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how to image a system

fecten fechon Gun electron microscopy

= _ Ancde

Sacondary
Electron
Detecior

Specimen

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

the 3-dim Fourier transform of form factors gives

the distribution of electric charge and magnetization



what do we know about spatial
distributions of charges in nuclei?

o %0 374.5 Mev

o TR e
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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 Re
very low Q? elastic electron scattering,
atomic spectroscopy (Lamb shift)

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

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




proton size,
proton e.m. form factors,

charge distributions




Proton radius puzzle
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%  uH (R. Pohl et al.)

& MH (A. Antognini et al.)

Could scientists

be seeing signs of
a whole new realm

of physics?

0.85 0.9
Proton Charge Radius (fm)

uH data: Re = 0.8409 + 0.0004 fm

Pohl et al. (2010)

Antognini et al. (2013) 7 o difference 1?

ep data: Re=0.8775 + 0.0051 fm

CODATA (2012) Ele New ork Times .



spin-1/2 electromagnetic form factors

m) (in)elastic electron scattering is our

microscope to investigate hadron structure

m) in the 1-photon exchange approximation:

nucleon (spin 1/2 target) structure is parameterized by 2 form factors (FFs)

( N

o+ L0 p= 20 = ap+ L) |FIQY + B omg, | ulp= L)
P Dt 94 2M 2’

\_ T T _J

| |
Dirac FF Pauli FF

ferprotens . PO =0 —l B (0 —0r—w. — 0

Q2
4 M2

m) equivalently: in experiment one often uses Sachs FFs with 7=

[ ) 2 1
Gu(@%) = Fi(@") + Fx(@?) | —> magnetic FF (6" = 1- 5(r}) @* +0(Q" |

Gr(Q%) = F1(Q?) — 7F,(Q*)| —> electric FF
5 / charge radius




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

of proton charge radius Re
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JLab polarization transfer measurements:
Gep / Gmp difference with Rosenbluth
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Interpretation of form factor as quark density

q

g
y i,

overlap of wave function
Fock components

VISR Y

with different number of quarks

\ AN 7R A

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)

=) light-front q

q+:q0+q3:() /KA

’

P P
photon only couples to forward moving quarks

B quark charge density operator

gl g0 g

: 7
with ¢ = 77 vtq

) ongitudinally polarized nucleon
r 2 B
e d (7_]_ gt o] CT_J_ Cﬁ Soper (1997)
N(p) = iqL-b -+ s o
0 :/ e —— (P, = ANJT(0)|PT,——=—, A
? ( ) (27T)2 2P+< 2 ’ ( )| 2 > Burkardt (2000)
= d
:/ %QJO(bQ)Fl(QQ) Miller (2007)
0

10



quark transverse charge densities in nucleon (2)

B transversely polarized nucleon

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

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

(7 )
q . dQQJ_ ]_ _) q_)J_ 1
N o —4igL b -+ et % 8
= qL- Pt —= — + i P —

- < dQ @
=) +sin(o = 0s) [ 5F FEAGQRQ)

Carlson, Vdh (2007)

dipole field pattern
11



spatial imaging of hadrons

k
proton neutron p->A* p->N (1440)
15 15 75
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Generalized Parton

Distributions and DVCS

x H,(x,£,0)

0.2 X

13



Correlations in transverse position/longitudinal momentum

elast|.c DIS
scattering
quark qguark
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 GPPDs

Q2 >> 1 GeV?

*

Y

X+¢&

X-§

GPDs

\

GPD(x, €, t)

=) at large Q%: QCD factorization theorem

Miller et al (1994)

Ji (1995) Radyushkin (1995)

Collins,

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

V-

Y

Frankfurt, Strikman (1996)

world data on proton F;
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GPDs: known limits

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

~N

(Hz,£ = 0,t = 0) = ¢(z)

s 0

. J

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

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

+1
/ deH(x, & t) = F!(t) t—> DiracFF

=

+1
/ L e paulifE

— 1.

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

Qe
/ dzEY(z,£,t) = G5(t) |——> pseudoscalar FF
—1

16



=

GPDs: higher moments,
total quark angular momentum

\.

