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Deeply Virtual Compton scattering

DVCS: golden channel for the extraction of GPDs.

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

E9, B9, HY, H(z, £, t)

S s

non-perturbative DVCS Bethe - Heitler

k/

perturbative

2 2 . .
Q2 (k kl>2 t ( / )2 do « ‘TDVCS‘ + ‘TBH‘ + TBHT pvcs + TDVCST BH
- o — \Pn = Pn

interference term

Bjorken variable: Xg =
2p, "4 Experimentally accessible (at leading twist, leading order):

longitudinal momentum + y
xxg N8l 7o jGPDs (60 e 4~ p[OEDS NG 1y 4 iaGPDs (22,60 + ..
fractions of the struck parton Yo xxt&+ie IN_ xté

E = Compton Form Factors (CFF)

2-Xx,



Which DVCS experiment?

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

Voo
'e'Y*@@""JJJ

leptonic plane

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

For example:
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JLab: the

experimental
facility




Jetterson Lab: 6 GeV era

CEBAF: Continuous Electron Beam Accelerator Facility.

%k Energy up to ~6 GeV
% Energy resolution §E/E, ~ 10~°
%k Longitudinal electron polarisation up to ~85%

Hall A: Hall B: CLAS

Electroa Arm Hadron Arm

* High resolution( dp/p = 10-*) * Very large acceptance, % 'Two movable spectrometer

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

luminosity. particle final states. acceptance, high luminosity



JLab @ 12 GeV
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CLAS12

Design luminosity CIQSc

L~1035c¢cm-2 s-1

High luminosity & large
acceptance:
Concurrent measurement
of exclusive,
semi-inclusive,
and inclusive processes

Acceptance for photons
and electrons:
e 2.50< 0 <1250

Acceptance for all

charged particles:
e 50< 0 <1250

Acceptance for neutrons:
* 50<0 <1200

==

Solenoid




DVCS in Hall A

Detect electron in the Left

High Resolution

Spectrometer (HRS-L):

0.01% momentum HRS
resolution

e LH2 target /-

< 3% energy
resolution

wi Electromagnetic
calorimeter

Bl T
1 ¥ vy
2 ""‘P~17 SN .‘
YEAr Sy N NS
o &/ "{ [ T

Detect recoil proton in plastic
scintillator array.

Detect photon in
PbF5 calorimeter:



DVCS in Hall C

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

Detect photon in PbWO4
calorimeter.

Sweeping magnet to reduce
backgrounds in calorimeter.

Reconstruct recoiling proton
through missing mass.




DVCS @ JLab:
6 GeV era




First DVCS cross-sections in valence region %

% EO00-110: Hall A, ran in 2004, high precision, narrow kinematic range.
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zp = 0.36,02 = 2.3 GeV2, —t = 0.32 GeV2

% Luminosity =1037 cm-2s-1.

% Measure Q?-dependence (Q? 1.5,1.9,2.3 GeV?)
of DVCS-BH cross-sections at fixed xp (0.36).

% Also xp dependence at constant Q2.

% CFFs show scaling in DVCS: leading twist
(twist-2) dominance at this moderate Q2.

* Strong deviation of unpolarised DVCS cross-
section from BH: extraction of [Tpycs |
amplitude as well as interference terms.

% Separation of real part of the twizst—2
interference term and the ‘T DVCS‘

amplitude is very sensitive to relative cross-
sections at ¢ = 0° and ¢ = 180°.

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



First DVCS cross-sections in valence region %
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rp =0.36,Q% =1.9 GeV?, —t = 0.32 GeV?

% High precision of the data: sensitivity to
subtle differences in model predictions.

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

TMC: kinematic twist-4 target-mass and finite-¢
corrections, calculated for proton DVCS and
estimated for KMS12.

%k KMS parameters tuned on very low xg meson-
production data: not adapted to valence quarks.

) TMC*: TMC extracted from the
KMS12 model and applied to KM10a.

% TMC improve agreement for KM 10a model,
especially at ¢ = 180°. Higher-twist effects?

The devil 1s in the detalil...

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



CFFs from the Hall A cross-sections

40 0 2
CPVES(F, FY) Re[C*(F)]
0 . é
A
20} No QQ
Bl dependence
°r — within this
range: scaling.
14 1%6 118 ; : 24 1.4 116 118

Fep. “Effective”
9 ' : ' : ' ' — twist-3 CFF

14 16 1.8 2 ) 2.2 5 24 14 1.6 1.8 2 24
Q° [GeV?

C terms are combinations of CFFs, eg:

~ t
CH(F)= FFH+ &(F, + F)H — "

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



Here comes the twist...

% Twist: powers of \/% in the DVCS amplitude. Leading-twist (LT) is twist-2.

% Order: introduces powers of (/g Leading order Next-to-leading order
(LO) (NLO)

% LO requires Q? >> M2 (M: target mass)

q’'(+) q (+-) q'(+)

q (+)

Bold assumption for JLab 6 GeV kinematics!

