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Nucleons under the electron microscope:
Deeply Virtual Compton Scattering at

JLab in the 6 GeV and 11 GeV eras.

Scotland

Many Mamfestatlons of Non Perturbative QCD
- Camburi, Sao Paulo, Brazil— 3rd May 2018



Nucleon
Tomography:
Intro




A full knowledge of the nucleon...

Wigner distributions
p(g;, ET; gT) _\Jransverse momentum

kr

=

or your favourite

. Trapsverse -
representation... 1 /
Longitudinal momentum <7 br\_|o® partons
' \
x: longitudinal
momentum N
fraction carried by ° ¢
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... 1s hard to come by

\

['sa The story of the blind men and
| | the elephant.

2k Elastic scattering

3k Deep Inealstic
Scattering (DIS)

2k Semi-inclusive DIS

2k Deep exclusive
reactions

G. Renee Guzlas, artist.



Images of the nucleon

Wigner function:
full phase space parton
distribution of the nucleon

N
f d 2bT Transverse
\ Momentum

* Semi-inclusive DIS

P Distributions
l (TMDs)
TN —®
N (u | —
d \Q -



Images of the nucleon

Wigner function:
full phase space parton
distribution of the nucleon

N
l: f d 2bT Transverse

o
Foo [ F——3 H1 PDF 2000
| = === ZEUS-SPDF Q’=10 GeV* \ Momentum
0.8 === CTEQ6.1 . . .
Distributions
(TMDs)

/
[d*F; /{
"4

Parton Distribution % Deep Inelastic
« Functions (PDFs) Scattering

~
'~




Images of the nucleon

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
(b.) to longitudinal momentum (x).

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



Images of the nucleon

Wigner function:
full phase space parton
distribution of the nucleon

Factor: transverse charge density of a
nucleon

/
f d 2 kT Fourier Transform of electric Form

Generalised Parton L
Distributions (GPDs)
fdx -1.0E l 1.0:'
LR 16 --'6;5;’- 6:?{;} T v v R i fd.'sl; b;ff".']b.'s” B N
Form Factors proton neutron
eg . GE, GM C. Carlson, M. Vanderhaeghen

PRL 100, 032004 (2008)



Images of the nucleon

Wigner function:
full phase space parton
distribution of the nucleon

~ N \\\
2
| , f d kT Transverse *
\ Momentum
Generalised Parton <Sn:a?' Distributions
DlStI’lbllthIlS (GPDs) (TMDs)

./L 3 '\.‘ ! ‘\‘ iy
T e 2
a Snake!‘ Tree! d k
. Tree! T

G. Renee Guzlas, artist.

Form Factors Parton Distribution

eg: Gg Gy Functions (PDFs)
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Images of the nucleon

Wigner function:
full phase space parton
distribution of the nucleon

/s
P [d*k,

singlet pion

f d bT Transverse
S\ Momentum

quarks, gluons cloud quarks

Generalised Parton 7 L % Distributions
D_iustributions (GPDs) - 4 / (TMDs)
@ g\ pApslpS

N

Form Factors

e Y
7,
2 dx x<00l x~01 x~03 d 2k 5
T Zos | H1 PDF 24
| ZEUS-S PDF
os i\ CTEQ6.1
07 = \
K os -\ N 120009
3 AT
XS = b

. Parton Distribution
eg: Gg Gy, Functions (PDFs)




DVCS — an

experimental
window on GPDs

\ ¢

~J\QQ Q/(_



GPDs and DVCS

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

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

~

E1 B HY H(x, &, t)

%k Can be related to PDFs:

~

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

non-perturbative

2

0’ =-(p,-p.") t=(p,-p.)

2
Bjorken variable: Xg = 2
2p.'q
y+E longitudinal momentum * Small changes in nucleon transverse
fractions of the struck parton momentum allows mapping of transverse
Xg structure at large distances.

€ =

2-Xx,



GPDs and nucleon spin

J 2, +L,+J,

11
2 27

. . 1 1
* Ji’s relation: J? = E_Jg = 5ﬁlxdx{Hq(X,§,0)+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.