( +1 N\
/_ daatl'(z,6,t) = AU)(E) + ECOO
)
/_  daaB(a,6,1) = Bt)() ~ £C(O0

m) Ji’sangular momentum sum rule

—

Contributions to nucleon spin

—

form factors of energy-
momentum tensor

Polyakov, Weiss (1999)
Polyakov (2003)

Goeke, Schweitzer et al. (2007)

[ /+1

1

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

lattice QCD calculations at the physical point

0.4 , _ . :
| JH = 1
T B K R Y £ 02 0 N o o
031 o ; | ¢ c « ? ? ' ‘LJ
.0 . :
0.2 t 2 ol L
g I @ ¢ @
é 1) ? # sLu
0.1 = o
{éy 2 -02}1 ® §
‘ 1@ : =
o Jd O
-0.1 . : . -0.4 s A .
0.05 0.1 0.15 0.2 0.25 0.05 0.1 0.15 0.2 0.25
m? (GeV?) m (GeV~)

e.g. twisted mass fermions
Alexandrou et al. (2016)

d, s-quarks carry very small
total angular momentum,

u-quark carries around 50%
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DVCS beam spin asymmetries:
first observations around 2000

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

Bethe-Heitler

HERMES

-

.04 r

0.3 — £
CLAS - /

0.2 -_ ;

e

-0.3:— ......... I Q2 = 2.6 GeV? ,
Q? = 1.25 GeV? : 061 '
: : 7] S T T S T T s Xp = 0.11,
-01 9 0 50 100 150 200 250\ 300 350 -3 -2 1 0 1 2 3
S oag o(rad)  -t=0.27 GeV?
+20196eV:  prr g97:.182002 (2001) PRI #7:182001 (2001)

Vdh, Guichon, Guidal (1999)
Kivel, Polyakov, Vdh (2000) 18

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) o Hll(X, (t” t) 1 Hd(X, g, t)

19



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

-

1
1
FlrAG I =P d
Re (&, 1) /O 33{
Hlm(gat) = H+(§7§7t)

1
71236(5,75)577/0 d:z:{ :

;Lzlm(gat) = ﬁ+(€,€,t)

\

with singlet GPD combinations
(quark + anti-quark):

m) CFF fit extractions from data:

<
=3
| H_|_(CC, gat)
L= TG and analogous
formulas for
1 . GPDs E, E1
pi g} +(@,8:) respectively
y
%
H, (2,6,t) = H(w,£,t) — H(—a,£,1)
H"‘ ('/’U7 g? ) — H('CE7 g? t) —I_ H(_'CC7 f? )
\_ J
Guidal (2008, ...) Guidal, Moutarde (2009, ...)

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

~N

* xg=0.1262
* Q*=1.1125
*

xg=0.1542
* Q’=1.2665

x5=0.1553
Q°=1.3894

.
o Him (&, T)
\

~N
J

%

xg=0.185 xg=0.2143
Q*=1.6279 Q*=1.638

xg=0.21D
Q*=1.8848

xg=0.2444

e red solid circles:
CLAS: o, Ay, Aui, Al

xg=0.2449
Q*=2.1162

xg=0.2744
Q*=1.9402

xg=0.2748
Q°=2.3485

0=0.3045 red open squares:

Q*=2.1021

CLAS: O, ALU

%

e red triangles:
Q*=2.3508
Hall A: O, ALU

xg=0.3046 xg=0.3345
Q*=2.5834 0?=2.2308

xg=0.3346
Q?=2.7821

l

| | | ‘ | | | | - | | ‘ | | | | | | | ‘ | | | | | | | ‘ | | | | bIaCk Stars

Q*=2.9723 Q’°=2.4808 Q*=3.1817 Q*=2.8146

xs=0.3646 x5=0.3995 x;=0.3993 %s=0.4335
VGG model values

N‘\\\\‘\\\\‘\

T R Dupré, Guidal,

O

\
0.25 0.5 0.25 0.5 0.25 0.5 0.25 0.5 Vdh ( 2017 )
t (GeV?)
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EA(®)

