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P'Ds and Deeply Virtual Compton Scattering
» Recent DVCS results from Jefferson Lab

» Nucleon tomography

* The JLab 12 GeV GPD program



Exploring the partonic structure of the nucleon

Protons and neutrons are the building blocks of atomic nuclei.

Nucleons provide ~99% of the mass of the visible universe.

~99% of nucleon mass arises from the interactions between its B
constituents (quarks and gluons). Increasing %
resolution of
the probe

The structure of the nucleons determines their fundamental
properties, which affect the properties of nuclei.

» How do the QCD Lagrangian degrees of freedom relate to the hadrons we observe?

» How do the spin and the mass of the nucleon emerge from the dynamics of its constituents?

* How do the parton dynamics evolve with the resolution of the hard probe?

Understanding how the nucleon is built in terms of its underlying quark and gluon degrees of freedom
is an important and challenging issue in nuclear physics nowadays
— electron-nucleon scattering is a precious tool to address it 5
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Generalized Parton Distributions:

v'fully correlated parton distributions in both coordinate and ﬂ%j:ﬁh

longitudinal momentum space - . = '
v’ linked to FFs and PDFs

v accessible in hard exclusive reactions (DVCS, meson production)




Deeply Virtual Compton Scattering and GPDs

€

L QP=- (o)

*Xg = Q%/2Mv v=E.-E,.

e x+&, X-& longitudinal momentum fractions

*t=A%=(p-p’)?

* & = Xg/(2-Xg) « Handbag » factorization, valid
in the Bjorken regime

(high Q2% and v, fixed xg), t<<Q?

GPDs: Fourier transforms of non-local,
non-diagonal QCD operators

4 GPDs for each quark flavor

(leading-order, leading twist) /& /&
conserve nucleon spin = <« | = —
flip nucleon spin E i

\Vector Tensor Axial-vector Ps.scalar 5



Properties and “virtues” of GPDs
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Nucleon tomography Quark angular momentum (Ji’s sum rule)
i d ZA i 1 ' = = = = 1 )
qxb ) :.‘-(27,;25 APLH (x,0,~A2 ) 2Lxdx(H(x,f,t 0)+E(x,&,t=0)=J ZAZ@
° X. Ji, Phy.Rev.Lett.78,610(1997)
b [ dZAJ_ iAb, 2 :
Aq(X, L)ZIW H(x,0-A%) Nucleon spin: %2 = AT + AL + AG
0 Y
J

M. Burkardt, PRD 62, 71503 (2000) Intrinsic spin of the quarks AZ = 30%

Intrinsic spin on the gluons AG = 20%
Orbital angular momentum of the quarks AL ? 5



Accessing GPDs through DVCS
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DVCS experiments worldwide
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Electron
Beam
Accelerator
Facility

JL.ab @6 G BN/ Continuous
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* Enax ~ 6.0 GeV, 1,,,,~200 mA,pol.~85%
.. * Simultaneous delivery to 3 halls
-« Shutdown in May 2012

P )

HallAZ 2 HRS

High luminosity (L~10%7) == =
Limited coverage ...

| Hall B: CLAS

Large acceptance

+ dedicated
calorimeters to
detect forward-
emitted DVCS-

BH photons




CLAS: unpolarized and beam-polarized cross sections
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Extraction of CFFs from CLAS pol. and unpol. cross sections
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CFF fits by M. Guidal

(H and H only)

..... Aedtfit

VGG predictions

o T

Im(74,), flatter t slope at high xg: faster quarks (valence) at the core of the

nucleon, slower quarks (sea) at its periphery — PROTON TOMOGRAPHY




CLAS: DVCS on longitudinally polarized target  ep—epy
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Extraction of CFFs from CLAS
TSA, BSA, DSA

CFFsfitting code by M. Guidal (7 CFFs)

ImJ has steeper t-slope than Im#£: the axial charge is
more “concentrated” than the electric charge
— PROTON TOMOGRAPHY
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DVCS on the proton in Hall A
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M. Defurne et. al., PRC 92, 055202 (2015)

» Significant deviation from Bethe-Heitler
/ « Both 7(BH-DVCS) and DVCS? contribute to the cross section

/1 ° Twist-4 corrections (TMC) may be necessary to describe the data
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Beam-energy separation at constant Q?, xg and t:
experiment E07-007 (Analysis ongoing)
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-rom CFFs to proton transverse size vs X
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DVCS on the neutron in Hall A M. Mazouz et al., PRL 99 (2007) 242501
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E08-025: Beam-energy separation of nDVCS CS, analysis ongoing et 16

neutron targets is necessary for GPD quark-flavor separation
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Upgrade of CEB
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Study of high-xg domain
requires high luminosity

3 0.4 0.5 0.6

Add 5
cryomodules

20 cryomodules

The 12-GeV upgrade is optimal for the
valence-quark regime

Talk by H. Montgomery, Monday
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it " CLAS12: large acceptance,
New capabilities in HallsA,B & C |B e
| |

DVCS experiments at 11 GeV have been —-s
approved for each of these three halls. Ini.I G
Complementary programs: =gy - 1

» different kinematic coverage I‘ "4l --I l|| b7
» different precisions/resolutions .,,,

» focus on different observables I"

l-l =

- ."

