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Nucleon Elastic Form Factors

The Form Factors (FF) are most fundamental quantities
defined in context of single-photon exchange

FF Describe internal structure of the nucleons
Related to charge and magnetization distributions

Investigation of FFs provide a powerful tool toward understanding
of non-perturbative QCD and confinement

Spectacular experimental progress in past decade using
New techniques / polarization experiments
Unexpected results that inspired theoretical progress

Rigorous tests of nucleon models
Input to nuclear structure and parity violation experiments

New information on basic hadron structure, such as role of quark
Orbital angular momentum



It all started in the 1950's
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ep Elastic in Born approximation

using parity conservation and current conservation, the hadron
current is parameterized by two form facfors

Nucleon vertex: I, (p,p')=7, 1(Q )+ CI FZ(Q )
Dirac Pauli

F, helicity conserving , F, helicity non-conserving form factors.
In electron scattering Q2=-(p.-p. )>>0 (space like region).

Alternately, the Sachs form factors

Ge(Q?) = F1(Q%) - T FA(Q%) 6)(Q%) = F1(Q?) + Fx(Q?)

For Q2-0, 6¢ and G, are Fourier transforms of charge and
current distributions in the Breit frame.



Rosenbluth separation of G¢2 and G2

Rosenbluth cross section in terms of F;, F, and G¢, G,
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this form leads to the Rosenbluth separation method:

1
UR = { exp/ mott} g( :T) iGép +GI%/IP

« where ¢ is the virtual photon polarization.
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Summary of Rosenbluth Data for Proton

Divided by the dipole form factor 6y=(1-Q?/0.71)-2
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Double polarization experiments

Polarization transfer in &N —¢eN or spin-target asymmetry €N —eN,
(N=p or n) are two different techniques, but give same information

For recoil polarization, the two polarization components are in the
reaction plane, no normal component: (Akhiezer and Rekalo, Sov. J.
Part. Nucl. 4, 277 (1974)).; (Arnold, Carlson and Gross, Phys. Rev.
C 23, 363 (1981))

hP.P, = —hP.2\/T(14+7)GEpGurp tan(%)/[o
E. + Ee 0.
hP.P, = hPe( j\_/[ )G%/Ip 7(1+7) tanz(?)/fo

ep _ R (Ee+Ee-)tan(<9_ej o R [d1+o
Gyp P 2M 2 P\ 20

The method superior because of smaller systematics: the Form
Factor ratio is independent of the electron polarization P, and of
the polarimeter analyzing power A, (h is beam helicity +1).

Statistical uncertainty depends directly on both P, and A,.

Remaining systematics mostly from spin precession



GEp(III) Setup

1.87- 5.71 GeV beam
80-100 pA beam current
80-85% polarization
20cm LH, target




BigCal in Hall C

- Measure electron angles, energy

- Separate elastic from inelastic
using angular correlation

- Large Jacobian in elastic ep
scattering—large acceptance
to match proton arm

- For Q2 = 8.5 GeV?
£, = 143 msr to ), = 6.7 msr
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CH, Analyzing Power Data
GEp(III) Data
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Focal Plane Polarimeter
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Spin Precession

pI]cIO =0 and Pr:gt =0

Precession angle, X = 7 1) fhending
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Proton Momentum Spectrum
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* Elliptical cut at BigCal cleans up “dp”
spectrum rather efficiently

* Fat tail on inelastic side of peak indicates
“leftover” background

* Tight cuts to dx, dy, dp needed

* St1ll ~6% background for final cuts at
Q*=8.5 GeV*



All data for the ratio 6¢,/6,,
from Double Polarization

1.25 [ T T I T T T I
1.00 |
0.75

0.50 |

MPGEP/GMP

0.25 -

. —  polynomial fit
0.00 F |

—-0.25 i L | I | 1 | I | I | 1
0.0 2.0 4.0 .

Q2 (Gev?)

o Milbrath S8 o Jones 00Punjabi 06
& Gayou 01 @ McLachlan 086

¢ Dietrich 01 « Jonea 06

= Pospischil 01 * Hu 08

m Gayou 02 & Crawford 08

& Strauwch 03 4 Puckett 10



Theoretical Progress

VMD-based models

— Describe all four nucleon FF's well

— Tend to favor ratio reaching a constant value at intermediate Q?
rCQM

— Show the importance of relativistic dynamics

pQCD-inspired models

— Predict logarithmic scaling behavior of F,/F; at intermediate Q?2
(Belitsky and Ji) ->related to quark Orbital angular momentum
(OAM)

GPD-inspired models
— Show a connection with OAM of the quarks in the nucleon
— FF's provide important constraints on GPD's

— Behavior of 6¢,/6y, at intermediate Q? related to u/d ratio at small
distances (Milier')

Dyson-Schwinger Equations
- Continuum approach to QCD, Hadrons as Composites of Quarks and
Gluons
Lattice QCD Models
* Good progress already, and will get much better in the future



Theoretical predictions
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The first moments of GPDS are related to the elastic FF (Ji, 97)

dr E9(z,€,Q%) = FI(Q?),

* Modified Regge Parametrization for H and E (Guidal et al., (2005)

f’__{.‘_}'(;‘;.~ 0" QZ) . QU(I)IR;(]_“{)QZ,

q I
E9(x, 0, Qz) — %(1 _ ,r)”qu[x)xﬂ (1—x) Q>



Transverse Charge Densities for Proton and Neutron

d*q . )
gl b) = [ Gt H, (v 1 = —q?)

| 6. A. Miller, PRL 99,
_ d*q S
p(b) = Zeq f dxq(x,b) = f P F (Q?* = g?)eltd, 112001 (2007)

1.5 Charge density p(b) of
2 partons in the transverse
o(b) [fm ] 1 proton plane is a two-dimensional
0.5 Fourier transform of the
0 . . F; form factor
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"The discrepancy is a serious problem
as it generates confusion and doubt
about the whole methodology of lepton
scattering experiments”

P.A.M. Guichon and
M. Vanderhaeghen, PRL 91, 142303 (2003)

So what are the causes for the
different results for uGg,/6y,,
from cross section and polarization
measurements?



Two-Photon exchange

Two-photon with intermediate state a proton, including finite size
effects: cross section and P, and P,. Effect on P, order < 3 %,
increasing with Q?2
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Two-Photon Exchange: GPD predictions

Rosenbluth w/2-y corrections vs. Polarization data
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Results of 6¢,(2y) Experiment from JLab
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Theoretical predictions are with respect to the Born approximation
that is not known Except from experiment, which do not separate
one y from two y

No radiative corrections applied, Less than 1%
(Afanasev et.al, Phys.Rev. D64 (2001) 113009)



Concluding Remarks

- Since Hofstadter's first experiments 50 years ago, we
have discovered many new features about the structure
of the proton and neutron.

* High-Q? surprise in G¢,/6y,, has led to a fundamental
change in picture of the internal structure of the proton,
strong impact on theoretical progress,

no evidence for two-photon exchange effects in ratio obtained from
polarization observables.

« The new results from double polarization method for proton
and neutron, together with further results following the
12 GeV upgrade, will provide answers to a number of open
questions crucial to our understanding of fundamental nucleon
properties, and the nature of QCD in the confinement regime

Thank you for your attention



