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Imaging of atomic nuclei

sizes of nuclei:
as revealed through

elastic electron scattering

shapes of nuclei:
as revealed through
inelastic electron scattering

deformations, coherent states
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Imaging of protons, neutrons,
and nucleon resonances
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Interpretation of form factor as quark density
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quark transverse charge densities in nucleon

m) longitudinally polarized nucleon
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spatial imaging of nucleons

proton
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A(1232) electromagnetic transitions
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Quark charge densities in A(1232)

&
: 42 1 7 7 3
stJ_:%() = /(273;_ e_qub2P+<P+77J_ :_‘J+( )(P+7_7J_78ﬁ:§>
dQ 1
— / Q {JO(bQ) 7 (A%% —I—BA% %> > GEgo(0) +O(Q?)
0
1
—sin(¢p — ¢5) J1(bQ) (2@4% + 34, _%)—> % {8Gr0(0) = Gai (0) + O(Q*)}
— cos 2(¢p — b3) b(b@)? o > o {3GE0(0) = 26 (0) — Gra(0) + O(Q)}
1 3
+ sin 3(¢p — ¢S)lﬂbQng4g g} > 3§Q3{GEO G1(0) — GE2(0) + Gus(0) + O(Q%) |
Y,
Quadrupole moment: Q; = G/dzb(b —2) 7., ()
QF = —QF = {21Gv1(0) - 3ea] + [Gr2(0) + 3eal} (53)

for spin 3/2 point particle: transverse density = 6-function
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Natural values of hadron e.m. moments

Transverse charge densities depend only on

anomalous values of e.m. moments = determine hadron internal structure

Spin j : 2j+1 multipoles .\ e
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Quark charge densities in A*(1232): lattice QCD
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Access A e.m. form factors in experiment:
normal spin asymmetries

B Beam or target normal spin asymmetries: Bn €D -> €P  physRevLett. 107 201 1) 022501
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N — A(1232) e.m. transition densities

P(938) A(1232)
1 1 3 3
el v* M1,E2,C2 S

Iv'1+' E1+' Sl+ ne

Spherical = M1 Deformed = M1,E2, C2

N Ay
A
iy
+1
—
NNANNS———— N Az
A
+3/2
:
VA VAVAVAVAV,Y S— S1/2

. : i 2
m) experiment measures multipoles [Mfi/2)(622) - \/;cm B (O MA)]
m) theory calculates helicity amplitudes
f: ) 4 )
2 e 1 " i SR 2
Asj = (A, +3/2)| T - exey1 | N(=G, +1/2) ) A - { M _ Eﬁ/z)}
e 1 2. - Ly = -
Az = = e (A0, 117213 eia N (-G -1/2)) &
B e ! 5 e o S _/38(3/2)
\_ J \_

12




N — A(1232) e.m. multipoles

o s large N¢limit of QCD: N and A(1232) degenerate
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N — A(1232) transition densities
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N — P11(1440) transition densities
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N — P11(1440) transition densities
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N — $11(1535) transition densities
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N — D13(1520) transition densities
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Structure vs dynamics:

Quark spatial vs momentum distributions
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Correlations in transverse position/longitudinal momentum

elastic
scattering

quark
distributions in
transverse
position space

proton
3D imaging
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Belitsky, Ji, Yuan
(2004)
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DIS

quark

distributions in

longitudinal

momentum
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DVCS: tool to access GPDs

Q2 >> 1 GeV?2
Y*

X+¢&
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) ot large Q2: QCD factorization theorem

Miller et al (1994)

Ji (1995)

Radyushkin (1996)

Collins, Frankfurt, Strikman (1996)

at twist-2: 4 quark helicity conserving GPDs

B key: Q2leverage needed to test QCD scaling
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Transverse density in
momentum space

Lorcé (2011)

Transverse
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GPDs: known limits

B in forward kinematics (£=0, t = 0) : PDF limit

~N

(HY(z,€ = 0,t = 0) = q(z)

s 0

. J

E. E? do not appear in forward kinematics (DIS) = new information

m first moments of GPDs : elastic form factor limit
(= )

il
/ deHY(x,£,t) = F{'(t) —> DiracFF

—

5
/ Ll palir

i

7 +1 :
/ dzH(z, £,t) = GL(t) |—> axial FF

SR
/ de i cenE G L -, pseudoscalar-FE

L
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GPDs: moments, total angular momentum

r

- [l

-

-l
/.

