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hOW tO image a SYStem R.Hooke (Micrographia, 1665)

Electron Electron Gun

Sacondary
Electron
Detectior

Specimen

when target is static
(Mconstituent, Mtarget >~ Q)

the 3D Fourier transform of form factors
gives the distribution of electric charge and magnetization



what do we know about spatial
distributions of charges in nuclei?
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shapes of nuclei:
as revealed through
inelastic electron scattering
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what do we know about the proton size
and its charge distributions?

m proton size: charge radius Rk
very low Q2 elastic electron scattering,
atomic spectroscopy (Lamb shift)

m proton spatial (charge) distributions
elastic electron scattering
e.m. FFs:  F1(Q2) -> p(b)

m proton 3D transverse spatial/
longitudinal momentum distributions
deeply virtual Compton scattering
GPDs H(x, &, t) -> p(x, b) for &€=0




proton e.m. form factors,
charge distributions
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e scattering cross sections

Electron scattering facilities JLab (12 GeV), MAMI (1.6 GeV):
uniquely positioned to deliver high precision data

MAMI/A1 achieched < 1% measurement JLab polarization transfer measurements:
of proton charge radius Re Gep / Gwp difference with Rosenbluth
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Interpretation of form factor as quark density

q

g
y i,

overlap of wave function
Fock components

| AR Y

with different number of quarks

WA SV ON

y

overlap of wave function

J NO probability / charge density

interpretation

absent in a light-front frame!
Fock components

with same number of quarks C]+ — qO + q3: ()



quark transverse charge densities in nucleon (1)

m) light-front q

’

P P
photon only couples to forward moving quarks

B quark charge density operator

a0

. I
with ¢ = 77 vt q

m longitudinally polarized nucleon
% 2 B
5 d (ﬁ_ e (ﬁ_ Cﬁ Soper (1997)
N(p) = gL b = s o
0 :/ e —— (P, = ANJT(0)|PT,——=—, A
s ( ) (27T)2 2P+< 2 ’ ( )| 2 > Burkardt (2000)
= d
:/ %QJO(bQ)Fl(QQ) Miller (2007)
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quark transverse charge densities in nucleon (2)

m) transversely polarized nucleon

transverse spin S| = cos ¢g €, + Sin ¢g €,

e.g. along x-axis ¢g =0 pib,;
b b(cos ¢p €5 + sin ¢y, €,)) ﬁfh

. < dQ @
= o} (b) + sin(@y — 65) / - QMJl(bQ)Fz(QZ)

Carlson, Vdh (2007)

dipole field pattern



spatial imaging of hadrons

proton neutron p-> A+ p -> N* (1440)
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Generalized Parton
Distributions

U X M)
= W
e
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Correlations in transverse position/longitudinal momentum

o —> GPDs <«— DIS
scattering N 4
quark quark
distributions in distributions in
transverse longitudinal
position space momentum

proton
3D imaging

Burkardt (2000, 2003)

Belitsky, Ji, Yuan
(2004)
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DVCS: tool to access GPDs

Q2 >>1 GeV?2

*

Y

X+¢&

m) ot large Q2: QCD factorization theorem

{tﬁy

X-&

GPDs

\

GPD(x, €, t)

Miller et al (1994)

Ji (1995)

Collins,

at twist-2: 4 quark helicity conserving GPDs
B key: Q2leverage needed to test QCD scaling

Radyushkin (1996)

Frankfurt, Strikman (1996)
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GPDs: known limits

) inforward kinematics (§=0, t = 0) : PDF limit

~

(Hz,£ = 0,t = 0) = ¢(z)

e 0 0 Lo

- J

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

m first moments of GPDs : elastic form factor limit
& )

+1
/ da il w6 = F (tF +—> DiracFF
o]

+1
/ il s pallifE

1.

SHRET 2 2} 5
/ deH(z,&,t) = G%(t) —> axial FF

e
/ dzE(z,£,t) = G5(t) |——> pseudoscalar FF

L
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GPDs: moments, total angular momentum
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m) Ji’s angular momentum sum rule

—

form factors of energy-
momentum tensor

Polyakov, Weiss (1999)
Polyakov (2003)

Goeke, Schweitzer et al. (2007)
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]

o

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

m) |attice QCD calculations at the physical point

0.5

0.4}
0.3}
0.2}
0.1

Alexandrou et al. (2017)

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
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DVCS beam spin asymmetries:
first observations around 2000

AL =
(BH) * Im(DVCS) * sin ©
(BH2+DV(CS?)

