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Introduction




A full knowledge of the nucleon
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Images of the nucleon

Wigner function:
full phase space parton
distribution of the nucleon
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Images of the nucleon

Wigner function:
full phase space parton
distribution of the nucleon
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Generalised Parton Distributions

Wigner function:
full phase space parton
distribution of the nucleon

/s
P [d*k,

Generalised Parton
Distributions (GPDs)

- relate, in the infinite momentum frame, *, -]
transverse position of partons (bi) to their

longitudinal momentum (x):
tomography of the nucleon.
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% Deep exclusive reactions, e.g.: Deeply Virtual Compton Scattering (talk by C.
Munoz Camacho), Deeply Virtual Meson Production (talks: T. Horn, C. Van Hulse,

F. Sabatié), ...



GPDs and DVCS

*kDeeply Virtual Compton Scattering: golden channel for the extraction of

GPDs.
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Xp
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%k At high exchanged Q° and low t access to
four GPDs: ~ ~
Fi FE1 H1 Hi(x,&,t)

%k Can be related to PDFs:

H(z,0,0) = q(x) H(x,0,0) = Ag(x)
and form factors:

[ Hde = By
fj_ll E dxr = F2

fjll Hdx=Ga
fj_ll E dr = Gp
* Small changes in nucleon transverse

momentum allows mapping of transverse
structure at large distances: confinement.



GPDs and nucleon spin

J 2, +L,+J,

1.1
2 27
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* Ji’s relation: J? = E_Jg = 5ﬁlxdx{Hq(X,§,0)+Eq(X,§,O)}

H4%accessible in DVCS off the proton, first experimental
constraint on E4, through neutron-DVCS:

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

%k GPDs can provide insight into the
orbital angular momentum contribution
to nucleon spin: the spin puzzle.



Measuring DVCS

* Process measured in experiment:

DVCS Bethe - Heitler
do ‘TDVCS‘ +‘TBH‘ + @S"'T@
Amplltude Amphtude calculable Interference term
parameterised in from elastic Form 5 5
terms of Compton Factors and QED ‘ T,, CS‘ << ‘TBH‘

Form Factors



Compton Form Factors in DVCS

Experimentally accessible in DVCS cross-sections and spin asymmetries, eg:

_dé-d5 _ Aoy,
dG+ds  do+dc

LU

+1 +1
T ~jGPDS 6D e 4~ P +inGPDs (+&,&,1) + ..

xt&+ie

OnlyEand ¢

are accessible
experimentally!




Which DVCS experiment?

Real parts of CFFs accessible in cross-sections and
double polarisation asymmetries,

e
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leptonic plane

imaginary parts of CFFs in
Beam, target single-spin asymmetries.
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JLab: 6 GeV era

CEBAF: Continuous Electron Beam Accelerator Facility.

%k Energy up to ~6 GeV
% Energy resolution: §E/E, ~ 1075
%k Longitudinal electron polarisation up to ~85%

Hall B: CLAS

% Very large acceptance detector

12 GeV era

% Maximum electron energy: 12 GeV tonew HallD 4
% 11 GeV deliverable to Halls A, B and C

Add new
hall . a

1:,/ H1, ZEUS

CLAS12: Very large acceptance, high luminosity (~10%> cm2 s-1)
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array for multi-particle final states.






CLAS unpolarised cross-sections

~— BH only

—— VGG (H only)

=== KM10 (Kumericki, Mueller)
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Beam-spin Asymmetry (A y) @

JLab Hall A VGG twist-3
results ist-2 .
| ¥=33 | } P 7 /VGG fwist Follows first CLAS measurement:
o Xg=0:46 ) T /Regge (UML) 3. Stepanyan et al (CLAS), PRL 87
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05 -t (GeV S .
Previous CLAS (GeV?) Qualitative agreement with models,
results VGG model: Vanderhaeghen, Guichon, Guidal

constraints on fit parameters.