dexH(x,&,t) = A(t) + £2C(t)

drxE%(x, & t) = B(t) — £2C(t)
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J

m) Ji's angular momentum sum rule

form factors of energy-
momentum tensor
Polyakov, Weiss (1999)
Polyakov (2003)

Goeke, Schweitzer et al. (2007)

iy
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dex {H?(z,£,0)+ F(z,£,0)} = A(0) + B(0) = 2J1 J

B |attice QCD calculations at the physical point
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d, s-quarks carry very small
total J in proton,
u-quark carries around 60%,

gluons around 30%

Sharing of momentum and
total angular momentum
between quarks and gluons
identical in proton !



DVCS observables: path towards accessing GPDs

Nl Ac ¢ ~ Xg/(2-Xs)
k = {/4M2

Polarized beam, unpolarized target:

Aoy ~ Sin(l) {F1H+ E,(F1+F2)ﬁ +kF2E}C|(|)

H(G,)

Unpolarized beam, longitudinal target:

Aoy ~ sing {FyH+E(Fi+F)(H +E/(1+E)E)}do

H(E

Unpolarized beam, transverse target:

—
—)

Aoyt ~ cospsin(d.dIK(FoH — FLE)}do —) Ecy
—)

Unpolarized total cross section:

Re(TDVCS)

Separates h.t. contributions to DVCS
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DVCS unpolarized cross sections
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GPD H+

------ DIS: &=0 limit

momentum
distribution x g+(x)

—— DVCS: CFF

Hornrs0)i="Hi- a0
accesses GPD forx =&
DD model with by=1, by=5

- —— DDVCS: ep->epltl
BSA ~ H_|_(£U,§,O)

accesses GPD for x< &

DVCS process accesses

Compton Form Factors

\Hlm(gat) — H—i—(g?fat)




global analysis of JLab 6 GeV data
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EA(®)

CFF Zm: | Him(&, 1) = A(€)eP )"

0.7

black circles: CFF fit of JLab data Dupre, . Guidal, 'Vdh(2017)
black squares: CFF fit of HERMES data Guidal, Moutarde (2009)
{ DD:b,=b=1 T DD: b, =b, = 1
DD:b,=1, by=5 3] - DD:bz=li by=5
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)
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g
red bands:
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3D imaging
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€ Ang(gj7§: Ov_AJ_2)

~N

.

number density of quarks (g) with longitudinal momentum x at

non-singlet (valence quark) GPDs:

x-dependent

radius

x-independent

radius

a transverse distance b, in proton

H? (x,0,t) = HY(z,0,t) + Hi(—x,0,t)

Burkardt (2000)

-

(b1)(z)

\.

[ d*b b3 pi(z,b])
J d?byipi(z,by)

= —4

9
N

I 0 A

A =0

/

\.

(12 )1 = Ni / 01 gu(z) (13 )9(2)

~
5

HE G0 B — qv(az)eBO(x)t g

(b%) = 2e, (b2 )" + eq(b? )4 = 2/3(r?) = 0.43 + 0.01 fm”

(b1)(x) = 4Bo()

Nu=2, Ng=1

Bernauer (2014)
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3D imaging of
proton

black circles: CFF fit of JLab data
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CFF #Re: dispersion relation formalism

Anikin, Teryaev(2007) Diehl, Iwvanov(2007) Polyakov, Vdh (2008)

Kumericki-Passek,Mueller,Passek (2008) Goldstein,Liuti (2009) Guidal, Moutarde,Vdh (2013)

m) once-subtracted fixed-t dispersion relation

(o )

Mo (et — Al +P/O dazH e 1) L;ig | 1 }
& ' | 2
I '

¢-independent  known from CFF H ., (x, 1)
subtraction function

4 ; 2
2 l)(zat) E i
AR = dz j=o @ T :
Nf 24 1 et A —— KMI5global fit 1
25 | ¥ JLabdata E
& 4 E ! A 4 lattice LHPC !
-3 _"," — — = dispersion relations]
— chiral quark soliton ]
i 3 ¢ 35 @ . Skyrme model B
D term (" ’ 2 2) d|spers|ve e L —-—- bag model ]
- _4 .................................. <)
Polyakov, [ D(z,t) = (1 — - E ddlEe: / (2) estimate 0 01 02 03 04 05 -t[GeV?
Weiss T
_jd Pasquini,
(1999) 8 ke / Polyakov, Burkert, Elouadrhiri,

Vdh (2014) Girod (2018) 32



red solid circles: CLAS: o, Ay, Aut, ALL

% H+(§’ E’ t)

HRe(% > t)

t=0.15 GeV?