Bethe-Heitler

HERMES

-
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e
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Vdh, Guichon, Guidal (1999)
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twist-2 + twist-3



DVCS observables

Gt -G AG E= XB/(Z-XZB)
A= of+o = T k=-t/4M /)

leptomc plane

hadronic ~4
plane

Polarized beam, unpolarized proton target:

AGLU ~ sind Im{F1H + EF1+F2)H +kF2E}dq)

s> Hp, Hp, Ep

Kinematically suppressed

Unpolarized beam, longitudinal proton target:

AGUL ~ singIm {F1F+E(F1+F2)(H + ... }dp s> Hp, Hp

Unpolarized beam, transverse proton target:
AGUT ~ sindIm {k(F2H — F1E) + ..... }dd ‘Hp, Ep

Polarized beam, unpolarized neutron 1 target:

AGLU ~ sing Im{F1H + EF1+F2)H - kKF2E}d¢ ) Hn, Hn, En

o] |

Suppressed because F1(t) is small

Suppressed because of cancellation | Hp(X, &, t) = Hu(x, &, t) + Hd(x, &, t)
between PPD’s of u and d quarks Hll(X, g, t) - Hll(X, (t” t) + Hd(X, g, t)

17



DVCS accesses Compton Form Factors:
8 CFFs at twist-2

4 1 )
1 1
|:> %Re(gat)zp/ dw{ﬂ?—g | $+€}H+($,§,t)
0 and analogous
o Gl = Hess formulas for
. = 1 1 1 . GPDs E. E¢
Ha\l L= 73/0 dx {x o B = +(,€,1) respectively
;Lzlm(gat) = ﬁ+(€,€,t)
\ 4
(5 25
with singlet GPD combinations Hy(x,§,t) = H(z,&,t) — H(—x,&,1)
(quark + anti-quark): Hedla € vyi= Hip £ by-£ Hilt— 1. &)
\_ J
B CFF fit extractions from data:  cuidal(2008,...) Guidal, Moutarde (2009, ...)

Kumericki, Mueller, Passek-Kumericki (2008,...)
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global analysis of JLab 6 GeV data
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EA(®)

CFF Zm: | Him (&, 1) = A(€)eBE)!

0.7

black circles: CFF fit of JLab data Dupze, Guidal, Vdh{(2017)
black squares: CFF fit of HERMES data Guidal, Moutarde (2009)
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3D 1maging

-

\.

(27)?

d? A ;
pi(a,b1) = [ Tope DAL HE (3,6 = 0,-A L)

~

.

number density of quarks (q) with longitudinal momentum x
at a transverse distance b, in proton

non-singlet (valence quark) GPDs:

x-dependent
radius

X-independent
radius

Burkardt (2000)

H? (x,0,t) = HY(xz,0,t) + HY(—x,0,t)

-

\.

(b1) ()

jjd2t[kaipq($,llL)
Jﬁdzk[qu(x7tlL)

=4

0
N

Il —N =

ANTE=)

v

HZ(z,0,t) = QU(x)eBO(gU)t —

\.

wW:iAMm@ﬁwm

~
.

(b2 ) = 2e, (b2 ) + eq(b® )¢ = 2/3(r?) = 0.43 + 0.01 fm?

(b1)4(z) = 4Bo()

Nu=2, Ng=1

Bernauer (2014)
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X-dependent radlus black circles: CFF fit of JLab data
1n pI‘OtOn black squares: CFF fit of HERMES data

0.8

0.7

06 ] .

0.5 T

(fm?)

0.4

0.3 -

(b )(x)

B2(x) / B(x)

0.2 -

0.1

O T T T T |

X X

for x<0.15: Bo/B>0.9 narrow band: using By(z) = ap, In(1/z)

ap, fixed from elastic scattering
Dupré, Guidal, Niccolai, Vdh(2017)
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3D
imaging
of proton

Dupré, Guidal, Vdh(2017)
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CFF #Re: dispersion relation formalism

Anikin, Teryaev(2007) Diehl,

Kumericki-Passek, Mueller,Passek (2008)

Ivanov (2007)

Goldstein,Liuti (2009)

m) once-subtracted fixed-t dispersion relation

Polyakov, Vdh (2008)

Guidal, Moutarde,Vdh (2013)

Ve \
1
1 1
H A=A +73/ i B i |
mel6) = A0 +P | doH (@o,0) | =+ =
: | i /
-independent  known from CFF  F2sduini, Polyakov,Vdh(2014)
subtraction function Him ) SR
r : \
% Pz t) 05|
N = :
) Ny /1 i L |
- y, 1 F
a o0 ) s
Polyakov, Weiss e
(1999) . n odd ) 2 02 04 06 08 1
-t (GeV?)
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direct extraction vs dispersion formalism

red solid circles: CLAS: o, ALy, AuL, AL

EHL(E,E, 1)

HRC(% ’ t)

o
~

experimental strategy for CFF #ge:

‘t=0.15 GeV?