CFF Zm: | Him (€, 1) = A(€)eBE)!

black circles: CFF fit of JLab data Dupré, Guidal, Vdh(2017)
black squares: CFF fit of HERMES data Guidal, Moutarde (2009)
1 DD:by=bs=1 T 5| T DD:b,=bg=1
07- DD:by=1, by=5 - DD:by =1, by=5
_ T DD: b, =b,=5
DUAL
S
>
(D]
<
i
an)
0— 1
[ [ [ [
0.05 0.1 0.2 05
g
red bands:

A(€) = aa(l-£)/€  1-parameter B(§) = apIn(1/¢)

fits of data 7



1

3D 1maging

(% )

d*A -
pl(z,byL) = / (27T)§ e PLALIY (2 € =0,—A %) | Burkarat(2000)

\_ J

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

non-singlet (valence quark) GPDs: H? (x,0,t) = H%(x,0,t) + Hi(—x,0,t)

(= 2)

d?b | b? p?(z, b
x-dependent | (52 ys(;) = 4 el L O I H(5,0,-A17)
radius J &b p(z,b.) 0AY A =0

- > 4

H?(z,0,t) = go(2)e™™* —  (13)9(z) = 4Bo()

X-independent

radius (i = Niq/o dx g, (z) (b3 )9(x)

~
U J

Nu=2, Nd=1

(B2 ) = 2e, (B2)" + eq (b2 ) = 2/3(r?) = 0.43 £ 0.01 fm®  Bernauer(2014)
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x-dependent radius

black circles: CFF fit of JLab data

1n prOton black squares: CFF fit of HERMES data
0.8 —
07-
M 0.6 T L
~ — i ®
S ‘E 05+ T
< ~ - n
m
04+
< Io. ¢
: 05 0.3—_ o
03 ; DD: bv = ], bs =5 :_‘ 02 1
0.2 ; DD: bv = bs =1 ““. . 1 4=
01 . DUAL k! 0.1+ |
O - | S | - - 0
10" 1 R
X X
forx<0.15: Bo/B>0.9 band: using  Bo(z) = ap, In(1/z)

ap, fixed from elastic scattering
Dupré, Guidal, Vdh(2017)



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)

Polyakov, Vdh (2008)

Guidal, Moutarde,Vdh (2013)

m) once-subtracted fixed-t dispersion relation
4 )
Mo (€,1) A(t)+P/1d B
9 L X X, L,
Re : L 53 £_ | J?-F'f
\_ i' i Y,
tindependent- = known ftom CEE. - 22T R0y toy (e )
subtraction function Him(z,t) o0 |
(= 1 )
i3, 05|
At) = i/ ) s
Nf ey | ]_ e -
\ ?, 1 F
4 o0 2 1 |
- -1.5
Dtem Ipe =125 &) 00 |
Polyakov, Weiss o) | | |
(1999) & n odd ) 20 02 04 06 08 1
-t (GeV?)
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EHL(E, &, 1)

HRG(E s t)

experimental strategy for CFF #ge:
direct extraction vs dispersion formalism

red solid circles: CLAS: o, ALy, Au, ALL

red open squares: CLAS: o, A

t=0.15 GeV?

‘t=0.25GeV?

Dupré, Guidal, Niccolai, Vdh (in progress)

0.4

0.2

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

Dupré-Guidal-Vanderhaeghen-PRD 95 011501 (R) (2017)
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32 1 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 L I 1 1 1 ] L I
current DVCS data at colliders:

10 > O ZEUS- total xsec O HiI- total xsec —

— F ® ZEUS- do/dt W Hi-do/dt ]

4 C N HI-A_, ]

% | current DVCS data at fixed targets: i

O [ W HERMES-A . Ay A, .
e

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

Q

5
10 "
- planned DVCS at fixed targ.:

-] COMPASS-do/dt. T Argy Acsr

[ ] JLABI2-do/dt. Apy Ay Ay

[ future colliders: EIC...
10

BNL EIC Science Task Force and NdH update in 2015
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