% CFFs can be classified according to
real and virtual photon helicity:

Perturbative
Non - perturbative

x-& x+& x-&
helicity of real produced photon

'F-|-+1-/

\/ helicity of virtual incoming photon
s CFFs contributing to the scattering amplitude:
¢ LT in LO: only .F_|__|_
¢ LT in NLO: both F—I——l— and f_+
¢ Twist-3: .F()_|_

¢ Helicity-conserved CFFs — F ++
¢ Helicity-flip (transverse) — _F —+

¢ Longitudinal to transverse flip — J 0+



Here comes the twist...

% At finite 2 and non-zero ¢ there’s ambiguity Leading order Next-to-leading order

in defining the light-cone axis: (LO) (NLO)

q (+) q’'(+) q (+-) q'(+)

¢ Traditional GPD phenomenology uses the

Belitsky convention, in plane of ¢ and P:
A. Belitsky et al, Nucl. Phys. B878 (2014), 214

Perturbative
Non - perturbative

¢ New, Braun definition using ¢ and ¢ x-§ X+§ X-§
more natural.
V. Braun et al, Phys. Rev. D89 (2014), 074022
p p p p

Reformulating CFFs in this frame absorbs most Assuming LO and LT in the Braun frame:

kinematic power corrections (TMC): Foo =(1+ )IF++ HT/HO contributions

Fir=Fip + X [Fiy +F_4] — xoFos Fo. = X]F_|_+ in the Belitsky frame,
2 scaled by kinematic
Fogp =F 4+ 3 [Frqp +F_4] = xoFoyt For = xolF 4+ factors X and XO.

= 1 ¥ [F F_
Fop =— (1 + X) o+ T X0 [Fyt +F o] Non-negligible at the Q2 and x5 of the Hall A cross-section

f T / / measurement:

Belitsky Braun CFFs vo = 0.25, x = 0.06 for Q% = 2 GeV?, x5 = 0.36, t = —0.24 GeV?
CFFs M. Defurne et al, Nature Communications 8 (2017) 1408



Hints of higher twist or higher orders

% Strong deviation of the measured cross-section from Bethe-Heitler: a beam-energy scan can
be used to identify pure DVCS and interference terms in a Rosenbluth-like separation, and to

look for higher-twist effects.

EO07-007: Hall A experiment to measure helicity-dependent and -independent cross-
sections at two beam energies and constant xg and ¢.
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% Simultaneous fit to cross-sections
at both energies and three values
of 02 using only leading twist
and leading order (LT/LO) do not
describe the cross-sections fully:

higher twist/order effects?

Using Braun’s decomposition, H_
and Ho4 can’t be neglected.

M. Defurne et al, Nature Communications 8 (2017) 1408.



Hints of higher twist or higher orders %

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

Ee = 4.5 GeV Ee = 5.6 GeV
3 . d'c y - = FitLT/LO
% A A40- - Fit HT
— KM15

0.1~ —0.05

(=)
L\l 1 Ll 1 L\l

| | | | I I A 1 I | 1 | | I I Il I 1 1 | | I | ] 3 1 l | | 1 | I 1 ! 1
0 100 200 300 0 100 200 300
@ (deg)

@ (deg)

Higher-order and / or higher-twist terms are important! A glimpse of gluons.

Wider range of beam energy needed to identify the dominant effect % JLab at 11 GeV.

M. Defurne et al, Nature Communications 8 (2017) 1408.



Rosenbluth separation of DVCS2 and BH-DVCS terms %

% Generalised Rosenbluth separation of the DVCS? (scales as E.?) and the BH-DVCS
interference (scales as E.°) terms in the cross-section is possible but NLO and/or higher-

twist required.
> ol > o :
& | ¢ s Significant differences
=005 P01 between pure DVCS and
: interference contributions.
0.02[- ]
! 0.005
ootf ’ % Helicity-dependent cross-
; section has a sizeable
o ; DVCS2 contribution in the
oot /- _: w /] higher-twist scenario.
L[5 3\ N on 1 -+0.005
0.02 £ 5 i NLO-DVCS? Vi od ] % Separation of HT and NLO
— 2 ; PR .
003l - HT-DVCS \ 7 | effects requires scans across
R == NLO-Interference N v —o.01 . )
Y mm HT-Interference | wider ranges of O? and beam
-0.04;_1 | T I ) l ) I l | l ) I l ) I ) I l | i energy: JLab12!
300 0 100 200 300
® (deg)

