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Hofstadter determined the precise size of the proton and 
neutron by measuring their form factor.

Nucleon Form Factors



Rosenbluth Separation Method

Within one-photon-exchange framework:



Polarization Transfer Method

Polarization transfer cannot determine the values of GE

 

and 
GM

 

but can determine their ratio R.



Two methods, Two Results!

SLAC, JLab 
Rosenbluth data

JLab/HallA 
Polarization data

Jones et al. (2000)
Gayou et al (2002)



Go beyond One-Photon Exchange….

How to explain it?

New 
Structure



TwoTwo--PhotonPhoton--Exchange Effects Exchange Effects 

on two techniqueson two techniques

large
small



Possible explanation

2-photon-exchange effect can be large 
on Rosenbluth method when Q2 is large.
2-Photon-exchange effect is much 
smaller on polarization transfer method.
Therefore 2-photon-exchange may 
explain the difference between two 
results.

Guichon, Vanderhaeghen, PRL 91 (2003)



One way or another…….

There are two ways to estimate the TPE effect:

Use models to calculate Two-Photon-Exchange diagrams:
Like parton model, hadronic model and so on…..

Direct analyze the cross section data by including  the TPE 
effects:

One-Photon-
 exchange

Two-photon-exchange



Hadronic Model Result

Blunden, Tjon, Melnitchouk (2003, 2005)

Insert on-shell form factors

+ Cross 
diagram



Results of hadronic model

Blunden, Tjon, Melnitchouk (2003, 2005)



Partonic Model CalculationPartonic Model Calculation

GPDs

Y.C.Chen, 
Afanasev,Brodsky, 
Carlson, 
Vanderhaeghen
(2004)



Model-independent analysis

Determined from polarization transfer data

TPE effects
From crossing symmetry and charge conjugation:

Inputs



Our Choice of F(Q2, ε)

Fit (A)

Fit (B)

ε→
 

1, y→0, F→0 ε→0, y→1, F≠0



Fit (A) :

Fit (B):



Result of fits
Dashed Line: 
Rosenbluth

Solid line: Fit (A)

Dotted line: Fit (B) 



Result of fits
Dashed Line: 
Rosenbluth

Solid line: Fit (A)

Dotted line: Fit (B) 



Puzzle about nonlinearity

V.Tvaskis et al, PRC 73, 
2005

Purely due to TPE



Fit (A) :

Fit (B):

TPE vs OPE



Dashed Line : 
Fit (B)

Solid line: Fit 
(A)

TPE contribution to slope

SLOPE(TPE)/SLOPE(
 OPE)

=C1/(GE
2/τ)



Fit (A)

Fit (B)



Common features of Two fits

GM increase few percents compared 
with Rosenbluth results
GE are much smaller than Rosenbluth
Result at high Q2

OPE-TPE interference effects are always 
destructive
TPE play important role in the slope
TPE give very small curvature



Any other places for TPE?

Normal spin asymmetries
 

in elastic eN 
scatteringdirectly proportional to the imaginary 
part

 
of 2-photon exchange amplitudes

spin of beam OR target NORMAL to 
scattering plane

Comparison of e-p/e+p :
Amp(e-p)=Amp(1γ)+Amp(2γ)

Amp(e+p)=Amp(1γ)-Amp(2γ)
Due to Charge conjugation



Fit (A) Fit (B)

Q^2=1.75 GeV^2 Q^2=1.75 GeV^2

Q^2=3.25 GeV^2

Q^2=5 GeV^2

Q^2=5 GeV^2

Q^2=3.25 GeV^2

R=σ(e+p) / σ(e-p) 



Electron-Deuteron elastic scattering

Γμ=



Electron-Deuteron elastic scattering

To extract three
 

form factors, one needs data of 
other observables.

Within One-Photon-Exchange Framework: 



Polarization transfer
a=±1/2, polarization of incoming elect

Ay: Vector analyzing power of the secondary 
scattering

Azz, Axz, Axx-Ayy: Tensor 
polarization of the second scattering

Px, Pzz, Pxz and Pxx-Pyy 
are functions of form factors Gc,Gm 
and Gq.



Polarized deuteron target

Py=0 within One-Photon-Exchange 
framework.

Pzz=n+

 

+n-

 

-2n0

 

: degree of polarization of the target 
deuteron



Polarization observables of e-D scattering
Within One-Photon-Exchange framework



Constraints between observables

Those combinations are independent of θ

 

when all observables are 
Θ-dependent. 
It is easy to use the above combinations to test under
which kinematic conditions TPE become important.



Amplitudes of e-D scattering 
( beyond OPE)



Cross section in term of G(2)
1-6

Y-B. Dong, C. -W. Kao, S.-N. Yang, Y.-C. 
Ch

 
2006



Polarization observables in term of G (2) 
1-6



Small θ
 

Limit



TPE on Px and Pz vanish at small angels but 
TPE on other obsevables survive.

Small θ
 

Limit (continued)



Large θ
 

Limit

TPE effects on other observables vanish when Θ
 

approaches π/2



Calculation of TPE amplitude

Deuteron Deuteron Deuteron Deuteron

N

N

TPE amplitudes of eN

In progress, 
collaboration with H-Q Zhou, S.N Yang (NTU),
and

 
Y.B. Dong (CAS)

N

N



Summary and Outlook

The different results of Rosenbluth separation and Polarization transfer 
method stimulate a lot of theoretical and experimental research of TPE.
Calculation based on models show TPE is important for extraction of 
form factors.
Our model-independent analysis shows that the more precise data at 
lower ε

 

is crucial for the extraction of TPE and nucleon form factors.
TPE effects of e-D scattering is under investigation.
TPE effects of e-D is more complicated.
More TPE-related research is going: N→ Δ transition form factor, 
normal beam asymmetry and so on…
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