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                  EM  probe to explore 
 Electric and magnetic nucleon form factors 

   (Pion and deuteron form factors) 
  

 Nucleon-resonance transitions 
    
 

 Nucleon spin structure 
    Parton distribution functions  
 

 Generalized parton distribution functions  
 

 
 

I),Motivation: 

*
11 13, ( , ...)eN N p S Dγ− > − > ∆

MSU, Moscow 2016/9/27 



History of Nucleon Structure Study 

 1933:  First (Indirect) Evidence of Proton Structure 
     magnetic moment of the proton:  µp=eћ/2mpc(1+κp) !    
     anomalous magnetic moment:    κp= 1.5 +- 10%  
 1960s: Discovery: Proton Has Internal Structure 
     elastic electron scattering  
 1970s: Discovery of Quarks (Partons)  
      deep-inelastic scattering 

 
 
 

 
 1980s-1990s: Spin Structure  
 2000s: Multi-dimension Structure 

Otto Stern 
Nobel Prize 1943 

 J.T. Friedman                              R. Taylor                               H.W. Kendall 

                                              Nobel Prize 1990 
Robert Hofstadter, 

Nobel Prize 1961 
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•  Many experimental measurements have been carried out 
since last century:  

   *  The fundamental properties of nucleon 
Charge and magnetization distributions 

* Test model calculations of the intrinsic structure    
           of nucleon 

Nearly all the measurements used Rosenbluth separation 
The scaling behavior of the EM form factors of nucleon  

 
 

Form factors of proton (from ep) 

•  New and improved technique makes the measurement 
more precisely and can provide information more accurate  
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MSU, Moscow 2016/9/27 
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Form factors of Nucleon (from ep)            

 Nucleon has its intrinsic structure p(uud), n(udd) 

 Photon and nucleon interaction is not point-like  

• One-photon exchange 
•Electron-photon： 

•Nucleon EM  

  vertex： 

 

 
 

 
MSU, Moscow 2016/9/27 
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Form factors of Nucleon                 In OPE 

Measurement (I)—Rosenbluth  Separation (OPE) 

Differential cross section： 

Space like 
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MSU, Moscow 2016/9/27 
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Reduced cross section: Rosenbluth separation 

•  The form factors are determined         

from the slope and intercept  

•  if Q2 is large, large systematic 
error for GE 

•  GE is sensitive to the ε 
    dependent-term 

Form factors of Nucleon          FFs In OPE 

MSU, Moscow 2016/9/27 
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 Measurement（Ⅱ）polarized Separation (precise measurement) 

Initial：Electron polarized 

λe= ±1； 

ζ4: Final proton polarization 
vector 

M. K. Jones et al., Phys. Rev. Lett. 84 (2000) 1398. 
O. Gayou et al., Phys. Rev. Lett. 88  (2002) 092301. 
V. Punjabi et al., Phys. Rev. C  71 (2005) 055202. 

2016/9/27 MSU, Moscow 
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Final proton is longitudinal polarized (OPE): 

Final proton is transverse polarized (OPE): 

Ratio of electric and magnetic form factors (OPE)： 

MSU, Moscow 2016/9/27 
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2, The two-photon exchange in the    
    proton form factors 

MSU, Moscow 2016/9/27 
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Measurements：      

Since the two observations are 
based on the one-photon exchange, 
the divergence means something!!! 

M. K. Jones et al., Phys. Rev. Lett. 84 (2000) 1398. 
O. Gayou et al., Phys. Rev. Lett. 88  (2002) 092301. 
V. Punjabi et al., Phys. Rev. C  71 (2005) 055202. 

Form  factors  of  Nucleon                  FFs In OPE 

•     

•     

MSU, Moscow 2016/9/27 
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     Comparing the measurements of Rosenbluth 
separation and polarization transfer, it is shown an 
unexpected and significant different dependence on    
for       than on      .  

Measurements of proton form factors 

     This has been interpreted as indicating a difference 
between the spatial distributions of the charge and 
magnetization at short distances.  