0 100 200
® (deg)
M. Defurne et al, Nature Communications 8 (2017) 1408



Beam-spin asymmetry in neutron DVCS %

6 M. Mazouz et al, PRL 99 (2007) 242501
- ==m== This experiment
it Cano & Pire calculation [34] % First experimental constraint on E4, through
g 2 — | model interpretation gives constraints on
s - .
T 04 i j orbital angular momentum of quarks.
-2 __ } —° 1-
P o — 0.8(
3 - el e Lo e e Lo Lo o b a o a boaa | - 0_6.— JLab Ha“ A
s . . n-DVCS
o = This experiment
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- - J.=0.8 -0.2[~ JLattice QCDSF (unguenched) [41]
2F- === AHLT calculation (36] ' ¢ | EILHPC Lattice (connected terms) [42]
.3F = VGG calculation [37) —M.— GPDs from :
- Goeke et al., Prog. Part. Nucl. Phys. 47 {2001), 401.
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DVCS on neutron @ different beam energies

Experiment: 3
E08-025 g

LD> target
<Q2> = 1.75 GeV2
<xp> = 0.36
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DVCS on neutron @ different beam energies

C. Munoz Camacho
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Towards tomography of the proton %

% CFFs extracted in a VGG fit (local fit: constraint 5 times the predicted value)
* Imaginary part of CFF: F7,,(&,t) = F(&,&,t) F F (=&, 1)

Q%=1.11 GeV? Q*=1.63 GeV? Q*=2.23 GeV?
— VGG prediction _ X=0.126 | X=0.185 X5=0.335
____A=5.30:0.95} ___A=4.98:0.56} ___A=1.44+1.25
Aeb?

b=4.25+0.98 | b,=3.03+0.55 | b,=1.04+3.68

% Hin slope in t becomes
flatter at higher xp

Valence quarks at

centre, sea quarks ] i
dout t d 0.1 0.2 0.3 0.4 05 01 02 03 04 05 01 02 03 04 05
spread out towards t (GeV?) o AN

the periphery.

H.-S. Jo et al (CLAS Collaboration), PRL 115 (2015) 212003



JLab 6 GeV era DVCS X-sections: kinematics
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B

CLAS 2D distributions: H.-S. Jo et al (CLAS), PRL 115 (2015) 212003

Hall A

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

M. Defurne et al, Nature Communications 8 (2017) 1408
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e\»%6 Beam-spin Asymmetry (A, ) (»)

JLab Hall A VGG twist-3
results VGG twist-2

Follows first CLAS measurement:

P
Regge (JML) S. Stepanyan et al (CLAS), PRL 87
- (2001) 182002

i‘: A, |, from fit to asymmetry:
= 2 = a; sin ¢
< Y714 B;cos¢

ArLu characterised by imaginary parts of

CFFs via: Py H + fGM]:I B

E

4M?

15 0 05 -t ZGe\}Z)

oy Qualitative agreement with models,
revious CLAS . _ ) ) i
results VGG model: Vanderhaeghen, Guichon, Guidal constraints on fit parameters.

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



c‘»%% Target-spin

Asymmetry (Ay,)

—@-) Follows first CLAS measurement:

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

Ay, from fit to asymmetry:

a; sin ¢

A= 1+ B;cos¢p

AuL characterised by imaginary parts of CFFs
via: £t ~

4M?

i
+LEp) -

FyH + Gy (H 5

High statistics, large kinematic coverage,
strong constraints on fits, simultaneous fit
with BSA and DSA from the same dataset.

E. Seder et al (CLAS), PRL 114 (2015) 032001
S. Pisano et al (CLAS), PRD 91 (2015) 052014
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Beam- and target-spin asymmetries %
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Guichon, Guidal
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% TSA shows a
flatter distribution
in ¢t than BSA.



2-@- Double-spin Asymmetry (A,) <y,
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E. Seder et al (CLAS), PRL 114 (2015) 032001
S. Pisano et al (CLAS), PRD 91 (2015) 052014

A, from fit to asymmetry:

KLL + ALL COS ¢
1+ Bcos¢

ArL characterised by real
parts of CFFs via:

. x
FyH + Gy (H + TBE) T

% Fit parameters extracted
from a simultaneous fit to

BSA, TSA and DSA.

s Constant term dominates
and is almost entirely BH.

CFF extraction from three spin
asymmetries at common kinematics.
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What can we learn from

F <Q% =197 (GeV/icy
Rt the asymmetries?
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= 'FL ] J Answers hinge on a global analysis of all
osf {4 available data.
o .
Fleome26ever | *Information on relative distributions of quark
25f | x> =0.345 momenta (PDFs) and quark helicity, Aq(z) .
:l H(z,0,0) = q(z) H(z,0,0) = Ag(z)
osk | | l % Indications that axial charge is more
oo " concentrated than electromagnetic charge.
+1
- 1 o~
]m(H) f_lHdZU:GA
VGG extraction E. Seder et al (CLAS), PRL 114 (2015) 032001

S. Pisano et al (CLAS), PRD 91 (2015) 052014



Towards nucleon tomography

Quasi model-independent extraction of CFFs based on a local fit:

%k Set 8 CFFs as free parameters to fit, at each (xp,f) point, the available observables.