F.-X. Girod et al (CLAS Collaboration), PRL 100
(2008) 162002



Target-spin
Asymmetry (Ay;)
—@-) Follows first CLAS measurement:

S. Chen et al (CLAS Collaboration),
PRL 97 (2006) 072002

Ay, from fit to asymmetry:

A = a;sin¢g
Y14 Bicos¢

AuL characterised by imaginary parts of CFFs

via: é‘

FiH + €Gar(H + %BE) -

~

t
np e+

High statistics, large kinematic coverage,
strong constraints on fits, simultaneous fit
with BSA from the same dataset.
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Beam- and target-spin asymmetries
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> Double-spin Asymmetry (A;;)
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A, from fit to asymmetry:

KLL + ALL COS ¢
14+ Bcoso

ArL characterised by real
parts of CFFs via:

FyH + Gy (H + %BE) + ...

%k Fit parameters
extracted from a

simultaneous fit to
BSA, TSA and DSA.

s CFF extraction from
three spin asymmetries
at common kinematics.



CFF's from the cross-sections

— VGG
- Aebt

% Slope in t becomes

flatter at higher xg

% Valence quarks at
centre, sea quarks
at the periphery.
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What can we learn from
the asymmetries?
Answers hinge on a global analysis of all

available data (See talk by P. Sznajder on
PARTONS).

Information on relative distributions of quark
momenta (PDFs) and quark helicity, Ag(z).

Indications that axial charge is more
concentrated than electromagnetic charge

E. Seder et al (CLAS Collaboration), PRL 114 (2015) 032001
S. Pisano et al (CLAS Collaboration), PRD 91 (2015) 052014



Future DVCS
with
CLAS12




DVCS with CLAS12

E12-06-119: Unpolarised liquid H»> target P
Beam-spin asymmetry =——3p Im(Hp) L =10% cm™s™!
First experiment with CLAS12! Autumn ‘17 0.1 <xy< 0.65

E12-16-010: Unpolarised liquid H» target
Beam energy: 6.6 GeV, 8.8 GeV

= 85%

beam

1< Q2< 10 GeV?2

-t i< —t < 2.5 GeV?

~2018/20

E12-11-003: Unpolarised liquid D2 target | E12-12-010: Transversely

e+d— e +7+n+(ps)

polarised HD target.

Beam-spin asymmetry > Im(En) Target-spin asymmetries

—>» Im(E
~2019 ~2021/22 m{(Ey)

E12-06-109: Longitudinally polarised NHs and ND3 targets

* Dynamic Nuclear Polarisation
(DNP) of target material, cooled in
a He evaporation cryostat.

- P = 80%, P up to 50%

proton deuteron

Target-spin asymmetry 3 Im(ﬁp),
in proton- and neutron- Im(H,)

DVCS
~ 2020



Projected sensitivities to CFF: CLAS12

Q?=2.6 GeV?, xg=0.23
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To conclude...

* Measurements of cross-sections and asymmetries in dedicated, high
statistics DVCS experiments with 6 GeV and CLAS provide some of the
first extractions of the Compton Form Factors in the valence quark region:
tentative conclusions on relative quark distributions.

%k A wide programme planned for CLAS12 in the 12 GeV era: higher
luminosity, higher precision, wider reach of phase space, greater range of
observables.

%k Global analyses of all data a necessity for nucleon tomography.

%k JLab @ 12 GeV: exciting opportunities for the study of nucleon structure.

sk Watch this space!
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... 1s hard to come by

It's a The story of the blind men and

Fan! P the elephant.
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G. Renee Guzlas, artist.



Images of the nucleon: I

Wigner function:
full phase space parton
distribution of the nucleon

N
f d 2bT Transverse
\ Momentum
r Distributions
(TMDs)

* Semi-inclusive DIS




Images of the nucleon: II

Wigner function:

% full phase space parton

distribution of the nucleon
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Images of the nucleon: III

Wigner function:
full phase space parton
distribution of the nucleon

\t
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fd ky ,‘q\
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Generalised Parton
Distributions (GPDs)

* relate, in the infinite momentum *
frame, transverse position of partons
(b.) to their longitudinal momentum (x):

tomography of the nucleon.

