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  TJNAF electron beam  
  Baryon EMFFs 
  FF flavor decomposition 

  12-GeV era EMFF experiments 
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The laboratory, founded in 1984 
in Newport News, Virginia,  
operates a 6 GeV continuous  
electron beam accelerator. 

A 12-GeV upgrade of  
the accelerator is underway. 

Three experimental halls  (A, B, C) 
are equipped to study electron and 
photon induced reactions. 

A new hall D is being constructed  
for searches of the exotic states  
produced in γp interactions. 

Jefferson Laboratory	
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Beam parameters: 
     energy up to 12 GeV 
     intensity up to 180 µA 
     polarization 85% 
     pol. flip systematic 10-9 

     time structure 2 ns 

Luminosity: 1039 cm-2/s 

Detector systems: many 

Polarized targets (used): 
     NH3/ND3: L ~1035 cm-2/s 

     HD (for the photon beam) 
     3He:         L ~1036 cm-2/s 

Jefferson Laboratory	
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The major research highlights include: 

Proton and Neutron Electro-Magnetic 
                                  Form Factors 
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EMC effect in the light nuclei: local vs. average densities   
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The major research highlights include: 
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Composite structure of the nucleon 

The magnetic moment of the proton was measured by the method of 
the magnetic deflection of molecular beams employing H2 and HD. 
The result is µP=2.46µ0±3 percent. 

E.Fermi,1947 

O.Stern,1937 
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Introduction of the Form Factors 

J µ
hadron = ieN̄(pf) [γνF1(Q2) + iσµνqν

2 M
F2(Q2)]N(pi)

Nucleon current, one-photon approximation, αem = 1/137, �

Rosenbluth,1950 

€ 

dσ
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α 2E 'cos2 (θ
2
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4E 3 sin4 (θ
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Sachs,1962 
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 from the D. Gross Nobel Lecture: 

 “It is sometimes claimed that the origin 
of mass is the Higgs mechanism that is 
responsible for the breaking of the 
electroweak symmetry that unbroken 
would forbid quark masses.  
 This is incorrect. Most, 99%, of the 
proton mass is due to the kinetic and 
potential energy of the massless gluons 
and the essentially massless quarks, 
confined within the proton.” 

The goal is understanding of QCD 



 Elastic FFs of the proton and neutron: F1(Q2), F2(Q2) 

The goal is understanding of the nucleon 

q = (ν, "q)

pi = (mp,"0)

ki = (E,"ki)

pf = (E′
p, "pf )

px = (Ex, "px)

kf = (E′,"kf )

pf = (E�
p, �pf )



 Elastic FFs of the proton and neutron: F1(Q2), F2(Q2) 

 Transition FFs of the P33(1232): A1/2, A3/2, S1/2; 
                                   S11(1535), P11(1440): A1/2, S1/2  

The goal is understanding of the nucleon 

q = (ν, "q)

pi = (mp,"0)

ki = (E,"ki)

pf = (E′
p, "pf )

px = (Ex, "px)

kf = (E′,"kf )



 Elastic FFs of the proton and neutron: F1(Q2), F2(Q2) 

 Transition FFs of the P33(1232): A1/2, A3/2, S1/2; 
                                   S11(1535), P11(1440): A1/2, S1/2 

 Form factors of the Compton scattering: R(Q2),RV, RA 

The goal is understanding of the nucleon 

q = (ν, "q)

pi = (mp,"0)

ki = (E,"ki)

pf = (E′
p, "pf )

px = (Ex, "px)

kf = (E′,"kf )



SLAC results for the Form Factors 
Sill et al,1993 

Bosted,1995 
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The double polarization method and  
Form Factors of the nucleon 

Akhiezer, 1957, JETP.  F2 contribution vs. Q2. 
Double polarization approach will allow accurate 
measurements of the form factors 