%k Limits imposed within +/- 5 times the VGG model predictions (Vanderhaeghen-

Guichon-Guidal).

%k Leading-twist DVCS amplitude parametrisation based on Double Distributions.

The best constraints in
fits to CLAS data were
obtained on Hm.

Parametrise its
dependence on t:

Hpm (&, ) =,A(£)e/?<f’t
/Inverse relation
to spatial

distribution

Relates to
quark density
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R. Dupré et al., Eur. Phys. J;'-\ 53 (2017) 171



Towards nucleon tomography

Relating the impact parameter to helicity-averaged transverse distribution:

dQAl —ib, -A q 2
pq(x7b-L):/ (2%)26 S5 HI (2,0, -AL7)

\ Transverse four-momentum
transfer to nucleon

H?(2,0,t) = HY(x,0,t) + HY(—x,0,t)

Assuming leading-twist and T o
: - adiwus at

exponential c.lependence of Ml T different
GPD on t, using models to 0.6- momentum
extrapolate to the zero < .. Y| [T fractions x

. E 0.5
skewness point £ = 0 = -\\
and assuming similar z -
behaviour for u and d 51 02 ﬁ ; Y
quarks there: 02- .
(1)) = —4=2 I H (2,0,—AL2) ==l

8AJ_ A =0 0 —TT T

Tentative hints of 3D distributions are emerging. R. Dupré et al., Eur. Phys. J A 53, (2017) 171
: ., Eur. : ,



Imaging pressure within the nucleon

%k GPDs provide indirect access to mechanical properties of the nucleon
(encoded in the gravitational form factors, GFFs, of the energy-momentum

tensor).

% Three scalar GFFs, functions of t:
encode pressure and shear forces (di(t)),
mass (Mz(t)) and angular momentum
distributions (J(t)).

% Can be related to GPDs via sum rules:

f x [H(x &)+ E(x, &, 1)) dx =2 (£)

r’p(r) (x102 GeV fm")

[xH0s €, )dx=My(0) + %fzdl(t)

%k Possibility of extracting pressure
distributions! More data needed.

Uncertainties:
B prior to CLAS data

from CLAS @ 6 GeV data
expected for JLab @ 12 GeV

15

Repulsive
pressure

—

10

0

Confining
pressure

«

Mot e i
0 02 04 06 08 10 12 14 16 18 20

r (fm)

V. Burkert, L. Elouadrhiri, F.-X. Girod,
Nature 557, 396-399 (2018)



DVCS @
JLab 1n the
11 GeV era




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 Hall G 11 GeV :
- / ) N\
E12-13-010 (Hall C, 53 days) 3 | " o / S
-~ S - /’
C. Munoz Camacho et al., Nc.m_Ha" C 6.6 GeV /
C. Hyde et al. - /
I /
Unpolarised liquid H: target: 8Hall A 6.6 GeV
. 5 ’ /.
* Beam energies: 6.6, 8.8, 11 GeV -Hall A 5.75 GeV
* Scans of Q2 at fixed xg. 6_— /
e Hall A: aim for absolute cross- i /
sections with 4% relative precision. . /
4— / S
; i / <. NN
% Azimuthal, energy and - / - NN
helicity dependencies of S - Na
- — — mmmImaa=====
elicity dependencies o Cross 2" /A =3 1\\\\5\\§\s\\\§\\\§
. / = .
section to separate [T -/ \\\\\i\\\i\\\i:\\\\\\\\\\\\:?\iii
and interference Contributions SNNNNN \?E}}L\\SP{}\\‘Q\{'\:S}{{%{{Iﬁi&%@g\\ﬁﬁﬁ%\~
. s . % 01 02 03 04 05 06 07 08 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

P,...= 85% 3F

L = 1035 cm2s-1 E £

1< Q2< 10 GeV2 °E

0.1 <xg< 0.65 i3 e

~t_.< -t < 2.5 GeV2 i3 | =
Kinematics similar for all proton DVCS 2 g .-
@ 11 GeV with CLAS12 experiments 1 .

ob o v v 1w b b L b L
Unpolarised liquid H2 tal‘get: 0.1 0.2 0.3 0.4 0.5 0.6 0.7 XBO.8
» Statistical error: 1% - 10% on sing ) . .
moments First experiment with CLAS12

* Systematic uncertainties: ~ 6 - 8%
Started this February!
Aru characterised by imaginary parts of

CFFs via: ~ t




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

m Re H fit result : 6 GeV data N m Im H fit result : 6 GeV data
j=f =
o[ = Re H fitresult : - = Im H fit result : CLAS12 pseudo data
“r CLAS12 pseudo data b 6
L A N [
= Oe\/ - e\:\
o o
2.5 ono 8 5 OQ{/,» ¥
o L
- N/
3 «\OV 4 \C’v. :
<@ - 2D
\a C K5
) ¥ {- - <& ¥
3.5 — + 3
4.5 — 1
r <Q’>=2.4GeV’, <xz>=0.35 - <Q®>=2.4 GeV? < xz>=0.35
sk l l ! | ol L 1 L l
-1 -0.8 -0.6 -0.4 -0.2 o -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:

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

% Rosenbluth separatlon of
interference and |T D,,CS| 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
CFF's: sensitivity to Gravitational
Form Factors.