2Q
E
pG M

pG

Two-photon exchange 
 corrections believed to explain the 

discrepancy 
 

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

MSU, Moscow 2016/9/27 
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Elastic scattering： Two-photon exchange process 
Vacuum polarization 

MT Corrections : (L. M. Mo and Y. S. Tsai, in 60s) 

Vertex corrections 

MSU, Moscow 
2016/9/27 
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Inelastic process： 
Bremsstrahlung  

MT Corrections:                                         TPE in SL 

MSU, Moscow 2016/9/27 
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High order elastic contributions： 

MT corrections 

Finite part of vertex corrections 
of proton-photon 

Finite part of two-photon 
exchange 

Vertex corrections for electron-
photon coupling 

Vacuum polarization 

Diverge part of proton-photon 
coupling 

Diverge part of two-photon 
exchange 

Independent on ε, 
contribute a 

common factor 

Need to be study 
further 

Contribution is 
much smaller 

MSU, Moscow 2016/9/27 



19 

MT  Corrections                                TPE in SL 

(1). Two-photon exchange amplitudes 

• Intermediate state: Nucleon 

• The finite contribution is simply ignored 

• Momentum of one of photons in the denominator and numerator   
  sets to 0  

 (2). Vertex correction for electron-photon is the same                  
      as Møller scattering 

 (3). Vertex correction for proton-photon is the same as (1) 

 (4).  Vacuum polarization is the same as Møller scattering 
MSU, Moscow 2016/9/27 
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Two-photon exchange         (proton form factors)： 

• Baryonic  level： 
•Intermediate states are baryon resonances； 

•Quark level： 
•To consider TPE on quark level ; 

•To set a simple connection between the e-q and e-N 
•Generalized parton distribution (GPD) PRL 93 

•Constituent quark model NPA782 

Two-photon exchange effect  on proton    TPE in SL 

P.A.M.Guichon and M.Vanderhaeghen, 
PRL 91, 142303, 03 

MSU, Moscow 2016/9/27 
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General expression of the matrix element：including TPE   

General analysis                       TPE in SL 
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∆+= There are three form factors. 
They are the functions 
of         , and are complex 
numbers 

ε,2Q

MSU, Moscow 2016/9/27 



22 

Analysis                                                  TPE in SL 

MSU, Moscow 
2016/9/27 
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Calculations                                               TPE in SL 

Leptonic tensor and hadronic tensor  

2016/9/27 

Two-photon exchange amplitudes of 
electron-proton scattering  
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Results： Y2γ 

µpR 

General   analyses                       TPE in SL 

Y2γ 

2016/9/27 MSU, Moscow 
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TPE contributions 
Baryon level                                            TPE in SL 

Contribution to cross section 

µpR 

Contribution to the ratio 
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  TPE in SL  (contributed by other nucleon resonances) 

2016/9/27 
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  TPE in SL  (contributed by other nucleon resonances) 
PRC75 

Inclusion of the excited 
state resonance 
contributions reduces 
the nucleon elastic TPE 
by ~15% at     around  
4  

MSU, Moscow 2016/9/27 

2Q
2GeV
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•  Two-photon exchange effect can explain    
    the difference between the results of the    
    two  measurements 
    It should be taken into account. 

•  The TPE effect is small, it changes    
   with respect to ε 
 
   The contribution of the higher excitations to  
   TPE is not very clear.  

Summary for TPE on proton form factors  

MSU, Moscow 2016/9/27 
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Other    interpretations            TPE in SL 
Quark model interpretations：      relativistic effect（hCQM） 

1,Constituent quark model 
2,Hyper-central potential  
  (three-body interaction) 
3,Relativistic corrections 

2016/9/27 
MSU, Moscow 
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Quark model interpretations： light-cone relativistic  QM 
by H. J. Weber 

MSU, Moscow 2016/9/27 
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     Quark model interpretations：  

QM with 5-quark components 

MSU, Moscow 
2016/9/27 



2016/9/27 MSU, Moscow 
32 

3, Phenomenological approach,  
   deuteron form factors 
   two-photon exchange 
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Our Phenomenological approach: 

Correlation 
function Two fields 

X X (3872) 

D 

D* 

Molecule scenario PRD77,094013+… 

The mass operator represented by   2( )pΠ

in Collaboration with Amand Faessler,  
Thomas  Gutsche,  and V. E.  Lyubovitskij  
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 Compositeness condition: 
Bound state description of hadronic molecules in QFT based 
on compositeness condition:  Weinberg,PR1963;Salam, Nuov.Cim. 1962                     
                                           Heyashi et al.,Fortsch. Phys. 1967  

 
The coupling  g  is determined by the condition  

g g 

2016/9/27 
XXIII International Baldin 

Seminar(Dubna, Sept.19-24, 2016) 