Dupré, Guidal, Niccolai, Vdh (2017)

0.4

0.2

Curves for A(t) = 0;

experimental strategy for CFF Zge:

direct extraction vs dispersion formalism

red open squares: CLAS: o, Aw

—\
1 N\
1

i m|

‘t=0.25GeV?

04

0.2

A(t) < 0 would shift Hge curves up |

| —

‘t=0.35 GeV?
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Projections for CFFs at JLab 12 GeV

Diipré-Guidal-Vanderhaeghen-PRD 95 011501 (R) (2017) CLAS12 projections E12-06-119 with DVCS Ajj; and A,
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N — A(1232) DVCS and GPPDs

QZ S *
Y ¢ t Y
> ’\S\‘J\' low -t process: -t << Q2

X-§

N 1 A(1232)
8 twist-2 GPDs(x, €, t): 4 unpolarized, 4 polarized
=) unpolarized GPDs: Hwy, He, He, Ha Frankfurt,Polyakov, Strikman, Vdh(2000)
+1
Hy(z,€,t) = 2G(?)
—1
¥ He(z,£,t) = 2G%() Jones-Scadron e.m. FFsfor N> A
29
il Similar relations for polarized GPDs
H4<$,€,t) = 0
2
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N — A(1232) magnetic dipole GPD

G4, (0) Frankfurt, Polyakov,

: H e E¢ AR T t

large N.: [ M BE - (B iwie,d) Eriz )}] i
G (0) +1 3 6 3 large N¢: G%,(0) = kv /V2 ~ 2.62

Gy =2 [ (Pt - Pt} = HEBO-FOH . oo

data: MIT-Bates, MAMI,
' JLab/Hall C, JLab/CLAS
0.8
:EE S
SSSSS “ 06
Eff_:Ef 0.4 04 - %
= 0.2 v 2l Gy e
: EEEE ................
0.5 ———
0 0 NP I I TIPS PR PR IR I
0.5 1 00 1 2 3 4 5 6 7 8
b, (fm) e

Guidal, Polyakov, Radyushkin, Vdh (2005)
37



N— A, N DVCS: experiment

events seen in CLAS6 g 2
W > 2 GeV

Q2= 2.5 GeV? A
1o ep—epr’yX 350 | ep—enmyX
. ™ 200 [ 2nd region
120 ; N
e TT =0 3rdregion

N

- (AT 200 |- JJ A+
80— N
! 150

60
sof 100 [
20F 50 [

01—I‘I|[2|I"||4H‘I||6ll‘l||8|||2||||2]2I24 0:[. L L L | L L ! L 1 L !
4 : ; ; : " 1 15 2 2.5

IMWOp (GeV) IM . (GeV

Moreno (2009)

unique opportunity for CLAS12
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.8 By

Outlook

elastic / transition FFs have allowed to get a first glimpse at the spatial distributions

of quarks in nucleons

GPDs allow for a proton imaging in longitudinal momentum and transverse position:
established for nucleon, new opportunities on quark structure in nucleon resonance excitations

global analysis of JLab 6 GeV data have shown a proof of principle of such 3D

imaging (tools available: fitters, neural network, dispersive techniques)

current DVCS data at colliders:

systematic 3D imaging is in reach: 10°EQ Zu e § Hbumi

B HI-A

[ current DVCS data at fixed targets:

COMPASS, JLab 12 GeV....EIC T by
o

| A HERMES-A; A HERMES-A
B HERMES-A_; ®O Hall A- total xsec. A;;
O CLAS-A, ® CLAS- total xsec, A, ;

2015

E_planned DVCS at fixed targ.:

(] COMPASS- do/dt. Togy. Acgyy Acs
| 3 JLABI2-do/dt. Ay Ay Ay

1
¢ and NdH update in

sk Forc

e Ta:

BNL EIC Scienc

imaging and visualisation at the femtoscale just started
39