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,
Y do+ds do+dé

At leading twist, leading order:

TDVCS - TGPDS (xagst)
xt&+ie

ax +...~

)+ inGPDs (£&,&E,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.




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

—
@ Aoy ~sing S(FLH + Gy H — 4M2 FyE) dé

‘ Aoy, ~ Sln¢ ;(F1H+§GM(H+ 7E>
69’ Bl + ) db

@ Aoy ~ cos @ %(4M2 (FoH — 1 E) + ...)d¢

— Aopp ~ (A+ Bceos¢) R(FLH
_@') +EG (H + %BE) + )

< r
hadronic™P
plane

Proton Neutron

~~

Im {Hp, H,E}
Im{H , H_, En}

Im{H H}
Im{H _,E,E.}

Im{H , E p)

Im {IEI

Re{l }
Re{H

Ly






Jefferson Lab

CEBAF: Continuous Electron Beam Accelerator Facility.

%k Energy up to 11 GeV (Halls A, B, C), 12 GeV Hall D
% Energy spread 6E/E, ~ 10~*
%k Electron polarisation up to ~80%, measured to 3%
%k Beam size at target < 0.4 mm

Add new

20 cryomodules

Add 5
cryomodules




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

# 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



JLab @ 12 GeV

High resolution(dp/p = 10~%
spectrometers, very high
luminosity, large installation

experiments. | B o momentum
spectrometers, well-

defined acceptance,
very high luminosity.

=== Hall A - |, zeus
1 — |: \.\-C"’S .......... 4 :
; 1 o 4 To Beam
: a ee\‘ $ Dump
1 \‘l.
iy 1 . @
' ? Target L ® ‘2
ﬁﬁ - W N
e 2 1 69T g
/ 1 \A‘H “.‘ $//
1
|
.
1

Two movable high

forward calorimeter
/

GLue X e Tl
HallD "

Very large acceptance,

9 GeV tagged polaried photons,
high luminosity.

full acceptance




CLAS12

L~1035 ¢cm-2 s-1

45
Design luminosity IQS“

Sofenoid

CTOF

High luminosity & large
acceptance: .
Concurrent measurement
of exclusive, \*
semi-inclusive, B

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




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
highlights
from the

6 GeV

era
=N 0N MPa 2 A7




First DVCS cross-sections in valence region %

% Hall A, ran in 2004, high precision, narrow kinematic range. Q2: 1.5 - 2.3 GeV?2, xg = 0.36.

0.09

#=== Total 7/
s DVCS-Twist2 )
Int.-Twist2
s Int.-Twist3
-+ Bethe-Heitler

=== Total
w=== Int.-Twist2
== Int.-Twist3

x/* T,

.......

’ 0 60 120 180 240 300 360

o | [(';;.\

zp = 0.36,0Q2 = 2.3 GeV2, —t = 0.32 GeV/2

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

sk Strong deviation of DVCS cross-section from
BH: extraction of |T D,,CS| amplitude as well
as interference terms.

% Separation of real part of the twist-2
interference term and the |7, VCS|
amplitude 1s 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 %

0.12
I - KMS12 i
~ s
0.09 \\_\ ——= KMS12 + TMC Vs
— \ —— KM10a /o
% 0.06 KM10a + TMC
o/
=~
T 0.03— bt o e
5
.
0
P T
S ————— S S S |
| | | | |
Le
L
o
=
B R S o =
<+ =8 v
1-0.02 ~3 L:’f'i
-0.04
T S S —
==
! 1 1 | |
0 60 120 180 240 300 360

¢ [deg]

25 =0.36,Q% = 1.9 GeV2, —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-t
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.



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)

%k LO requires Q? >> M? (M: target mass) q () 0'(+)

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-l——i—
¢ LT in NLO: both 4 | and F_ 4
< Twist-3: .F()+

< Helicity-conserved CFFs — F, |
2 Helicity-flip (transverse) — F 4+

¢ Longitudinal to transverse flip — .7'—0+



Here comes the twist...

