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" A
Outline
m) lectures 1 & 2:

® What do we know about the spatial structure of hadrons
from elastic form factors ?

@ How do we define an imaging of hadrons in QFT ?

® What do we know about quark charge densities in hadrons ?

m) lectures 3 & 4:

@® What are Generalized Parton Distributions (6PDs) and
what is the physics contained in them ?

® How can GPDs shed a new light on nucleon spin ?

® How can we access GPDs in experiment ?
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spatial distributions and form factors
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when the target is static (M onstityent: Mrarget > Q)

-> the 3dim Fourier transform of the form factors
gives the spatial distribution of electric charge

and magnetization
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size and shape of non-relativistic
many- b)@djy sy/s*@ms
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perspective on "Shape of Hadrons" : alexandrou, Papanicolas, Vdh (2011)



size of proton : eleciric charge radius

T [
0.85 0.90
Proton charge radius <r2>* / (fm)

uH data : RE = 0.8418 + 0.0007 fm
Pohl et al.
7.70

difference 1?
ep-data :
CODATA, RE =0.8772 + 0.0046 fm
Bernauer et al.,
Zhan et al.

see also Hill, Paz
(z-exp) RE = 0.871+0.009 + 0.002 + 0.002 fm

»
L

e—p Scattering (l. Sick)
CODATA (Hydrogen)

MAMI 2010 (J. Bernauer et al.)
JLab 2011 (X. Zhan et al.)
muonic Hydrogen (R. Pohl et al.)

corrections to Lamb shift:
300 peV below expectation

proton structure corrections:

k . N k
9} T
P p
AE = - 35.1 eV Pachucki (1999)

AE = - 345 peV Martynenko (2006)

AE = (- 36.9 + 2.4) uevV Carlson, Vdh
(2011)



" S
spin-1/2 electromagnetic
form factors (n =

@® CElastic e p -> e p scattering is like an
electron microscope to investigate nucleon structure

@ In 1-photon exchange approximation : p—q/2 p+ql2

nucleon structure parameterized by 2 form factors N N

AR = (p+ %q. N[T*(0)|p — %q. A)

_a(p+ L. N) | FL QD) + F2<<22>—owq,,] u(p— Lg. )

Dirac Pauli
F, helicity conserving , F, helicity flip form factors

® Alternatively, the Sachs form factors

Ge(Q%) = Fi(Q7) - T Fi(Q7), 6,(Q%) = Fi(Q%) + FA(Q%), with 1= Q%/4m?

Traditionally : it is assumed that in the Breit frame, and for non-relativistic systems with
m > Q, 6¢ and G, are 3-dim Fourier transforms of charge- and current distributions.
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measurement of nucleon Form Factors :
Rosenblutih separation method

. g
One-photon exchange elastlcf oR = GJZ\/I it —G%
electron-nucleon cross section T

SLAC : Q2 1 , 0
T = —=1+2(1+7)tan” =
Andivahis et al. (1994) 4M* € ( ) 2
00235, —— T T
[ 2 2 ]
00230 OR Q7 =2.5GeV
0.0225} .
: 2
0.0220f G2, //'{' Gt/ T
C >
0.0215} }’,«" {
002105 .-~
A EETTUET TR U T TR PO PO OPRPSPIPPPPPRIPPRPRIED
0.0205}
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polarization transfer method

—

e+p—e+p

Akhiezer, Rekalo (1974)

dapol = daunpol(l +hS; B + hSz]Dl)

in one-photon exchange approximation :

P — _\/25(1 —¢) GEGMm

T T OR &__ Qe GE
Pz=~/1—€2% B T(1+¢)Gum

(e
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Rosenbluth vs polarization transfer
measurements of G6:/6,, of proton

f. GEp(I)
- B GEp(II)

0.0

1

0.0 =.0

4.0

Q* in GeV?

6.0

| —

Two methods, fwo different results |
2y exchange proposed as explanation

SLAC,

i 7|0 (Hall A, Hall C)

Rosenbluth data

Jlab/Hall A

Polarization data
Jones et al. (2000)
Gayou et al. (2002)
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elastic eN scattering
beyond 1y-exchange

approximation
P
. o , Q —(p—1p')
Kinematical invariants : , K-P=(s—u)/d
non— flip 62 — 1.0 1.7
for Th’AQ\,,hAN @u(k , W) vuu(k, h)
Me = 0 _ . . PH N KPH
u(pla)\g\f) (GMW/M_FZV_'_FSW/MQ )u(pa)‘N)I
CGu(r,Q*) = Gu(Q%) +5Gu o 5Gine
B Q) = B(Q?)+oh, G =R ( G
Fs(v,Q%) = 0+ 6F; for real part 5
Ve _ el )
equivalently | > Yo, i, Q) =R (G_]\[>
Gr=Gu—(1+7)F 3 independent f
Gr(v,Q%) = Gu(Q) + 0Gp observables v} (1.Q*) = =R (G—M

Guichon, Vdh (2003)
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observables including two- p}n@m exchange
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M M
+ O(eh)
B T(1+€)ﬁ _ B
: 2¢ P Gm
e 2¢ Gg
2T Gy D 1+eGu
+ O(e?)
—> L
BBO'I‘TI
c G2 —1 > 12 GE
214+ =Z2E 1-—2
( +7Gi1> {[Hs TGi1> " e
Gg R GE ., 1
ey [527 Gz\fizﬁ’
+0(e?)