Deep Process Kinematics with 6.6 , 8.8, and 11 GeV

~14r-

H12

10

! | l La
OO 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 /A

025 03 035 04 045 05 055 ' J
X A A LA . 025 03 035 04 045 05 055

F.-X. Girod et al.



Neutron DVCS @ 11 GeV

Experiment E12-11-003 AG. - ~ siné Tm {F.H + E(F.+F)H - kF.E'd
S. Niccolai, D. Sokhan et al. LU ¢ Im{F, S(F,+Fy) E ydo

Im (l;n) dominates.

0 -t 12 Simulated statistical sample:

Q? (GeV?)

# | . ; . H L = 1035 cm~—2s~!/nucleon
/

*"W* W.W’W .-HHWHH EWH”HH{* +’H|” e

CLAS12 +
Forward Tagger +
Neutron Detector

o Tty *H“M* “ Mﬂ it §+HHHHH+ gqm {

mwﬂwﬁﬁh U”HH* 2+++++++++++§++HHHH++§+HH i

0.4 0.5 0.6 x‘:-7 Scheduled: 2019



Beam-spin asymmetry in neutron DVCS @ 11 GeV

0.2
L ] =03,7,=-0.1 J.=03,J,=0.1
b E,=11GeV d d
- 1,=01,],=0.1 1,=03,],=023
o.1;— +
oosf + | J
A 05_+_____________ %$¢ _ ___L_ } %k At 11 GeV, beam spin
LU YF } + + i’ )
oost Lo} + asymmetry (A, ) In
- * + + neutron DVCS is very
I sensitive to J ,J,
0.15—
0.3~ ~~50 " foo 150 200 250 300 350 %k Wide coverage needed!
(%)

VGG (calculations by M. Guidal)

Fixed kinematics: X, = 0.17 Q> =2GeV? t=-04GeV”



Proton DVCS with a longitudinally
polarised target

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

g via: - t ~
F. Sabatié et al. F1H+§GM(H+%BE) — 4§4ZF2E—|—...

Longitudinally polarised NH3 target:

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

¢ Pproton > 80%

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

« Systematic uncertainties: ~ 12%

Tentative schedule: 2020

To pumps

Target cryostat

Heat shield  Phase separator T LHe inlet

Target sample

L \L Correction coils

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

Heat exchanger




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:

- T §t
W H H+ —F

—> Im(H,)

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

FQE + ..

14

12

Q%GeV?)

[+}
)
0.2

“0 2 4 6 8 10 12 14
Q? (GeVA2)

Tentative schedule: 2020



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.

— -
= o) .
< 04 [ < 04
i J 3, - 54,
02| 046 45 i 006 95
:31: g.s 0.2 ! Baos 0
L Yo 48 A-06 06
0 [%g “ Zg :.s
[ _g: :i.s . i \l;/lo 06
021 S06 06 i 5‘32 :.s
[ 02} @06 06
04
- 04
.OIG-III[.II ‘ll1¢|||+||l+11*|v11111111| L 1 |
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14

VGG extraction t t
(M. Guidal) (x) = 0.2, (Q?) = 2.5 GeV? (x) = 0.33, (Q?) = 2.5 GeV?



Q2 =2.6 GeV2, xg = 0.23

Im(H): p
Im(H): n

P IR S

0.2

0.4

0.6 0.8 1
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Projected sensitivities to Im(H) CFF

Projections for
Im(H) neutron
and proton and
up and down
CFF's extracted
from approved
CLAS12
experiments.

VGG fit (M. Guidal)



Projected sensitivities to Im(E) CFF

Q2 =2.6GeV? xpg=0.23

g S
dE Im(E): p
i Im(E): n
3
2
i
C P d )
of- . 4
_I:“lllllllllllllAAAl
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312_ -
E -
< 10f- Im(E): u
of | Im(E): d
6
e
2f .
2:..1..‘1.,.1..‘1.,1
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E,.()
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'3 ; .
“E Im(E): n
5K
-GE PPN PP PRI EEPEEPEEPE PR |
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a»
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o
2f
of k § §
a3 Im(E): u
s
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1o> - . 1 1 1
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Projections for
Im(E) neutron and
proton and up
and down CFFs
extracted from
approved and
conditionally-
approved CLAS12
experiments.

VGG fit (M. Guidal)



DVCS on 4He: CLAS12 with ALERT

Experiment E12-17-012: Measurement of BSA in coherent DVCS from a
4He target: partonic structure of nuclei.

Z.-E. Meziani et al.

