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Intro: nucleon
tomography and
DVCS




The nucleon deconstructed
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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
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Generalised Parton
Distributions (GPDs)

 relate, in the infinite momentum frame,
transverse position of partons (bi) to their
longitudinal momentum (x):
tomography of the nucleon.



Experimental paths to GPDs

Accessible in exclusive reactions, where all final
state particles are detected.

“Mu,., ¥ e
cliparts.co

Trodden paths and ones starting to be explored:

% Deeply Virtual Compton Scattering (DVCS)
% Deeply Virtual Meson Production (DVMP)
% Time-like Compton Scattering (TCS)

% Double DVCS

DVCS

TCS

DDVCS DVMP



Deeply Virtual Compton Scattering

non-perturbative

0’ =-(p,-p.))) t=(,-p,")
Q2
2p,'q

¥ _,_% longitudinal momentum
~ 7 fractions of the struck parton

Bjorken variable: Xg =

Xp

E =

2-Xx,

the “golden channel”

%k At high exchanged Q? and low t access to
four chiral-even GPDs:

Ee B[, [9(z, €. 1)

%k Can be related to PDFs:

~

H(z,0,0) =¢q(zx) H(z,0,0) = Aq(x)
and form factors:
[TlHAz=F [T Hdz=G,4
JNEde=F [T Eds=0Gp

(Dirac and Pauli)  (axial and pseudo-scalar)

* Small changes in nucleon transverse
momentum allows mapping of transverse
structure at large distances.



GPDs and the spin puzzle

* Total angular 1 1
momentum of a nucleon: Jy =<=72,+ L + J

22\

.y : Only ~ 30% contribution
* Ji’s relation: Y ’

1

1
Ji = E_Jg = 5ﬁlxdx{Hq(X,§,O)+Eq(x»§»O)}

*Need measurements at low 7, across wide Q?, of
a range of observables to extract both H and E.

*Need flavour separation of GPDs.

D. Chihuly



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:
do—-do Aoy,
do+dc do+do

ALU =

ax +... ~

Toves TGPDS (x,¢,1)

)+ inGPDs (£&,&,1) + ..
xt&+ie 7 s (£6,051)

-1

Only € and t are accessible
experimentally!

To get information on
x need extensive
measurements in -,

Need measurements off
proton and neutron to
get flavour separation

of CFFs in DVCS.




Which DVCS experiment?

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

e

e’ \(*#I"‘H"~|

leptonic plane

imaginary parts of CFFs in
Beam, target single-spin asymmetries.

polarisation
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JLab: 6 GeV era

CEBAF: Continuous Electron Beam Accelerator Facility.

Hall B: CLAS

%k Energy up to ~6 GeV
% Energy resolution: §E/E, ~ 1075

%k Longitudinal electron polarisation up to ~85%
% Very large acceptance detector

1 2 GeV €ra array for multi-particle final states.

% Maximum electron energy: 12 GeV tonew HallD 1

i~ H1, ZEUS
% 11 GeV deliverable to Halls A, B and C i > N N
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CLAS12: Very large acceptance, high luminosity (~10%> cm2 s-1)



CLAS12 >
Design luminosity IQS°§

Sof {0}
L~103% cm?? s! il

CTOF

High luminosity & large
acceptance:

Concurrent measurement

SVT

of exclusive,
semi-inclusive,
and inclusive processes

' m Central EiWa
Acceptance for photons | i Detector & F
and electrons: | —
«2.5°< 0 <125° '

Acceptance for all

charged particles:
¢ 50< 0 <125°

Acceptance for neutrons:
* 5°< 0 <120°




DVCS in Hall A @ 11 GeV

Detect electron in the Left
High Resolution

Spectrometer (HRS-L):
0.01% momentum rap
resolution

e Detect photon in
PbF> calorimeter:
< 3% energy
resolution

Pr— '-»","V'V"Tf1ry
. t eiaee VO CIO G
- 7 B NG O
= =
Ca lori meter =]
at 1.50 M calorimeter
at3.00 M

Reconstruct recoiling proton through
missing mass.




DVCS in Hall C @ 11 GeV

Detect electron with (Super) High
Momentum Spectrometer, (S)HMS.

To Beam

Detect photon in PbWO4
calorimeter.

Sweeping magnet to reduce
backgrounds in calorimeter.

Reconstruct recoiling proton
through missing mass.




DVCS @ JLab
6 GeV era




\xa\\b First DVCS cross-sections in valence region

% Hall A, ran in 2004, high precision, narrow kinematic range. Data recently re-analysed.
Q2 1.5-2.3GeV?, xp=0.36.