Spectrometer
(SHMS)
at high
luminosity
and forward
angles

HRS pair and specialized large
installation experiments
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PDVCS at 11 GeV in Hall A

* Absolute cross section measurements
» Test of scaling: Q2 dependence of do at fixed xg
* Increased kinematical coverage

JLabl12 with 3, 4, 5 pass beam (6.6, 8.8, 11.0 GeV)
T EES . -
N €p—ey(p)

NN T e
\ // Unphysical with E__<11 GeV
' / : [ ] Ewer=66Gev
24,5

—
- ; 7/% | | En.=88Gev
\ : ¢ %’/7 1 |:| E,..= 11.0 GeV

7 . |:|yEmm= 5.75 GeV

__mﬂﬂ | e —
0.1 _s7% 0.3 04 05 06 0.7 0.8 0.9,
JLab @ 6 GeV o

L-HRS Scattering PbF2

chamber calorimeter

15t JLab experiment after
the 12-GeV upgrade

Data taking ongoing
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PpDVCS at 11 GeV in Hall C

Q? vs xg coverage in Halls A and C

* Energy separation of the DVCS cross section % -Hall C 11 GeV
* Higher Q% measurement of higher twist contributions 0.910_ ng:: g g-g gg
 Low-Xg extension (thanks to sweeping magnet) ot :

8 Hall A 6.6 GeV
-Hall A 5.75

1116-block PbWO,
calorimeter

T

Sweeping
magnet

S

0.2 0.3 04 05 06 0.7 08 0.9
Xg

Tentative running:
~2019-20
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DVCS BSA and TSA with
CLAS12 & 11 GeV beam

Liquid hydrogen target
Ppeam = 85%, L = 103> cm2s?
First CLAS12 experiment (2017)
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NH; longitudinally polarized
target

Prarget = 80%, L = 2.10%° cm2s!
Expected to run in ~2019
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DVCS BSA and TSA with
CLAS12 & 11 GeV beam

Liquid hydrogen target
Ppeam = 85%, L = 103> cm2s?
First CLAS12 experiment (2017)

m Im H fit result : 6 GeV data
s-— = Im H fit result : CLAS12 pseudo data
: & *
5 & L
- S
C Q,Q?‘
- o ; Impact of
al- €
F & + CLAS12
Jf° DVCS-BSA
- data
2F + on fit to
- extract
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oL | l I |
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NH; longitudinally polarized
target

Prarget = 80%, L = 2.10%° cm2s!
Expected to run in ~2019
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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 cm2s-1

Projections for Q2=2.5 GeV2, x;= 0.2 uPﬁr‘oJecﬂons for Q2=2.5 GeV?, xp= 0.2
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BSA for DVCS on the neutron with CLAS12
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BSA for DVCS on the neutron with CLAS12
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CLAS12: prOJectlons for flavor separatlon (Im#H, IMmE)

(H,E), (56,0 = /5[4 o€ ED=(H, n(f,at)]g
(H.E) (&,60 =Y JaH,E) (£ e -(HE) &0l

Fits done to all the projected 1

observables for pDVCS

(BSA, ITSA, IDSA, tTSA,
CS, ACS) and nDVCS
(BSA,ITSA, IDSA) of the
CLAS12 program ’:';”;

%ﬁ"dx(H“(X,f,t =0)+E*(x,£,t=0)) =J°

2f

of

Q’=5.9 GeV?, x_=0.35
+ Hn(p)
+ Hlm(n)

Nucleon CFFs

Fs

7| U S U E U S
0.2 0.4 0.6 08 1
-t (GeV?)
Q*=5.9 GeV?, x,=0.35
~+ Hp(d)
=+ Hyp(w)
Quark CF
! i
f
i
M| | P BT RS T R
0.2 0.4 0.6 0.8 1
-t (GeV?)

Eim(N)

© a N -F
TTTTIT T TTTT[TITT[T7T

Eim(d)

Q?<5.9 GeV?, x =0.35
+E|m(p)
I‘ .{+E|m(n) !I
PR I T SR S (N T S S AN SR SR S S SN S S N
0.2 0.4 0.6 0.8 1
t(GeV?)
Q?=5.9 GeV?, x =0.35
+ Ejp(d)
+Elm(u)
PR IS T U T S N T S R I SIS N
0.2 0.4 0.6 0.8

1
-t (GeV?) 26



GPDs: beyond DVCS

oy et Double DVCS: y*p—py*—pl*l-
—2 26 -¢) * Access to x dependence of GPDs, decorrelated from &
T4 =  LOI for SOLID (Hall A), and plans for CLAS12