3%k Spin O target, so at leading twist only one chiral-even GPD: Ha.

11 GeV beam, 80% polarised.

Gas target straw @ 3 atm
L =6 x 1034 nucleon cm-2s-1
with 1000 nA beam.

Clear space
surrounded by a
Kapton foil

Outer wall

Drift chamber A

Scintillators array
covered by a light
proof layer

CLAS12 + ALERT: central
recoil detector

50: B CLAS-EG6 405 B CLAS-EG6
20F — Convdul?n-Dual 30 = == Convolution-Dual
- === Convalution-VGG 20 === = Convolution-VGG
30 . e = Off-shell model E
o . 10E
- - — -
201 =< 0 ;—
10F T F
g o 200
oF o4 H % o 005<x,<0.17 _30E )
- l l | l ) & o 0.17< x. <023 _:_ I l l% v o 0.05< xB <0.17
-0 LYY ¢ ~40E o'y d ¢ o 0.17<x,<0.23
. Y - 0.23< x, <0.50 SN | LY LU
_20E | | -50 . l . c 0.23< x, <0.50
L P | i —60 N |
107! 1 107! 1
2 2
-t [GeV7] -t [GeV7]

Experiment E12-17-012B

W. Armstrong et al.

Incoherent, spectator-tagged DVCS
on “He and d.



DVCS at
COMPASS:

sea quarks




COMPASS (@ Cern (SPS)

Compact Muon and Proton Apparatus for Structure and
Sprectroscopy

COMPASS-II:
2012 - 2021

Forward particles: two-stage spectrometer
(tracking, muon filters, calorimeters).

2.5m liquid Upgrades: new scintillator ToF for recoil

H> target proton detection & new EM calorimeter. DVCS: pp> p' p Y

L )N u;
p

Full exclusive reconstruction

%k 160 GeV 80% polarised ,LL+ / W
% ~ 4 x 10%u/spill, 9.6s/40s duty cycle

%k 2008 & 2009: two v. short test runs, 40 cm LH> target.
Data: % COMPASS-II: 1 month in 2012, 6 months in 2016 & 2017 each (GPD H).
%k 2022+: transversely pol. NH; target (GPD E). LOI stage...



DVCS @ COMPASS (2012 run)

8 e Data COMPASS 2012 400 e Data COMPASS 2012
— " —MC (BH) —y - — MC (BH
= 2 bgd. MC ¢ 1 (GeV/c)* <Q° < 20 (GeV/c)’ 20 bd. $VIC) + + 1 (GeV/ey’ <@ <20 (GeVic)’
- 1000+ - MC(LEPTO 7° bgd.) 80 GeV <v <144 GeV 300 "% MC(LEPTO ° bgd.) 32 GeV < v <80 GeV
W = e MC(excl. x° bgd.) e MC(excl. 2° bgd.)
i MC (BH + n° bgd.) 0.508 m MC (BH + =° bgd.)
.005<"xg; < 0.01 0/01)<"xg < 0.03
pure B.H 200 \
500r¢ontribution .
100 .
- &
° _‘—L‘_‘—‘—j_o_._q_ _‘_L\-o-¥
I 1 L J 1 Ll 1 L i — L 1 | I — 1 aad J bend ol Jo 1 ol | | Aosle ol =
-3 -2 -1 0 1 2 3 0 1
N COMPASS 2012
g 100 lla;ga(BH) *
e 2 bgd. MC 1 (GeVic)® <Q" <5 (@eVicy Bethe-Heitler dominates
| MC(LEPTO 7° bgd.) 10 GeV <v <32 GeV
Ll e MC(excl. n° bgd. at very low xB

)
m MC (BH + n° bgd.

d.
) 2>:0.03
A

f

} by t DVCS dominates at
these kinematics

¢ _ (rad) Slide mash-up from N. d’Hose
i and A. Ferrero



Kinematically constrained

DVCS x-section and t-slope extraction verte it spled
@vcs /dt= eIt Slide from: A. Ferrero @ SPIN 2018

2
o 107EG, = oose COMPASS 2012
) - (Q?)=1.8 (GeV/cy
S - (W ) =5.8 GeV/c’
D B
g .
®)
= 10F
a E
>~ - —B=4.31+0.62 "7 (GeV/c)?
T — B 1 (GeV/lcf < Q%<5 (GeV/c)
0|0 10 GeV < v < 32 GeV
"‘>_ 11...,|....1....1....1....1.
B 0.1 0.2 0.3 0.4 0.5 0.6
©

2
arXiv:1802.02739 [hep-ex] Il (G eV/ C)