5 key mini-proposals to motivate the accelerator

1. Charge distribution of the neutron (very
small!):

• coincidence measurement

• polarized beam

2. Charge distribution of the deuteron
(masked by other contributions)

• coincidence measurement

• polarized beam

3. Single nucleon emission (distribution and
motion of nucleons)

• coincidence measurement

4. Excited states of the nucleon and search
for “missing” states

• coincidence measurement

• multiple particle detection

5. Study of strangeness in nuclei

• coincidence measurement

• high resolution

n
p

1.F. Gross, 1980,   
CEBAF  
white paper 



The double polarization method and  
electric FF of the nucleon 

Akhiezer, 1957 
F2 contribution vs. Q2. Double polarization 
approach will allow accurate measurements 

Arnold, Carlson, Gross, 1980 
GEp via polarization transfer at CEBAF  
GEn up to 3 GeV2 as an important goal 

Perdrisat, Punjabi, 1989 
Precision experiment with a polarimeter behind  
a dipole magnet which provides spin rotation     

dσ = dσNS

�
ε(GE)2 + τ (GM )2

�
· [1 + heA(GE , GM )]

A = A⊥ + A� = a·GE GM sin θ� cos φ�

G2
E

+c·G2
M

+
b·G2

M
cos θ�

G2
E

+c·G2
M



Results for the Form Factors 
Sill et al,1993 

Perdrisat, 2001 
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Sachs Form Factors of the nucleon 
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From the Sachs FFs to the ratio 
F2/F1 and the BJY “log” scaling  

The goal is understanding of the nucleon 
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Orbital moment! 

Balitsky-Ji-Yuan: modified scaling 
due to the orbital moment w.f. 

G.Miller: 



The goal is understanding of the nucleon 
1

/F 2F2
S 

= 
Q

pS2
nS

BJY - pQCD (2003)
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Flavor separated contribution: 
The log scaling for the proton 
Form Factor ratio at few GeV2 

is “accidental”. 

The lines for individual flavor 
are straight! 

Cates, Jager, Riordan, BW 
Physical Review Letters, 106, 252003 (2011) 

Sx = Q2F x
2 /F x

1
pQCD prediction for large Q2:

S → Q2F2/F1

pQCD updated prediction:
S →

�
Q2/ ln2(Q2/Λ2)

�
F2/F1



The flavor disparity in the nucleon 

The down quark contribution 
to the F1 proton form factor is  
strongly suppressed at high Q2 
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CJRW (u/d with new GEn data) 
Phys. Rev. Lett. 106 (2011)   
Qattan, Arrington (2-γ effects) 
Phys.Rev. C86 (2012) 065210 
M.Diehl and P.Kroll (GPDs) 
Eur.Phys.J. C73 (2013) 2397  

Using the D&K table of Fu, Fd 

When the virtual photon of 3 GeV2 interacts with the down quark 

the proton more likely falls apart than in the case of the up quark 



The goal is understanding of the nucleon 
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Wilson, Cloet, Chang, Roberts, PRC 85, 025205 (2012) 

Nucleon and Roper electromagnetic elastic and transition form factors 
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Frontiers of Nuclear Science:
Theoretical Advances
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Hint of support in Lattice-QCD results

confinement signal

Mass from nothing.

In QCD a quark’s effective mass

depends on its momentum. The

function describing this can be

calculated and is depicted here.

Numerical simulations of lattice

QCD (data, at two different bare

masses) have confirmed model

predictions (solid curves) that the

vast bulk of the constituent mass

of a light quark comes from a

cloud of gluons that are dragged

along by the quark as it

propagates. In this way, a quark

that appears to be absolutely

massless at high energies

(m = 0, red curve) acquires a

large constituent mass at low

energies.

Craig Roberts – Exposing the Dressed Quark’s mass
4th Workshop on Exclusive Reactions at High Momentum Transfer, 18-21 May 2010 . . . 27 – p. 13/28

Interplay between  
the [qq] and {qq} diquarks 
creates a zero crossings  

Cloet, Eichmann, 
El-Bennich, Klahn and  
C. D. Roberts, 
arXiv:0812.0416 



quark/gluon confinement 

•   LQCD - P.O.Bowman, et al., PRD 71, 
  054505 (2005) (points with error bars) 

•   DSE QCD – C.D.Roberts,  Prog. Part. 
Nucl. Phys. 61, 50 (2008) (lines) 