%k At finite 2 and non-zero ¢ there’s ambiguity
in defining the light-cone axis:

¢ Traditional GPD phenomenology uses the
Belitsky convention, in plane of g and P:
A. Belitsky et al, Nucl. Phys. B878 (2014), 214

< New, Braun definition using g and ¢g’:

more natural.
V. Braun et al, Phys. Rev. D89 (2014), 074022

Reformulating CFFs in this frame absorbs most
kinematic power corrections (TMC):
Fiv =Fip + 3 [Fer +Fi] — xoFoyt
Fop=F 4 +5[Fiy +F_4]— xoFo+
For =— (L +x)Fot + xo [Fyq +F_]

! v 77

Belitsky Braun CFFs
CFFs

Leading order Next-to-leading order
(LO) (NLO)

q'(+) q(+.-) q'(+)

q (+)

Perturbative
Non - perturbative

x-& x+& x-&

Assuming L.O and LT in the Braun frame
leaves higher-twist, higher-order contributions
in the Belitsky frame, scaled by kinematic
factors X and XO.

Non-negligible at the Q? and xp of the Hall A
Cross-section measurement!

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 ¢.

E =45 GeV E=5.6GeV
3 §\ . do ;! - = FitLTALO 1 &
Q0.2 2 y g 'l Eel
c * A A40 |+ §‘ a -°.1C
] : {\‘ KM15 ,:++ ]
) ; ) i
' s *l 4
0.1+ %\ '+ “** §+§,l
| ¢ 4 N e o3 & —0.05
N 3 AT
! RN .
- A3 SRX
o L4 .H'H;ééx“ v 4’4 $*214‘1‘-* o . 0
| 4 ‘4’“” i H{.L”; ]
oo e Um0 i00 200 300
& (deg)

@ (deg)

% 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 Hoy can’t be neglected.

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



Hints of higher twist or higher orders %//4
% Including either higher order or higher twist effects (HT) improves the match with data:

Ee = 4.5 GeV Ee = 5.6 GeV
E L . &' ‘| - = Fit LTALO E E
£0.21- v Al : — Fit HT 1 £

— KM15

—0.05

o
T T T
[

1 | | 1 l | I l | 1 | 1 I Il I ] ' 1
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 DVCS2 and the BH-DVCS interference
terms in the cross-section is possible but NLO and/or higher-twist required.

> ol 3 e :
& | ¢ s Significant differences
© .03l FAY 1001°  between pure DVCS and
: 1 interference contributions.
0.021 ]
i . -10.005
001 ” % Helicity-dependent cross-
: section has a sizeable
T2 : - DVCS? contribution in the
001 VA higher-twist scenario.
0021 75 i NLO-DVCS? %y * Separation of HT and NLO
N B 2 : R na .
003k - HT-DVCS \ 7 | effects requires scans across
N == NLO-Interference - L 40.01 . )
LY pm HT-Interference : wider ranges of Q2 and beam
-0.04__I L1 | I I I | l - I | I I | l | I L1 1 i energy: JLab12!
0 100 200 300 0 100 200 300
® (deg) ® (deg)

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



Q? (GeV?)

N

NN W o
T RRRERIRE]

—

p—
T

0_5;.i|.;| P

= BH only

"05 08
XB

% Widest phase space coverage
in valence quark region: CFF
constraints.

s% Dominance of GPD H in
unpolarised cross-section.

d4°ep->ep>'
dQ%dxdtd &

4— 4
d"Gepiep, do

l( _ ep-bepy )
2 szdedeQ dQdeBd'l'd@

d’c (nb/GeV*)

o) (nb/GeV?)

©

A(

CLAS unpolarised cross-

sections

—— VGG (H only) ~

~ KM10 (Kumericki, Mueller), includes strong H
- == KM10a (sets H to zero)
KMS (tuned on low xg meson-production data)

t=0.262 GeV?

-t=0.447 GeV?