0.09
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% CFFs show scaling in DVCS: leading
twist (twist-2) dominance at moderate
Q2(1.5-23GeV?).

s%k GPDs can be extracted at JLab kinematics.

. 2 .
sk Extraction of |T Dycsl amplitude as well as
interference terms 1s possible.

v

% Strong deviation of DVCS cross-section from
BH: new experiment to |T |23 energy
. DVCS
dependence and isolate :
E07-007, C. Muioz et al.

M. Defurne et al, PRC 92 (2015) 055202.
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25 =0.36,Q% = 1.9 GeV2, —t = 0.32 GeV?

First DVCS cross-
sections in
valence region

%k KMS parameters tuned on very low xg
meson-production data

s Target-mass and finite-t corrections (TMC)
improve agreement for KM 10a model

VGG model: Vanderhaeghen, Guichon, Guidal
KMS model: Kroll, Moutarde, Sabatié
KM model: Kumericki, Mueller

M. Defurne et al, PRC 92 (2015) 055202.



\X\\P’ DVCS cross-sections at different beam energies

sk EO07-007: Hall A experiment to measure helicity-dependent and -independent cross-
sections at two beam energies and constant xg, Q¢ and ¢.

E =45 GeV E=5.6GeV
3 . e ds A - = Fit LTALO 13
8ol N 4 [ f ) (Braun decomposition) ‘. 2
4 +t Ao +' Y o
] A KM15 IR
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‘t ? ‘d ¢ $ ¢ ¢, .
0.1 \¢ ¥ "\ 4 'of —0.05
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% Using the Braun decomposition, a simultaneous fit to cross-sections at both energies
using only leading twist and leading order (LT/LO) does not describe the cross-sections
fully: higher twist/order effects!

M. Defurne et al, arXiv:1703.09442 V. Braun et al, PRD 89 (2014) 074022.



X\‘A\\P’ DVCS cross-sections at different beam energies

% Including either higher order or higher twist effects (HT) improves the match with

data:

0.1

Ee = 45 GeV
- d'o .

s Ao

|

|

Ee = 56 GeV

- = Fit LT/LO
- Fit HT

(Braun)

KM15 (Belitsky)

—0.05

L 1 200 ' 1 1 1 300 L L L
© (deg)

Higher-order and / or higher-twist terms are important!

More data necessary to determine between them.

M. Defurne et al, arXiv:1703.09442



CLAS unpolarised cross-sections

= == BH only
—— VGG (H only)

= KM10 (Kumericki, Mueller)
- = = KM10a (sets fJ to zero)

----- KMS
-t=0.153 GeV? -t=0.262 GeV? -t=0.447 GeV?
4 |
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H.-S. Jo et al (CLAS Collaboration), 100 200 300 100 200 300 100 200 300
PRL 115 (2015) 212003 ® (deg) ® (deg) ® (deg)



Beam- and target-spin asymmetries

t

4M2E

N .
@ Aru (BSA) characterised by FLH + Gy i _

imaginary parts of CFFs via:

% Pioneering measurement at CLAS: S. Stepanyan et al (CLAS), PRL 87 (2001) 182002

% First high-statistics measurement in extended kinematics, qualitative agreement with leading

models, constraints on fit parameters for the extraction of CFFs: F.-X. Girod et al (CLAS),
PRL 100 (2008) 162002

—@-) AuL (ITSA) characterised by F H 4 G (H + B oy _ £t i
imaginary parts of CFFs via: ! SCu 2 ) AM2 2

% First measurement at CLAS: S. Chen et al (CLAS), PRL 97 (2006) 072002

% High statistics, large kinematic coverage, strong constraints on fits, simultaneous fit with
BSA and double-spin asymmetry (DSA) from the same dataset.

Single experiment with longitudinally polarised
E. Seder et al (CLAS), PRL 114 (2015) 032001 NH; target, allowed simultaneous extraction of
S. Pisano et al (CLAS), PRD 91 (2015) 052014 BSA, TSA and DSA at common kinematics.



Beam- and target-spin asymmetries
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S. Pisano et al (CLAS Collaboration), PRD 91 (2015) 052014
E. Seder et al (CLAS Collaboration), PRL 114 (2015) 032001



> Double-spin Asymmetry (A;;)
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E. Seder et al (CLAS Collaboration), PRL 114 (2015) 032001
S. Pisano et al (CLAS Collaboration), PRD 91 (2015) 052014

A, from fit to asymmetry:

KLL + ALL cOS ¢
1+ Bcos¢

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.



| <Q% =152 (GeVicy
<Xy> = 0.179

AR

25 <Q% =241 (GeVicy
b <xy>=0255

I

What can we learn from
the asymmetries?