A. Ferrero (CEA-Saclay /IRFU/DPhN) for the COMPASS Coll. DVCS and DVMP at COMPASS PAVE:




Tomography of sea quarks

% i arXiv:1802.02739 [hep-ex]
S~ - —
>
o 6 i
ol + COMPASS 2012
~ + (4 weeks) .
Q - HERA -
4 o
o |- ® this work: COMPASS (Q°) = 1.8(GeVie)®
i ZEUS:  JHEP 0905 (2009) 108 (@%) = 3.2 (GeV/cy
A H1: (@)= 4.0 (GeV/ic)} —
0 LR Phys. Lett. B681 (2009) 391 (Q°) =10.0 (GeV/c)’
107 107° 1072 107"
o Xp /2
B = (431 £ 0.62a © (92]...) (GeV/e)™> 7B

) fm

Sys

0.5

0.4

0.3

0.2

0.1

(r}) (fm%)

1 < Q?2<5 GeV2
<Q?> =1.8 GeV2
<xp> = 0.056

Integrated
luminosity:
42.4 pb-l

10 times
more stats in
2016-17 runs

<r 2 (xg) >~ 2B(x,)



DVCS with transversely polarised target @
COMPASS

sin(¢- ¢s) cos ¢ .
Des r 1.2m long transv. polarized NH, target

Q)G,T = Aoy (u*™) - Aoy (u”7) ﬂ
9Im(F2_7-[— F1 E) sin(¢- s) cos ¢ c.u...r.g,. S S—

o

sé

I S— B -y *£ .......... . S——

{ + ! odf Hu H{ ccuracy +3%

0.4-® (0) COMPASS 160GeV, 140 days 2 years of data

It |-0I0(0I4)Gov‘ a
= HERMES Eglobal = 10%

AD. sin QQ‘) c
CST b
N
N
I

[
r
3

Rl s vy R - - -
t [GeVA) ot x o & [GeVA)

Indications of statistical accuracy.

Slide from: N. d’Hose @ Getting to Grips with QCD, Primosten 2018



Summary

JLab 6 GeV programme:

% Experimental support for factorisation & the handbag diagram, evidence of scaling
% Indications of higher-twist or higher-orders at play: hint of gluons?

% Constraints for GPD models B

% Most information on Re and Im parts of Hp CFF, a little on Hp, En

% First attempt at tomography with the limited data

JLab 12 GeV programme:

% High precision — separation of DVCS and interference terms: sensitivity to higher
twist and higher orders, gluons.

% Extensive mapping of a wider kinematic region — tomography.

% Extraction of Re and Im parts of H CFF, ﬁ, E, flavour-separation: u/d.

s%k OAM contribution to spin, tomography within the valence region, constraints on GPD
models.

COMPASS:
% H and E CFFs - tomography, OAM of the sea quarks, model constraints.




Some questions for the EIC...

% Tomography of sea quarks: wide
kinematic reach.

% Higher-twist / higher-order: what
sensitivity to this will we have?
Luminosity factor of 103-104lower

T T rrrrT I T T T L L l . T T T
Current DVCS data at colliders:
103 O ZEUS- total xsec [0 H1- total xsec

- ® ZEUS- do/dt B H1-do/dt
L B Hi-Acu

L Current DVCS data at fixed targets:

" A HERMES-A; A HERMES-ACU
L A HERMES- A, Ay, AL

A HERMES-Ay; * HallA- CFFs
¥ CLAS-ALy X CLAS-AyL

o 107 4 than Hall A, but can run more or
= - Planned DVCS at fixed targ.: § .
® [ COMPASS- dortt, Acey Acs: less continuously.
(O] JLAB12- do/dt, Ay, Ay, Ay .
o * Access to gluons easier through
c
oL | DVMP...

%k H,H, E — what about E?

% Energy scans - separation of
’ , DVCS / Interference.
o e i 3 %k Q2 scans - scaling.

10 10 1o 10" ' % Overlap of kinematics valuable:
check of systematics by
comparison to JLab, COMPASS
results.

* ...7

EIC White Paper, Eur. Phy. J. A 52, 9 (2016)






Back-up

and sundry




GPDs and nucleon spin

J 2, +L,+J,

L1
2 27

. . 1 1
%* Ji’s relation: J?¢ = E—Jg = 5j:xdx{Hq(x,E,O)+Eq(x,§,O)}

H accessible in DVCS off the proton, first experimental
constraint on E, 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.




DVCS in experiment

* Process measured in experiment:

DVCS Bethe - Heitler
do o \TDVCS\ + \TBH\ + @S + Tz@
Amplltude Amphtude calculable Interference term
parameterised in from elastic Form 5 5
terms of Compton Factors and QED ‘ TDVCS‘ << ‘ TBH‘

Form Factors



Compton Form Factors in DVCS

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

do—-do Aoy,
do+do do+do

ALU =

At leading twist, leading order:

pDves ]'IGPDS (x,¢,1)
xt&+ie

ax +... ~

)+ inGPDs (£&,&,t)+ ..

-1

Only € and t are accessible
experimentally!

To get information on
x need extensive
measurements in O-,

Need measurements off
proton and neutron to
get flavour separation

of CFFs in DVCS.