N

| Q=163 GeV*

XB
-t=0.153 GeV?

10" 3

08 .

0.6/

0.4

0.2

0 TR Sk 4 S SR

-0.2
-0.4
-0.6
-0.8

0

100 200
D (degq)

300

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

XB=0.1 85

100 200 300

d (deg)

100 200 300
P (deg)



Tomography of the proton %

sk CFFs extracted in a VGG fit.
* Imaginary part of CFF: Fy,,(&,t) = F(&,&,t) F F(—£,&,1)

Q%*=1.11 GeV? Q°=1.63 GeV? Q*=2.23 GeV?
— VGG prediction : Xg=0.126 . Xg=0.185 : Xg=0.335
6F ____A=5.30+0.95} ___A=4.98+0.56 | __A=1.44+1.25
--= Al 5t b;=4.2510.98 | b,=3.03+0.55 | b=1.04:3.68
Eal - ?
T,
% Hin slope in t becomes 1}
flatter at higher xz ‘: E
6 :
al :
22} l
Tofo e
Valence quarks at 2F g
centre, sea quarks Y S | S

0.1 02 0.3 04 05 “0.1 02 03 04 05 04 02 03 04 05
spread out towards t (GeV?) t (GeV?d) t (GeV?)

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



e\»%6 Beam-spin Asymmetry (A, ) ()

JLab Hall A VGG twist-3
results VGG twist-2 .
w! Follows first CLAS measurement:

-

Awsin(fp)

Previous CLAS _ .
results VGG model: Vanderhaeghen, Guichon, Guidal

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

S| U/r \L/ Regge (JML) S. Stepanyan et al (CLAS), PRL 87

(2001) 182002

A, from fit to asymmetry:
_ a;sing
14 p;cos¢

A;

ArLu characterised by imaginary parts of

CFFs via: =~
FiH Gr H — E
A+ 8Gn = T3

Qualitative agreement with models,
constraints on fit parameters.



D Target-spin oos o1 o a0 20

Cy Qo SXGeVie)
Asymmetry (Ay,) 7|

—@-) Follows first CLAS measurement: *}

S. Chen et al (CLAS), 06 Qo) MGeVier _ -
PRL 97 (2006) 072002 3 ] ' -

Ay, from fit to asymmetry: ’

< Q2 41(GeVicY *)
06F ..(";,.-03_“ 1 i .

a;sin ¢ .
Ai - !
1+ p;cos¢ : M
Aur characterised by imaginary parts of CFFs T — e | o
via: . et 06f 225 SOV :
FiH + Gy (H + 22F) — B + ... '
1 H + &Gy (H + 5 ) Pt

High statistics, large kinematic coverage, j - e

. . . . : 3NGeVie

strong constraints on fits, simultaneous fit 0453

with BSA and DSA from the same dataset.

-

E. Seder et al (CLAS), PRL 114 (2015) 032001 Meionemlonl ottt cnt—
S. Pisano et al (CLAS), PRD 91 (2015) 052014 0(deg)



Beam- and target-spin asymmetries %

g 04

0.3}

L <Q%> = 1.52 (GeVicY
F<xy>=0.179

0.2} 2

0.1}
0}

2 2Q™> =197 (GeVicy
i &x3> =0255

~

F <Q> =241 (GeV/c)

<@%= 2.6 (GeV/cy

0.4F x> =0255 [ <Xz 20345
03} s " gk R
0.1F : ’ l
of '
04} <Q>35331 ((j,e,Wc)2 % data
<K= 0453 R VGG
0.3’- :{l . ' - KMM
02f /=
3 A N * - GK
0.1 GGL
0OF CLASA onH,
0 05 1_ 15
-1 (GeV/e)

o ®

S. Pisano et al (CLAS), PRD91 (2015) 052014

55 | <Q>=1.52(GeVicy | -~ <Q5 =197 (GeVicy
04F <x;>=0.179 [ <xg»=0255
03f - .
0.2f AN