% Deep exclusive reactions, e.g.: Deeply Virtual Compton Scattering,

Deeply Virtual Meson Production, Time-like Compton Scattering, ...



Images of the nucleon: IV

Wigner function:
full phase space parton
distribution of the nucleon

f d 2 kT Fourier Transform of electric Form
K Factor: transverse charge density of a
nucleon

1.5

Generalised Parton
Distributions (GPDs)
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1 Form Factors proton neutron

eg: Gg Gy

C. Carlson, M. Vanderhaeghen
PRL 100, 032004 (2008)



Beam-spin asymmetry: proton-DVCS

Experiment E12-06-119

Pl oom = 85%

L = 103 cm—2s-1

1< Q%< 10 GeV?
0.1 <xg< 0.65

-t i< —t < 2.5 GeV?

mi

Unpolarised liquid H> target:

* 80 days
* Statistical error: 1% - 10% on singp moments
¢ Systematic uncertainties: ~ 6 - 8%

First experiment with CLAS12!

Due to start this autumn

Impact of CLAS12 DVCS A
data on extraction of Im(H)

®m Im H it result : 6 GeV datla

= Im H fit result : CLAS12 pseudo data

4 <Q' > = 2.4 GeV’, < xy> = 0.35
| | | |

-0.8 0.6 -0.4 -0.2
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0



Beam-spin asymmetry: neutron-DVCS

Experiment E12-11-003 The most sensitive
observable to the GPD E,

e+d—e +v+n+(ps)

0 ! 12 Simulated statistical sample:
80 days of data taking o~ 10—
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A;; in Neutron DVCS @ 11 GeV

0.2
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-0.1—
- neutron DVCS is very
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i
VGG Model (calculations by M. Guidal) ¢C)

Fixed kinematics: x, = 0.17 Q*=2GeV? t=-04GeV?



Longitudinally polarised targets

Experiment E12-06-109

Longitudinally polarised NHs and ND3 Target-spin asymmetries in
target: proton- and neutron-DVCS:
* 120 days (NH3z) 60 days (ND3) .
« Dynamic Nuclear Polarisation (DNP) of target * Sensitivity to H, and H,.
material, cooled in a He evaporation cryostat.
* Poroton = 80%, Pyeyteron UP to 50% %*In combination with ALy in
. Statistical error: 2% - 15% (NHas) proton-DVCS, allows
« Systematic uncertainties: ~ 6 - 8% (NH3), flavour separation of H,.
~ 12% (ND3)
To pumps
Traget cryostat Heatshield  Phase separator T LHe inlet

Target sample

L \L Correction coils

Heat exchanger

_ 26meters

Access for /

C. Keith (JLab) target insert ~ 2020



Transversely polarised target

Experiment E12-12-010: transversely polarised HD target
(conditional on target operation with electron beam).
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Jetterson Lab: 6 GeV era

CEBAF: Continuous Electron Beam Accelerator Facility.

%k Energy up to ~6 GeV
% Energy resolution §E/FE, ~ 1075
%k Longitudinal electron polarisation up to ~85%

Hall A: Hall B: CLAS

Electron Arm Hadron Arm

e
* Tarpet

# High resolution(dp/p =107*) * Very large acceptance, % 'Two movable spectrometer

spectrometers, very high detector array for multi- arms, well-defined

luminosity. particle final states. acceptance, high luminosity



Jetferson Lab: 12 GeV era

% Maximum electron energy: 12 GeV to new Hall D
% 11 GeV deliverable to Halls A, B and C

10

Hall A: High resolution
spectrometers, large
installation experiments

Very large acceptance,
high luminosity
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Hall D: 9 GeV tagged
polarised photons, full

acceptance detector

SHMS = To Beam

> Dump

>
A&

Super-high Momentum
Spectrometer added, very
high luminosity



