge (~Au-Ad) is more
“concentrated” than the electric
charge

R. Dupré, M. Guidal, S.Niccolai,
M. Vanderhaegen, arXiv: 1704.07330
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From CFFs to proton tomography
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ag = 0.36 £ 0.

06

ag = 1.07+0.26 GeV 2

« Integrated » radius from elastic
form factor F:

(b2 ) = 0.43 £ 0.01 fm?



Summary of proton-DVCS spin observables and GPDs extraction
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Proton and neutron GPDs (and CFFs) are
linear combinations of quark GPDs
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A combined analysis of DVCS observables for
proton and neutron targets is necessary to perform a
guark-flavor separation of the GPDs

DVCS on the neutron in Hall A
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Deeply virtual meson production and GPDs

Different mesons — different sensitivity to GPDs
H H

~

E E

' |

Vector mesons Pseudoscalar
(p, ®, ¢) mesons (m, 1)

N - (=4 \ N' 0 2AU+Ad
L n 2Au-Ad
Factorization proven only for
longitudinally polarized virtual photons pO 2u+d
w 2u-d
quark flavor decomposition /
accessible via meson production p* u-d

 Zie [ 1 O(2) dmas(QF) [T 1 1
AL__?(O & z ) Q /_1 dm{{m—ﬁ-l—ie+m+§—ie]F(m’§’t)}

Complications: effective scale in the hard scattering process, meson distribution amplitude



Deeply virtual meson production at CLAS

Vector mesons: exclusive p° o, ¢ and p* electroproduction on the proton with CLAS

K. Lukashin et al., Phys. Rev. C 63, 065205, 2001 (¢@4.2 GeV) el-b

C. Hadjidakis et al., Phys. Lett. B 605, 256-264, 2005 (p0@4.2 GeV) (1999)

L. Morand et al., Eur. Phys. J. A 24, 445-458, 2005 (0@5.75GeV)

J. Santoro et al., Phys. Rev. C 78, 025210, 2008 (4)@5.75 GeV) (200e11-26002)
S. Morrow et al., Eur. Phys. J. A 39, 5-31, 2009 (p0@5.7SGeV)

A. Fradi, Orsay Univ. PhD thesis (p*@5.75 GeV) } el(-z[égls()ls

Pseudoscalar mesons: exclusive n° and n electroproduction on the proton with CLAS

R. De Masi et al., Phys. Rev. C 77, 042201(R), 2008 (n°@5.75GeV)

K. Park et al., Phys. Rev. C 77, 015208, 2008 (" @5.75 GeV)
I. Bedlinskiy et al., Phys. Rev. Lett. 109 (2012) 112001; Phys. Rev. C 90, 039901 (2014) (n°@5.75GeV)

I. Bedlinskiy et al., Phys. Rev. C 95, 035202 (2017) (n@5.75GeV)
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Comparison between vector mesons (o, o, )
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Chiral-odd GPDs

» 4 chiral-odd GPDs (parton helicity flip)
» Difficult to access (helicity flip processes are suppressed)
» Chiral-odd GPDs are very little constrained

* Anomalous tensor magnetic moment:
+1

Kr = j dXET(x,f,t=O) ETIZHT‘l‘ET

-1
Link to the transversity distribution: H? (x,0,0) = hi’ (x)

Transverse Densities for u and d quarks in the nucleon
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Exclusive w® electroproduction
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» Goloskokov-Kroll
dmae .t « Liuti-Goldstein
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CLAS results. 46 —=
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Comparison ©t%n
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« Very little dependence on x, and Q?

e Chiral-odd GPD models predict this ratio
to be ~1/3 at CLAS kinematics

« Chiral-even GPD models predict this
ratio to be around 1 (at low —t)

Potentially one can perform flavor separation of
transversity GPDs combining n° and n
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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

- Sea/gluon region = Valence region ‘ = cryomodules
{1, ZEUS e
. O o
: O S C)QQ
S ST (N e
N [ N q
o o“ Ge o
3 AV Study of high xz domain
COMPASS > o S requires high luminosity
"""" I S\}) “‘.'(‘»6
; : J 4¢‘ —»I ““é// |
s ”.f’ L _ )
I S The 12-GeV upgrade is
Lo : well matched to studies in
llllllllllllllllllllllllllll I ] the Valence_quark regime
oL
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New capabilities in HallsA, B & C

e i

TRl
.;‘ ‘“il'-.-:’::.]l‘
v o I

'CLAS12: large acceptance

Igh um03|ty

GPDs 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

er | igh Momentum Spectrometer (SHMS)
at h|gh luminosity and forward angles M. Defurne and T. Horn will present Halls Aand C



Hall B@12 GeV:
CLAS12

Design luminosity
L ~10%° cmst

Region 3

Region 2 i

I 1 Region 1

Central

Acceptance for
P Detector

charged particles:
« Central (CD), 40°<0<135°
» Forward (FD), 5°<6<40°

==
Acceptance for photons: SVT : \ aﬁ'

» Forward tagger T 2°<0<5° : E

CTOF

* EC, 5%<0<40°

Solenoid “ » ~ ;
High luminosity & large h i I

acceptance: HTCC 7‘1- _
Concurrent measurement ‘
of deeply virtual exclusive,
semi-inclusive,
and inclusive processes

+FT, CND, MM, RICH Il Lree ' £
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DVCS BSA and TSA with 8 pe— 205
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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
1< Q? < 10 GeV?, 0.06 <xz< 0.66, -t . < -t< 1.5 GeV?