*\‘ ¢ ‘¢ +._ Sa
0.1F T3 S

0_ AT :

F <Q> =241 (GeVicF | <Q% =26 (GeVic)
0.4 <x;>=0255 F <xo= 0345
0.3}~ ) b, 7
0.2} o SIS
0.1} ®-. + 1

Of : |
04} (Q‘) :_-,331' fGQV‘/‘C)‘ +data
<xp>= 0453
03F Cra ] e VGG
_—
0.2} f 'y + KMM
0.1F . ' - GK
O GGL
0 05 1_ 15
-t (GeV/e)y

asing

A — 1+Bcosd

GGL: Goldstein,
Gonzalez, Liuti

GK: Kroll, Moutarde,
Sabatié

KMM : Kumericki,
Mueller, Murray

©-S

% TSA shows a
flatter distribution

E. Seder et al (CLAS), PRL 114 (2015) 032001

in ¢t than BSA.



2-@- Double-spin Asymmetry (A,) <y,

[ <0™ — 1.52 (GeV/c? 2 — 1.97 (GeV/cF o <Q>=152(GeVicY | <Q> =197 (GeVicy . )
el Do | & JEIEOVTT SR Ay from fit to asymmetry:
: ’ .
0.6 # o o _ PR KLL + ALL COS ¢
[ 91 . S I S [ R
0.4:—‘*« g F el s i S 1+ Bcos¢
0.2F & . i \ -0.5¢ -
YIS B Ry s aa e | <525V | Auw characterised by real
ogf S T2HGeVE | <@ 26 GV 05} 1025 ity LL Characte s§d by rea
8F < l i‘ ‘ _ parts of CFFs via:
0.6F ®ig == - R, S ol - e ooens T
: v ~-,.~._-[ R Ty T*¥eszzm.) +§ ) B
04f S . _ {. i L Pyl + §Gy (T + =2 B) +
02f 7 — “05p ’
<Q>=331(GeVieP | _g- data 0.5} :S: =3 fs'%‘cew"" ~#- data s Fit parameters extracted
0.8F ' P VA -== VGG . .
ok 0433 --- VGG .y from a simultaneous fit to
6F KMM (1] L
* ek §o - GK BSA, TSA and DSA.
0.4 ] = GGL
0.2F - et 051 - - BH .
: -= BH , , , % Constant term dominates
e 0 05 1 15 . :
0 05 1 15 1 (GeV/cy and is almost entirely BH.
1 (GeV/cy
E. Seder et al (CLAS), PRL 114 (2015) 032001 CFF extraction from three spin

S. Pisano et al (CLAS), PRD 91 (2015) 052014 asymmetries at common kinematics.



<Q%> =152 (GeVicy
<k,>=0.179

- r
’ L
3 . .
A

25F <Q =241 (GeVicy

<x,> =1{.255

- <Q% =331 (GeVicY
<xp> =453

4
t(GeV)

What can we learn from

E <Q%> = 1.97 (GeVicy
(<> =053 the asymmetries?
‘::f:l.S .1;_ )
= 'F[ ] J Answers hinge on a global analysis of all
osk | 4 available data.
L H
s ;Q;= i ((.:c WC*)_. "] sInformation on relative distributions of quark
25 | x> = 0345 momenta (PDFs) and quark helicity, Aq(z) .
:l H(z,0,0) = q(z) H(z,0,0) = Ag(x)
osk | | l % Indications that axial charge is more
T .. concentrated than electromagnetic charge.
+1 _
N 41 o~
Im(H) Joy Hdz =Gy

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



DVCS at
JLab:
11 GeV era




Proton DVCS @ 11 GeV

Experiment E12-06-119

F. Sabatié et al. F
24F
Pyeam = 85% 8E-
L = 1035 cm-2s-! E
1< Q2< 10 GeV2 °E
0.1 <xp< 0.65 SE
~t_..< -t < 2.5 GeV2 e )
3F- 4
Kinematics similar for all proton DVCS 2 ;— {
@ 11 GeV with CLAS12 experiments 1| .
okl 1 1 | 1 1 |

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%
Started this February!
Aru characterised by imaginary parts of

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




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
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CLAS12: first experiment (Run Group A)

Target: 5cm long liquid Ho, It’s started!
L = 1035 cm-2s-1,
Beam energy: 10.6 GeV,
Electron polarisation: ~85% +/- 4%
Triggers: inclusive electron,
forward electron + charged particle (for quasi-real events),
muon pair (for J/Psi decay).