* See talk by A. Camsonne, today at 14:10 (R7)

AN,

Time-like Compton Scattering: yp—py*—pl*l-
« Sensitive to real part of CFFs, test of universality of GPDs
» CLASI12 experiment running in 2017, with pDVCS

Deeply virtual meson production: y*p—pM
 Flavor separation of GPDs, universality

* Transversity GPDs (pseudoscalars mesons)
 Experiments in Hall A, CLAS12

27



Summary

v 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

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 JLab (CLAS and Hall-A)
experiments at 6 GeV (on the proton, deuterium and “He targets)

v' First tomographic interpretations of the quarks in the proton:
v’ valence quarks are concentrated in its center, sea quarks at its perifery
v’ axial charge more concentrated than the electric one

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

— DVCS experiments on both proton and deuterium targets are planned for 3 of the 4 Halls at JLab@12
GeV: quarks’ spatial densities, quark-flavor separation, quarks’ orbital angular momentum...
— Beyond DVCS: double DVCS (x dependence), TCS, exclusive meson production, ... 28
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Projections for CLAS12 for H, .(p) and E; .(p)
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DVCS on nuclei: the CLAS eg6 experiment
* CLAS+IC+RTPC+*He target; E~6.065 GeV
» Coherent and incoherent DVCS: nuclear GPDs, EMC effect
“He is a spin-0 nucleus: at twist-2 only one CFF in DVCS BSA

o (@) Fa(t) Sm[FHH 4]

(@) FR (1) + ap (9) Fa() Re[FH \ |+ (@) Re[FH 5 )7 + ag(@) SM[FH L]

1 e ‘He—e*He y

.

“F <t>= 0.11 GeV?
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- Guzey (x_ = 0.250)

b
S I e “He— e pvYX i '\:9
1.4 - *:s»\
1 27 el e Q,
1 ‘-‘"‘F}}’

08 'l' = This Work (x, = 0.267)

B 4 1 HERMES (x_ = 0.107)
0.6 1 ] LT (x, = 0.132)

- LT (x_ = 0.238)

I . I

o I 0.2 I 0.4 I 0.6 0.8
-t [GeVZ/c?]

“ e
" e
a: e

» Small —t: asymmetry for “He lower than the bound proton one
» High —t: the two asymmetries tend to become compatible
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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 j{:dx‘[H(.x‘, £.8)— H(—x, &,0]C (. &)

—

Re(E) = Pj;fiY[E{.x‘, E,t)— E(—x,&,0]C(x, &)
Re( ) = P j; ax|B(x.£.0)+ B(—x. 2.0 (x. )

8CFF — Re(E)=r[ dx|E(x.e.0)+ E(-x 0] (x.2)
Im(#H)=H(S. E.1) - H(-E,8.1)
Im(E)=E(S.&.0)— E(=S,8.1)
Im(H) = H(&,&,0) - H(-£,£,1)
| Im(E) = E(&.£.0) - E(-£.£.1)
with C*(x,&)= 1+ 1
X —g X+ g
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...




From CFFs to spatial densities

How to go from momentum coordinates (t)
to space-time coordinates (b) ?
« (M. Guidal, H. Moutarde, M. Vanderhagen,
« 1 b Rept.Prog.Phys. 76 (2013) 066202)

HII:TI.":E-. f_} — H{E- '?-f'- f_} — H{_E- E'- fj

Applying a model-dependent “deskewing” factor:
H(£.0,7)
HI(Z, 5, ¢)

= dA 2
H(x,b,) = Ay by AVYH(Xx, 0, —A7)
0

2T
Burkardt (2000)




CLAS: DVCS on longitudinally polarized target

» Target: longitudinally polarized NH; (P~80%)

« 3 DVCS observables
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CLAS: DVCS on longitudinally polarized taraget
DSA ~ Re{#,, .}

» Target: longitudinally polarized NH; (P~80%)

* 3 DVCS observables
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1
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S. Pisano et al., PRD 91, 052014 (2015)
E. Seder et al.,, PRL 114 (2015) 032001
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Timelike Compton Scattering with CLAS12 yp—pr*(= e'e’)
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Double DVCS at SoLID (Hall A)  ep—epy*(—p*y)

! l_,_f' Phase Space of ep — epp*p at E; = 11 GeV
V@) \EM SNy (qe) - -
N J'l/_ 0.8 - |(nE) phase space at Aiin
": { — —— DVCS
LOI112-15-005, I".I 0.6 | — pDvCs
endorsed by x+nf / L \xm 0.4~ [ —— DOVOS for a<ef
;il————————l-"_ 0.2 f—
PAC43 %__G P EE--——NFM:F”_‘_& o ;_
-0.2—
The virtuality of the emitted photon allows to investigate the <«
x and & dependence of the GPDs in an uncorrelated way F
Experimental setup, Hall A: B S T .
SoLID detector + muon detection chambers g
J/W¥ configuration 50 days at 10737 cm”2.s™!
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