Projections for Q2=2.5 GeV?, xp= 0.2 nPﬁr*oJecﬂons for Q2=2.5 GeV?2, x5 = 0.2
e [T ) i 14
*'-'EDGA '_EP _}ep‘flﬂﬁs < 05 ' :M “
L - 45 0
i s Transverse-target o4t b s 0s
02 1f 2 ii ¥ spin asymmetry : ;E .
! + N EEM Erfs for p-DVCS is - ] Oo os
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Aos 46 - Yos 0
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I : 0r
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_ 1
Aow | IEZ) Im {9y, ) roy | ED) Re{9H, E,)
J_Lab_ PAC: Proposal conditionally approved by PAC39
high-impact Tests on HDIce target are ongoing

experiment
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From CFFs to spatial densities
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E12-11-003: BSA for DVCS on the neutron with CLAS12

(H,E), (&, &) = /5[4 ), (&) —(H,E), (f,f,t)] Aoy ~ sing Im{F #+ E(F+F,)H -kF,E}dd
(H,E), (&, & 1) = /5[4 E). (&,& ) —(H, )p((s,g,t)] The most sensitive observable to the GPD E

0 t 1.2 First-time measurement
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E12-11-003: BSA for DVCS on the neutron with CLAS12

0.7

(H,E),(&,&,1) = /5 [a(H,E),(&.e)-(H,E) (&.&0]  ASLu™ sing Im{F, 9+ &(F,+F,)H -kF,E}dd
(H,E), (& &) = /5[4 E). (&,&,1)—(H, )p(g,g,t)] The most sensitive observable to the GPD E
0 1.2 First-time measurement
ed— e(p)ny < 10—
CLAS12 + 3 4 °
Forward Calorimeter + o 1. ,
Neutron Detector ~ © | | A | |
g e |
80 days of data taking . B ""H%qﬁ ‘w w [ w ”W + HH ++MH H‘
L = 10%° cm~2s7!/nucleon m | g + “ H
1 - ;
Model predictions (VGG) 6 y + ._ |
for different values of )
quarks’ angular momentum 5 T M MWMW I :
0.15 :]]L;?-', ‘\]]‘:z]i 4 | n w**“"nHW“MWHﬂﬁ*ﬁfw ++H{*HH~+~ m { +HHHHH+ HHHHHHH Hi

0.1; + } + L . | . . g
"o * L ' :: : :

- I I 1 i t f l t i ) 3| A1 ﬁ#*: W““‘"‘“«w‘““qﬁ ._.w+di++,.,+w+.w+. Hwh ;+ W{ it _.HHHHH“;H H{
- SRR w =T P
Ioadm3 Attt i JLab PAC:
e e S e 0.4 0.2 0.3 0.4 high-impact

experiment ,



E12-06-109a: nDVCS, target-spin asymmetry

* 12 binsin @
(Same as E12-11-003) ‘/‘"\*
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E12-06-109a: nDVCS, double spin asymmetry
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Combined analysis of all nNDVCS CLAS12 projections
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DVCS on the nucleon: past, present, future

Observable Target Sensitivity Completed 12-GeV
(target) o CFFs ex periments expernments

ATpeamip) | Unpolanzed hydrogen FmH, Hall A, CLAS Hall A. CLAS12 Hall C
BSAip) Unpolanzed hydrogen FmH, HERMES, CLAS CLAS12
TSA(p) Long. pol. NH3 FJmH,, SmH,, | HERMES, CLAS CLAS12
DSA(p) Long. pol. NH3 heH,, WeH, | HERMES, CLAS CLASI12
tTSA(p) Transv. pol. protons JmH,y, Smey HERMES CLAS12

AT peamin) | Unpolanzed deuterium amé, Hall A
B5Ain) | Unpolanzed deuterium Sméy, CLAS12
TSA(n) Long. pol. ND3 JmH, CLAS1? |
DSA(n) Long. pol. ND3 Re'H CLAS12

+ Timelike Compton Scattering @ CLAS12, DDVCS (SOLID? CLAS12?)...




CLAS12: projections for flavor separation (Im#; ImE)

(H,E),(£.£.0) = % [4(H E), (£,£,0)—(H,E),(&,&.1)]
(H,E)g(£.£,0)= % [a(H,
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DVMP @ CLAS12: exclusive ¢ electroproduction
dﬁ'g-"'dtg (v pegq) p)
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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 from DVCS:
v’ valence quarks are concentrated in its center, sea quarks at its perifery
v’ axial charge more concentrated than the electric one

v" Things are more complicate for DVMP: unexplained low-W behavior for light vector mesons,
transversity GPDs dominance for pseudo-scalars

— The 12-GeV-upgraded JLab is the only facility to perform GPD experiments in the valence
region, for Q% up to 11 GeV

— DVCS and DVMP experiments on both proton and neutron (pol. and unpol.) are planned for
3 of the 4 Halls at JLab@12 GeV: quarks’ spatial densities, flavor separation, quarks’
orbital angular momentum, gluon densities,...