12s. Q?=2.64 GeVZ
> e
o r —_
(O] 120 —_
30. }
= 1.15
© ;
1.10':
; 1 1 1 1
(o] 0.2 0.4 0.6 0.8 1.0
£
[ — fit
~1a— 0.75 e GEp-2y
oo [ A GEp-l
$w -
& [
0.70 - T4
~
—4 1
a [
o 0.65 - I
{Q?=2.56eV%2, |, | |
0 0.2 0.4 0.6 0.8
€
'_ -—-fit 1+a, £ In(1-¢)(1-€)"?
— fit 1+ a,£%(1-¢)"?
c 1.02 -| ® GEp-2y
@ _ -
o -
~ ,—”
— 1.00 - =
o

098 Q%=2.5 GeV2 | = |
0 02 04 06 08
£

Jlab data: Meziane et al.

1.0

(2011)



" S
Extraction of two-photon amplitudes

Q?%=2.64 GeV?

The European Physical Journal
0y Europsan Physica Soiety

Hadrons and Nuclei

Guttmann, Kivel, Vdh (2011)

Extracted
> 2y -amplitudes

are in the (expected)

2 -3 % range
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experimental test : e*/e- ratio

first (prelim) results from

VEPP-III ( Q%=1.43 GeV?)
prediction | O Yount:Pine 1962 —o— OLYMPUS projectsd 2.0 GeV

[0 Browman 1955 Yang, E=2 GeV
- w— = BlUnden, E=2 GeV (g.s.)
A mar 1968

Blunden (g.s. + Deita)
. BoOFisyuk, E=2 GeV (g.s.)
...... Gorchtein, E=2 GeV (inel.)
— Atanasev, Q°=2 (GeV/c)*
w— = Atanasev, OF=5 (GeV/c)*

1.25 % - Q?=4.10 GeV? » Enp e st M
. K 2 -

1.15

—a— Kivel (BLW)

14 T N\
I .. o X =
1.20 - Q2 =3.20 GeV2 ; \ '
'.... Im - N = (=] N |
.m %, @ - -5 3 :
+ 1155 s Q2 = 2.64 GoV2 PR N NS |
Q r S, '.... =2. ! 3 |
o : ./ i \\\
..'0 b
~
B | i / s rumkay i
VEPP IIT

0.05- ﬂ k o

0 0.1 0.2 03 04 05 0.6 0.7 0.8 09 1
e epsilon

experiments underway :
VEPP-III, CLAS, Olympus@DESY



Spin-1/2
Transverse
densities
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Anticles published week ending 25 JANUARY 2008

Volume 100, Number 3
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interpretation of Form Factor as
q quark density . q

0

overlap of wave function Fock
components with different
humber of constituents

<
T
\|J

Y Y YA

NO probability/charge
J density interpretation

y

overlap of wave function .
Fock components with absent in a LIGHT-FRONT frame |

same humber of quarks

interpretation as probability/
charge density
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quark transverse charge densities in
nucleon

light-front .

|:> q+—qo+q3:0/l\ o
2
62 — QJ_ p p' ‘
photon only couples to forward moving quarks

pb,)

=) quark charge density operator

Jr=J'+ I3 =gyTq= 2q1 ¢+, with q4 =

¥ longitudinally polarized nucleon

Soper (1997)

N = —’LQJ_ b .P+ A J+ 0 P+ - T A urkar
A0 = [ Gl e T (P A T )P~ surenaas

_ /O @Q Jo(bQ)Fl(Qz) Miller (2007)
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quark transverse charge
densities in nucleon (II)

% transversely polarized nucleon

transverse spin S, = cos ¢gé, + sin¢g é,

e.g. along x-axis : ¢s =0

- d*qL 1 qL qL 1
N = igib_— /pt 21— — 4|7t s _ =
*dQ Q3
— N o il F 2
po (b) +sin(gp — @) /O o 20 J1(bQ)F2(Q7)
|

dipole field pattern Carison, vdn (2007)



by [fm]
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empirical quark
transverse densities
in W@Tr@)ﬂl

po® » prP [1]fm’]

i =

—15-1—-05 05 1 15
induced EDM : d, = F;, (0).e /(2 M)