•  More than 98% of dressed quark masses as well as their dynamical structure are 
  generated  non-perturtbatively through  dynamical chiral symmetry breaking (DCSB).  
  The Higgs  mechanism  accounts for less than 2%  of the nucleon & N* mass 

•  The momentum dependence of the dressed quark mass reflects the transition from 
  quark/gluon confinement to asymptotic freedom 

The goal is understanding of the nucleon 
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The goal is nucleon transition form factors 

γv  

N N’	



N*,△ 

• A1/2(Q2),  A3/2(Q2), S1/2(Q2) 
or 

• G1(Q2), G2(Q2), G3(Q2)  
                      or 
• GM(Q2), GE(Q2), GC(Q2) 

π, η, ππ,..	



N N’	



+ 
* 

Resonant  amplitudes Non-resonant amplitudes 

N*’s photo-/electrocouplings γvNN*  
are defined at W=MN* through the  N* 
electromagnetic decay width Γγ :  

e 

e’ 

Aznauryan & Burkert,  
Progr. Part. Nucl. Phys. 
67, 1 (2012) 

π, η, ππ,..	





The Cebaf Large Acceptance Spectromer  

Forward detector Central detector 



The goal is understanding of the nucleon 

bare quark core 

CLAS 
Hall A 
  Hall C 
MAMI 
Bates 

Meson- 
Baryon 
cloud 
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Quadrupole Ratios Magnetic Dipole Form Factor 

pQCD:  REM → 1.0 

pQCD: ~1/Q5 

pQCD:  RSM → const 

P11(1232) transition Form Factors 



The goal is understanding of the nucleon 

P11(1440) D13(1520) S11(1535) 

Other transition Form Factors 



The Compton process from the proton 



Optimization of the experimental setup 

Energy; Solid angle; Efficiency 
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Optimization of the experimental setup 
Hadron Arm
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Target
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Proton form factors ratio, GEp(5): E12−07−109
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Neutron form factors, E12−09−016 and E12−09−019

GEM

Proton Magnetic Form Factor!

Neutron form factors ratio, GEn(2):E12-09-016 !

Neutron/proton form factors ratio: E12-09-019 !Proton magnetic form factor: E12-07-108 !
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Super Bigbite Spectrometer in GEp   
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12 GeV GEp experiment 
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Transverse polarization of the proton
in the polarized electron-proton scattering
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12 GeV GMn experiment 
Ratio of the cross sections D(e, e�n) and D(e, e�p)
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12 GeV GEn experiment 
Asymmetry in the polarized electron scattering

from the polarized
3
He
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E93-038, PRC 73, 025205 (2006)
E02-013, BigBite, PRL 105, 262302 (2010)
E12-09-016, SBS (projected)
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A1-Mainz, arXive:1307.7361
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The cross section  
    of H(e,e’)p. 

By using two existing  
Hall A High Resolution  
Spectrometers 
with several new ideas  
for improved control  
of systematic. 

12 GeV GMp experiment 
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Projected in this experiment

High precision (of 1%) cross section measurements
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  The JLab FF measurements  
which were not presented 

o   High precision GEp/GMp Rosenbluth and “SR” results 
o   High precision 2-photon experiments  
o   High precision low Q2 proton FF ratio results        
o   Experiments GEp/GMp on the polarized target     
o   Neutron GMn from the double polarized  3He(e,e’) 
o   GMn/GMp with a large acceptance CLAS12 detector 
o   GEn/GMn with the neutron polarimeters 
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Summary 

 Nucleon Form Factors, first investigated 60 years ago, 
is an active field which has many questions to be 
answered. 

 Baryon Form Factor physics at large Q2 has a huge 
program at JLab with the 12-GeV beam 
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GMn/GMp and GPDs  
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GPD model (Guidal etal): 

F1
d < 0 presents an interesting 

challenge to such a model 
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GEn/GMn update from Mainz 

3.532.521.510.50
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Cloët (2012)
Lorenz (2012)
Guidal (2005)

Q2 [GeV2]

µ
n
G

n E
/
G

n M

9/11/13 slide 37 PHIPSI 2013           Baryon FFs Program at JLab,     Bogdan Wojtsekhowski 