The DVCS/BH amplitude

9 9 Interference term
= |Teu|” + [Toves|” +Z ~— fr Dves/BH

6 2

2 _ ¢ BH BH BH _:
[ Teul” = 220 1 2P (0)Pa(0) lco + ;cn cosng + sy sin @]

2
|TDVCS|2 2Q2 {CDVCS Z[CBVCS cosng + SDVCS sin nqﬁ]}
n=1
66
T = {Co-l-ZC cosng + s sinng|}

rpYy3tP1(¢
n=1 \/’
va

Coefficients depending on

Intermediate lepton propagators Compton Form Factors



From asymmetries to CFFs

At leading twist, beam-spin asymmetry (BSA) can be expressed as:

S:IZ ,unp
Aru(o) ~

0 unp + (C1 unp + Cl unp e ) cOoS ¢@... higher-twist terms...

sin ¢

The leading coefficient is related to the imaginary part of the Compton Form Factors:

~ t
Srlz,unp X %m[Fl@—i— f(Fl + FQ)H — AN 2 FQ(C;] F], Fo: Dirac,

N Pauli form factors
At CLAS kinematics, this dominates

Likewise, for the target-spin asymmetry (TSA): % Obtain coefficients

51 p Sin gb from fitting the phi-
AuL(o) ~ 7 dependence of the
Conp T (CTunp  Clounp + ) COSG+ . asymmetry:
T t ~ :
S1,LP oc%m[Fl@—k §(F1+F2)@+ TBE)—§(7BF1+ 4M2F2)5] Ai_ aiSIIld)

'\ /' 1+ pB;cos¢p

At CLAS kinematics, these CFFs dominate



Double-spin asymmetry

At leading twist, double-spin asymmetry (DSA) can be expressed as:

BH BH T
POLP+(ILP+ (‘1LP+‘1,LP)COS¢

Comnp T (CPinp T Clunp T -+) COS @..

Apr (o) ~

x t ~

2 AM?
N / 2

At CLAS kinematics, leading-twist
dominance of these CFFs

KLL + ALL €OS ¢
1+ Bcos¢

% Fit function for the phi-dependence of the asymmetry:

Shares denominator with BSA and TSA!
If measurements at same kinematics, can do a simultaneous fit.



Transverse extension of partons in the proton

Comparison to GPD models

Figure from Moutarde, Sznajder, Wagner

arXiv: 1807.07620
20 .

PARTONS Ft\s - @ COMPASS Q7 =1.8GeV?
. . A H1 Q* =4 GeV?
The grey band is a global fit of CFF o mseer
in the PARTON framework 15} ® 11 O =100e¢ -

at LO and LT using a GPD parametrization
(only valence and sea quarks)

GK includes gluons (at next order in o)

|:> Manifestation of gluons or NLO

To4 10-3 10-2 10-1
xBj

Slide from: N. d’Hose (@ Getting to Grips with QCD, Primosten 2018



Nucleon tomography: imaging glue
* Gluon GPDs can be accessed through deeply virtual meson production (DVMP), eg: ./ / \\/j

%k Access to spatial distributions of gluons at

different longitudinal momentum fractions: \\ /

A e+p—oe+p+Jy
15.8 < Q2 + M3, < 25.1 GeV? M

0.12
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» 008
006
- 0.04 N N/
12 14 16 002
° M. Diehl

Gluon momentum
fraction related to:

0.016 < xy < 0.025

02 04

Distribution of gluons
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o
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o} 02 vy =ap(l+ My /Q%)
1 . 008
0.0016 < xy < 0.0025 . 0.06

2 0 0‘2 O‘d 0.6 0.8 ‘1 ' '1l2" 1A4 116 gg; .

oL 3 * 3D images of sea quark and

1 14 1 . . .

> gluon distributions from
by (fm) exclusive reactions: DVCS
and DVMP.

EIC White Paper, Eur. Phy. J. A 52, 9 (2016)



c I EIC: 5 GeV on 100 & 200 GeV
° 5 EIC: 20 GeV on 250 GeV
Gluon spin & 1 e
S osl
9 -
S I
S I
% DIS and SIDIS will ‘é ol
contribute extremely =
. o current data
precise measurements £ I (global analysis)
of the helicity 9 S osf
distributions of sea- < Q& = 10 GeV?
quarks and gluons. 1 1 = I All uncertainties for Ax*=9
2 2 2 Al
A3(Q )=fg1(x9Q )dx=quf(x,Q )dx 0.15 0.175 0.20 0.225
0 0 Quark Contribution to Proton Spin
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o [ DSSV ] : 1L 1 01
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E. Aschenauer et dal,, DSSV: D. de Florian, R. Sassot, M. Stratmann, W. Vogelsang,

Phys. Rev. D 80, 034030 (2009).
Phys. Rev. D 86, 054020 (2012) DSSV+: arXiv:1112.0904 [hep-ph]