25F <% = 197 (GeViey

<xp>=1.255

i
l Answers hinge on a global analysis of all
available data.

il

m <Q =331 (GeVicY
<xp>=10.453

.
<Q> = 2.16 (c;cw'."cl)i |
<xy>=0.345
- Hq(ZC,0,0):fl(CE)
- H(z,0,0) = g1 (x)
b
]
: Information on relative distributions of quark
momenta (PDFs) and quark helicity, Ag(z).
5 Indications that axial charge is more
Im (H ) concentrated than electromagnetic charge

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



Towards a tomographic image of the proton
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Future DVCS
with
Lab @ 12 GeV




DVCS Cross-sections: Halls A and C

Experiments:

Q? vs x; coverage in Halls A and C

E12-06-114 (Hall A, 100 days), <12 oG 41 Gay
E12-13-010 (Hall C, 53 days) s a C11Ge
C. Munoz Camacho et al., N010+|a|| C 6.6 GeV /
C. Hyde et al. - /
I /
Unpolarised liquid H: target: 8Hall A 6.6 GeV
. - ' 7
e Beam energies: 6.6, 8.8, 11 GeV -Hall A 5.75 GeV
e Scans of Q? at fixed xs. 6 /
« Hall A: aim for absolute cross- - /
sections with 4% relative precision. . /
4- / ,
. i ’ . ey
%k Azimuthal, energy and i // Z - \\\\\\i\\\\\\\\\\\\\\\\}k
helicity d dencies of N QNN
elicity dependencies of cross- -/ <N\ N
. N .
section to separate |T)s| -/ < \\\\§\§§:\\§\§QQ\§Q\§
and interference contributions SSSSSSSSSSUSSSSNSNSSSSNSSN SRS NSNS NANAN
. s . % 01 02 03 04 05 06 0.7 0.8 0.9
in a wide kinematic coverage. Xg

% Separate Re and Im parts of Hall A started taking data last spring!
the DVCS amplitude.



Proton DVCS @ 11 GeV

Experiment E12-06-119

F. Sabatié et al. "OF
Q7o
Peam = 85% 5E-
L = 1035 cm2s-! E
1< Q%< 10 GeV? °F
0.1 <x5< 0.65 43
~t i< —t < 2.5 GeV? 3 _
3E- 4
Kinematics similar for all proton DVCS 2F {
@ 11 GeV with CLAS12 experiments 1| .
ol - | | L l |

o
o
N
o
w
o
S
of
w
o
o
o
~N
o
o]

Unpolarised liquid H2 target: ' ‘ ' ' ' ' Xxg
» Statistical error: 1% - 10% on sing ) . .
moments First experiment with CLAS12!

* Systematic uncertainties: ~ 6 - 8%
Due to start this autumn!
Aru characterised by imaginary parts of

CFFs via: ~ t
S via F1H+£GMH — 4M2E % Im(Hp)




Proton DVCS with a longitudinally
polarised target

Experiment E12-06-119 AuL characterised by imaginary parts of CFFs

iy via; - t ~
F. Sabatié et al. F1H+§GM(H_|_Q;7BE) — 4;42F2E+...

Longitudinally polarised NH3 target:

* Dynamic Nuclear Polarisation (DNP) of target material, E Tm{Hy)
cooled to 1K in a He evaporation cryostat.

° Pproton > 80% Tentative schedule: 2020

« Statistical error: 2% - 15% on sing moments

. . . . .~ 0
Systematic uncertainties: ~ 12% To pumps

Target cryostat T ,
Heat shield  Phase separator LHe inlet

Target sample

L \L Correction coils

) Access for /
C. Keith (JLab) target insert

Heat exchanger




Proton DVCS @ 11 GeV

Impact of CLAS12 unpolarised target proton-DVCS data on the extraction of
Re(H) and Im(H).

Re(H) Im(H)

-1.5
7
= Re H fit result : 6 GeV data i m Im H fit result : 6 GeV data
ud -
o[ * ReHMresuk: . = Im H fit result : CLAS12 pseudo data
i CLAS12 pseudo data . 6
i A\ = I
Nl - v\\;\
=) ™ le)
2.5 & . s ) ¥
- O
& - 3
< XK
N B < ]
= L N
3 Co«\c’ 4\ \C)v.
& - @
[ <>
-3.5 .._ { 3
-4.5 — 1
<Q>=2.4GeV’ <xy>=0.35 N <Q’>=2.4 GeV? <xg>=0.35
5 | | L ! ol | | L |
-1 -0.8 -0.6 -0.4 -0.2 . 0 -1 -0.8 -0.6 -0.4 0.2 )
-t (GeV")

-t (GeV?)