Burkardt (2000)

b, [fm]

data : Arrington, Melnitchouk, Tjon (2007)

densities : Miller (2007) ; Carlson, Vdh (2007)

by Lfm]



by Lfm]
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empirical quark

transverse densities

by [fm]

by [fm]

in neutron
pd" s pr" [1] fr’]

induced EDM : dy = an (O) .e/ (2 MN)

data: Bradford, Bodek, Budd, Arrington (2006)

densities: Miller (2007); Carlson, Vdh (2007)
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current of classical spinning particle

transversely polarized nucleon

Burkardt (2003)

</ \VV VW

-

nt® s ®

Jr=L 0+ <o

induced EDM B0
d,= F,(0).e/ (2 M)

Helicity flip

G R

Distorted transverse
densities



pin-1
Transverse
densities

T'he European Physical Journal

@ Recognized by European Physical Socisty

volume 41 - numbar 1. july - 2009

Hadrons and Nuclei




deuteron e.m. FFs

(p2, Aa| JH [p1, A1)

(g5 - 1)2P"G1(Q?)
(e1e3 g —eh7er-q) Gu(Q)

q-€1q- &g WG3(Q2)
d

mass M,

P

(p1 +p2)/2

: L poo
spin-1 polarization vectors =) &7 , &5

Go =
Gg =

2

n=Q%/(4My)

Gi1+ (14+n)Gs— Gy

G. : charge monopole
Gq : charge quadrupole
G, : magnetic dipole

Q (fm™)

Abbott et al. (2000)

G, s
G e
Q N
S L I %1
Gyl 1
E ‘ M A R N B éz
1 2 3 4 5 6 7
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empirical quark transverse densities
in deuteron,

d2qi_ _q " | ﬁ ‘_Ql 1
p(g\(b) = /(27_‘_) € qu2P+<P+ 7)‘|J+|P+7Ta)‘> Gil—l = 1_|_—77{GC‘|‘77GM‘|‘2GQ}
1 2
- [ Eenb @) 6l = {1 mGe+ 26y - 2+ 200
0

by Lfm] A=0

separated data

up to 2 GeV?:
Abbott et al.
(2000) 1
0,
densities :

carlson, Vdh (2008) —1|

-2

by [fm] b, [fm]
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0d s M1 g mZ
longitudinally A
polarized 15
deutieron,

0.1

;o <y Q:‘\ deuteron equidensity
surfaces

Il"
|ll,'¢‘

25 -\,

\\V///;\\W‘/A\\\W/;\\\V// ( pd - 0.24 fm-s ) —
from Argonne v, :

Forest et al. (1996)



transversely polarized deuteron

experiment :

by [fm]

Gu(0) =
(Gu0 =2+ GO+ (37)  Co(0) =

SJ_:O

d
b, ) <0 <0

1.71
25.84(3)

I

by [fm]



e.m. mements of W bosons

for spin-1 point particle
Gy (0)=2 and Gg(0) = -1

LEP Electroweak working group
hep-ex/0612034

J 1.2 . ; 95% c.l.
145 (b ie B 68% cl.
14 | 2d fit result
1.05 .

1
095
N S s S
085 : : '
0.8 -l 1 ' 1 1 1 1 i 1 1 1 1 i 1 1
0.1 0 01

u= QJ\ZW {24+ (k—1)+ N}
Q=g {1+ (=D =)
DO Collaboration
PRL100, 241805 (2008)
f<>0_ 43_ D@, 0.7 fb"

0.2

-
o2
o4

; 05 1I 15

AN
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particle with arbitrary spin:
natural values for e.m. mements

Spin j : 2j+1 multipoles .\ = /.

Induced electric
moments

J GE()(O) Gai(0) Gga(0)  Gus(0)  Gpa(0)  Gars(0)
(e) (e/2M) (e/M?) (e/2M?) (e/M?) (e/2MP)

’ Structureless particle
1/2
Standard Model
1 No OAM
3/2 —1 Supergravity ‘

No distortions

{

No anomalous moments

5

Natural EM moments

Charge Universal G (0)

normalization  g=2 factor = 2] Lorcé (2008)




Spin-3/2
Transverse
densities

&S0
&L
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v AA vertex

2
(Ff*TF5)+§TGE2
*k ES 1 ES B
@H_T@)_§@*”7@§_T&)
4
(Fy + F5) + —7Grs

(FT + F3) -

T=Q/(4M3)

(1+7)(F5 + FY)

DO | = Ot

(A(p', ') [ J#(0)

Alp

' A))

0 { [Fr@e + B @)