Operational specifications achieved.
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oo™
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Aim for first CLAS12 publication by end year...



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.

%k Rosenbluth separation of
interference and |Tovcs|2 terms in the
cross-section

%k Scaling tests of the extracted CFFs

* 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?
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F.-X. Girod et al.



Neutron DVCS @ 11 GeV

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

e 0 t 1.2 Simulated statistical sample: Im (E,n ) dominates.
>
‘?' ? R - : L = 1035 cm~2s-1/nucleon
e LIAANLL A ) raoeene
e
M bt . | H CLAS12 +

6 Forward Tagger +
g T -— W S Neutron Detector
P -.MM«..H#H*'.W«H{ M*“, »m vwwfww ;HHHHH*}HHHHM%*HH i
3 AL wr-. ".a"‘“"q* ##“‘..w*#”‘ bt WHW HMH}* '_i+++++++++++}+HH{HH+:;+HH il
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x, lentative schedule: 2019



Beam-spin asymmetry in neutron DVCS @ 11 GeV

0.2
- ] =03,7,=-0.1 J.=03,J,=0.1
Vb E,=11GeV d d
- 1,=01,],=0.1 1,=03,],=023
0.1;— +
oosf ! + + J
A ohe %fi __ ___t__ . %k At 11 GeV, beam spin
LU "k ¢ ‘ i .
oost - + asymmetry (A, ) In
- + * + neutron DVCS is very
HE sensitive to J ,J,
-0.15—
050" oo 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

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%

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

« Systematic uncertainties: ~ 12%

Tentative schedule: 2020

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




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.
¢ Pdeuteron up to 50%

* Systematic uncertainties: ~ 12%

AuL characterised by imaginary parts of CFFs via:

~ xB €t ~
"H Guy(H+ —F)— B+ ...
1 H + G (H + 5 ) el

—> Im(H,)

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

Projected sensitivities to Im(H) CFF
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VGG fit (M. Guidal)



Projected sensitivities to Im(E) CFF

Q2 = 2.6 GeV2, xg = 0.23 Q2 =5.9 GeV?, xg = 0.35
g °f z °F
Im(E): n | ]
3 °F ' 1 :
of W Projections for
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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
. - ' b4
* Beam energies: 6.6, 8.8, 11 GeV -Hall A 5.75 GeV
e Scans of Q2 at fixed xg. 6 /
* Hall A: aim for absolute cross- i /
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- A <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.



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

Target

Drift chamber

Scintillators array
covered by a light
proof layer

CLAS12 + ALERT: central
recoil detector

Im(HA)
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Experiment E12-17-012B

W. Armstrong et al.

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



To conclude...

%k Success of the initial DVCS programme at Jefferson Lab with 6 GeV beams, which
produced measurements of the cross-section, beam- target- and double-spin
asymmetries in proton DVCS and a first measurement on neutron DVCS:

* Indications that factorisation holds at the low Q2 kinematics of JLab,

« constraints on a number of CFFs,
- tentative conclusions on relative quark distributions,
- importance of higher order / higher twist in high-precision measurements.

%k Upgrade of JLab to 12 GeV max beam energy (11 GeV to halls A, B and C) opens a
new region of phase space at higher kinematics in the valence region: high

luminosity, high precision.

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

%k Approved proposals aimed at greatly constraining CFF fits in a global analysis.
%k Extraction of H and E from proton and neutron DVCS, flavour separation of CFFs,

separation of pure DVCS amplitude from the interference term, measurements at
higher precision and statistics, sensitivity to higher-twist contributions.