04—

02+
ﬁ

— o
K 1
= D‘
/
/
7/
Y
7’

‘t=0.25 GeV?

Curves for A(t) = 0;

Dupré, Guidal, Niccolai, Vdh (2017)

04

0.2

red open squares: CLAS: o, Aw

| —

‘t =035 GeV?

A(t) < 0 would shift Hge curves up !
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COMPASS DV(CS results == aix n. a'sose
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B, : t-slope of squared amplitude,

weighted average of different contributions

COMPASS regime £ = 0.03 allows
to address interesting questions:

m) How does the gluonic radius (HERA) differ from
the valence quark radius (JLab) in overlap region

m Do CFFs Hgre and Him have significantly
different t-slopes ? -> separation necessary

49 by
[dt -

[ Hin(e 1) = 497"

J
when only Him [B Y \
contributes 0(5) (g)j

~N

DD: b, =by=1
DD:b,=1, b,=5
B DD: b, =b,=5
4 L e | TT DUAL

B(E) (GeV™?)

lcompAass™ ||+ 2
(2018) B
| IO.bSI - I()ll 0.2 | O.SI o
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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

=} E
—

-0.0835 [ ¢=0.0 L £=0. 2
an 3 1125 [ 50231:.)36365 ;* 52=1.3S;§4 ; ;‘:flga (Q >— —
e L H(x,c=x,t) T |
25 Sl ¥ ey T Nl . . ! -
= M T L 7.50| Using simulated data t {
o B F B ‘ - based on VGG model. [ . i
[ 1 | 1 L | .‘n : T BRI \ Lt it k,.: "

L
5 & £=0.1019 [ £=012 [ £=0.1204 [ £=0.1392 — T
C Q*=1.6279 [ Q*=1.638 [ Q*=1.8848 [ Q*=1.795 t
I * ro*x [k r I
25 7T\f* T, S F* 5.75 ‘ [
2 Sox - L F * E | oy [
ELTT * ¢ 7 x r T & P ‘ T"“-.

| L PETI B 1 | [ 1 L
5 = £=0.1395 [ £=0.159 [ $=0.1593 [ £=0.1796 | FECEREECENEEEE e, 0 |00 e e T TR
n Q*=2.1162 [ Q*=1.9402 [ Q*=2.3485 [ l Q*=2.1021 3.75
25 ;T * l . .

[ %
= * 5 N E
:[\T,T’\i* el L * & F
r ~t— o Ll

Lo b v By o |

xxfﬂmﬁmxm;um;m“gm

Q*=2.5834 [ Q°=2.2308 [

e s 1_75\.. f { I
; £=0.2229 [ £=0.2496 [ £=0.2494 [ £=0.2767 1 - ¥ L
] \M\"-AM I B B

L L L
5 & £=0.1797 [ £=02008 [ ¢=0.2009 [ £=0.2229 2.50

1=
22
38
52
67
82
96

‘ o
011 0.15 0.20 0.27 0.32 0.37 0.44 0.49 050 0.57 (x)
0.4
0.2
b (fm)
0
-0.2 l
-0.4
K,
0.4 ]
= o 24082 .
e = a8 ]
o R0 i HEm 1 |
-0.2
-0.4
0
92 0.4
0.6
X 0.8 3

courtesy of Z.E. Meziani



1 3 1 1

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

global analysis of JLab 6 GeV data have shown a proof of principle
of such 3D imaging (tools available: fitters, dispersive analyses)

systematic 3D imaging is possible now: COMPASS, JLab 12 GeV,...EIC

T 1 LI lI 1 1 1 ] L I ] T I P 1
current DVCS data at colliders:

10 > O ZEUS- total xsec O HiI- total xsec —
— F ® ZEUS- do/dt B Hi-do/dt ]
1 " B HI-A_, 3
% | current DVCS data at fixed targets: i
O [ W HERMES-A . Ay A .
e

A HERMES-A, A HERMES-A

N [ W HERMES- A, Hall A- total xsec. A,
O CLAS-A, ® CLAS- total xsec, A

Q

5
10 "
- planned DVCS at fixed targ.:

i [C] COMPASS-do/dt. T . Acgry Acsr
[ ] JLABI2-do/dt. Apy Ay Ay

BNL EIC Science Task Force and NdH update in 2015

[ future colliders: EIC...
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