+[ @)

aﬁ+F* QQ)

multipole transitions

electric charge

charge quadrupole Qa

magnetic dipole

(2Ma)?

|

ot q,,

e

EA —

Ha =

magnetic octupole Oan =

T buao)

mass M,
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e.m. A toA transition : lattice QCD

o quenched Wilson, m_= 410 MeV o quenched Wilson, m =410 MeV
| @ hybrid, m_= 353 MeV ] 3.5f @ hybrid, m_= 353 MeV

+ dynamical Wilson, m_= 384 MeV at * dynamical Wilson, m = 384 MeV ]
2.5
s 7

)

1.5}
1 5

0.5 ’

N S ol % 3‘} __ 3

0 0.5 1 1.5 2 2.5
Q2 in GeV?

lattice analysis :

Alexandrou, Korzec, Koutsou, Leontiou, Lorcé, Negele, Pascalutsa, Tsapalis, Vdh (2008)
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hadron shape : e.m.A toA transition

(ms

transitions

o quenched Wilson, m_= 410 MeV -
@ hybrid, m_= 353 MeV

0
-1
(0
o .M, =%
-3
4 % dynamical Wilson, m_= 384 MeV-:

0 0.5 1 15
Q2 in GeV?

lattice analysis :

Alexandrou, Korzec, Koutsou, Leontiou, Lorcé, Negele, Pascalutsa, Tsapalis, Vdh (2008)
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transverse charge densities in A(1232)

- g o5 1 qL qL
A — —igqi:b _— /pt 21— JH) | pT. - 1=

A= / PEE —12) o2, (B)

Q? = —Qg = % {2[GMm1(0) — 3ea] + [GE2(0) + 3eal} (—) S1 = +3/2

15 [

for spin-3/2 point particle

GM1 (0) = 3eA and GE2(0) = -3eA .l
5T
transverse charge densities _ 0
depend only on anomalous % o
values of e.m. moments

-> reflect internal structure 05 [

-1 r
lattice analysis

-15 0

Alexandrou, Korzec, Koutsou, Leontiou, Lorcé, Negele,

Pascalutsa, Tsapalis, Vdh (2008)



Transition
charge
densities for
N->N, A -~

1232

M1, E2,C2

A*(1232)



A(1232) transition densities in
transverse spin state

I D L N (ACITAN e
_ /Ooogg {HQ)Gt, ., —  monopole
—sin(dy — 65) 1(bQ) [V3GT, . + 6T, | — dipole
—c0s2(dy — 65) LOQVIGT, | — quadrupole
b, [fml | | | | | | b, [fm]

LS5

1 L

0.5 ¢

0 L

-0.5|

—1.5

=15 -1 -05 0 05 1 1.5 =15 -1 =05 0 0.5 1 15

by [fm] by [fm]
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empirical e.m. transition FFs
for p -> N(1440) excitation

(N*(@", X') | J#(0) | N(p, \))
= a(p', \) {FlNN*(QQ) (7“ —7-q Z—Z)

« ot q,
—+—FNN 2 } u(p, )\
Q? (GeV?) o Q- NN* NN*
dz = ©VE (4MyM*)1/? {Fl + 5 }
g _ . Q- Q+Q-\ (M*+ My) NN _ Q? FNN
1/2 /QK(4MNM*)1/2 2M* QQ 1 (M*+MN)2 2
50 p T T T T
£ 40 data: CLAS ]
> analysis : MAID ;
o 30 1
éi 20
o “
0 L -06 H
0 1 2 3 4 5 6 ' ' ' ! ! !
9 (Gev?) 00 05 10 15 20 25 3.0
Q% (GeVv?)

Tiator, Vdh (2008)



empirical transverse transition densities

P

-1.5-1-0.50 05 1 1.5

—-1.5~1-0.50 05 1 15

n

p -> A*(1232)

—-1.5~1-0.50 05 1 15

=15 -1 =05 0 05 1 15

-1.5-1-0.50 0.5 1 1.5

Carlson, Vdh (2007)
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&

=15 -1 =05 0 05 1 15

quadrupole
pattern

b, Lfml]

b, Lfml]

15

1

0.5

0

=05

-1

=15

-15 -1 -05 0 05 1 15

15

1

0.5

0

=05

-1

=15

-15 -1 -05 0 05 1 15

p -> N™ (1440)

by [fm]

by [fm]

Tiator, Vdh (2008)




o
induced polarization in

Electric

Magnetic

profon,

by, [£fm]

b, [£m]

O = N W & O
T T 7T

B LEX minus spin{DR) B

® direct DR fit

(10*m®%

1'.5 2
Q% (Gev?)

Gorchtein, Lorcé, Pasquini, Vdh

-1.0 -0.5 0.0 0.5 1.0
b Lz G