(CLAS 6 GeV extraction H. Moutarde)



DVCS at lower energies with CLAS12

Experiment E12-16-010B
F.-X. Girod et al.

Unpolarised liquid H> target:

e Beam energies: 6.6, 8.8 GeV
e Simultaneous fit to beam-spin and
total cross-sections.

%k Rosenbluth separation of

interference and |Tovcs|2 terms in the
cross-section

%k Scaling tests of the extracted CFF's

% Model-dependent determination of
the D-term in the Dispersion
Relation between Re and Im parts of
CFFs.

Deep Process Kinematics with 6.6 , 8.8, and 11 GeV

| | | Losig
00 01 02 03 04 05 06 07 08 09 1

Xg

Compare with measurements from
Halls A and C: cross-check model and
systematic uncertainties.



DVCS at lower energies with CLAS12

Projected extraction of CFF's (red) compared to generated values

(green). Three curves on the Re(H) show three different scenarios
for the D-term.

Rosenbluth separated ImH Rosenbluth separated ReH Rosenbluth separated DVCS?

35 N / //y

\A 10
3 ' ‘

J
0.25 03 0.35 04 0.45 05 0.55 4 ¢ J
e e "y " i — 955 0.25 03 0.35 04 0.45 05 0.55

F.-X. Girod et al.



Proton DVCS with transversely
polarised target at CLAS12

C12-12-010: with transversely polarised HD target (conditionally approved).
L. Elouardhiri et al.

Aoy ~cosd Im{k(F,H -F E)+....}dp ~ Sensitivity to Im(E) for the proton.
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Beam-spin asymmetry in neutron DVCS @ 11 GeV
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VGG (calculations by M. Guidal) First measurement of BSA in

neutron-DVCS in Hall A:
M. Mazouz et al, PRL 99 (2007) 242501
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Neutron DVCS @ 11 GeV
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Neutron DVCS with a longitudinally
polarised target

Experiment E12-06-109A.
S. Niccolai, D. Sokhan et al.

Longitudinally polarised ND3 target:

* Dynamic Nuclear Polarisation (DNP) of target
material in a cryostat shared with the NHj3 target.
- P up to 50%

« Systematic uncertainties: ~ 12%

deuteron

AuL characterised by imaginary parts of CFFs via:

~ B ft
FiH Gy(H+ —FE) —
1 H + &G (H + 5 ) Ve

—> Im(H,)

In combination with pDVCS, will allow flavour-
separation of the Hy; CFFs.
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HIn(Q)

Projected sensitivities to Im(H) CFF
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Projected sensitivities to Im(E) CFF
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Summary

% JLab at 6 GeV: cross-section, single- and double-spin asymmetries in proton DVCS and a first
measurement on neutron DVCS

e Indications that factorisation holds at the low Q2 kinematics of JLab,
e constraints on a number of CFFs,

At LO-LT, tomographic picture of the nucleon in the valence region begins to
emerge

* importance of higher order / higher twist becomes evident in high-precision measurements.

% JLab at 12 GeV (11 GeV too halls A, B and C): new region of phase space at wider kinematics in
the valence region. High luminosity, high precision.

% DVCS measurements are a flagship part of the experimental programme:first experiments in
Hall A and with CLAS12.

s Approved experiments aimed at greatly constraining CFF fits in global analyses of DVCS on the
proton, neutron and nuclear targets.

sk Tomography of the quark-gluon sea will await a high-luminosity EIC.






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

Electroa Arm Hadron Arm

: 37 :'.)(' a1
T * Target
/v“g@"/ Beambine Transport Assembly

# 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

Hall A: High resolution
spectrometers, large
installation experiments

Hall B: CLAS12

Rogion
\'\/‘,

Very large acceptance,
high luminosity

O |- Hi, zEus

- o mm e et - - - - -
“.‘ ” ‘%.
Y
O@b

Hall D: 9 GeV tagged
polarised photons, full

acceptance detector

-----
,,,,

Add 5
cryomodules

20 cryomodules

Add 5
cryomodules

Super-high Momentum
Spectrometer added, very
high luminosity



\XA\\P’ Rosenbluth separation of DVCS? and BH-DVCS terms

s* Rosenbluth separation of the DVCS? and the BH-DVCS interference terms
in the cross-section is possible, NLO and higher-twist required.
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%k Significant differences
between pure DVCS and
interference contributions.

% Helicity-dependent cross-
section has a sizeable
DVCS? contribution in the
higher-twist scenario.

% Separation of HT and NLO
effects requires scans across
wider ranges of Q2 and beam
energy: JLab12!

M. Defurne et al, arXiv:c