35 

Vertex function 
Characterize the finite size of the hadron 

                    the distributions in the hadron  

Gaussian-type is chosen for the function 

Parameter: Gaussian with free size parameter Λ 

Four-dimensional covariant calculation 
2016/9/27 XXIII International Baldin 

Seminar(Dubna, Sept.19-24, 2016) 



XXIII International Baldin 
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Applications 

• 1), Hadronic molecules: old - 
•      renewed interest in heavy mesons 
• 2), Effective approach is applied  
•      to the states (Compositeness) 
• 3), Hadronic loop is considered 
• 4), Decay modes: some c\bar{c}  
•      +dominate hadronic picture 

Other applications: 
1), Open charmed mesons: Ds(2317) 

 
2), X(3872) 
3), Y-type: Y(4260), Y(3940);  
     Z-type: Z(4430), Zc(3900); Zb(10610), Zb(10650) 
4),  

2016/9/27 
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Electron-deueron elastic scattering (OPE) 
Deuteron Electromagnetic form factors     eD  (S=1) 

D D 
 Deuteron: spin-1 particle 

MSU, Moscow 2016/9/27 
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Deuteron form factors   (  parameterizations,   PRC73, (2006)  ) 

MSU, Moscow 
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Electron-deueron elastic scattering (TPE) 
TPE on deuteron                        TPE in  eD 

PRC74,  064006 

MSU, Moscow 2016/9/27 
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•  By considering Two-photon exchange corrections    

PRC74,  064006 MSU, Moscow 2016/9/27 
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    Approach  (phenomenological )  

 Correlation function (Cut-off) PRC78,  035205 
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Deuteron EM form factors  (vertex)  

1), Loop 
2), Nucleon     
     form     
     factors 

2016/9/27 

Two-Body 
current 
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Two-Body  

One-Body  
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Parametrizations 
(MMD): Mergell-Meissner-Drechsel 

        Kelly parametrization 
TGA: Tomasi-Gake-Adamuscin 

 MSU, Moscow 



2016/9/27 MSU, Moscow 
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2016/9/27 MSU, Moscow 
46 
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•  Two-photon exchange corrections 
Hadronic    part                               TPE in  eD    

PRC80,025208 
PLB 675, 426 

MSU, Moscow 

A 

B 

C 
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Numerical  results                                            TPE in  eD    

2016/9/27 

Solid-Total 
Adotted 
Bdashed 

Cdotted-dashed  
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Electron-deueron elastic scattering (TPE) 

      results from the vector polarized final deuteron along 
the y direction which is perpendicular to the scattering 
plane. In OPE ,      =0 

TPE   (polarization,   Py )                TPE in  eD    

Py 

Py 

PRC82, 068202 
MSU, Moscow 2016/9/27 



2016/9/27 MSU, Moscow 
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He- 3  (spin=1 /2;  form factors):  

2p+n NPA918,25 



2016/9/27 MSU, Moscow 
51 



2016/9/27 
MSU, Moscow 52 

TPE on He- 3  (form factors):  



2016/9/27 MSU, Moscow 
53 



2016/9/27 MSU, Moscow 
54 



55 

4,  Summary  (form factors):  

•  The nucleon form factor  
•  The two photon exchange effect is addressed 

• A phenomenological approach is introduced. 
•The deuteron form factor and GPDs can be  
  expressed in terms of the nucleon form factors and  
  GPDs as well as loop integral, and its tensor  
  structure function is discussed.  

•  The application of this approach to other light    
   nucleus is going, which relates to the  
   experiments in future Jlab. Or EIC  

MSU, Moscow 2016/9/27 
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Thank you for your 
attention 

MSU, Moscow 2016/9/27 



Generalized  parton distributions (Nucleon) 

57 
2016/9/27 MSU, Moscow 
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FFs and GPDs of nucleon   

MSU, Moscow 2016/9/27 
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GPDs of deuteron,  and tensor SF    

Decomposition  

MSU, Moscow 2016/9/27 
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GPDs and PDFs (forward limit),  deuteron 

Sum rule of Tensor structure function  

2016/9/27 MSU, Moscow 
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2016/9/27 MSU, Moscow 
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Nucleon PDFs and GPDs :M. Guidal et al., PRD 

MSU, Moscow 
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Discussions for tensor structure function 

•  Deuteron Tensor structure function measured in    
•  DESY is sensitive to the small x-region .  

MSU, Moscow 2016/9/27 
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 Motivations 
•  Time-like form factors is essential for the 
form factors in the whole region  

• TPE effect on the Time-Like FFs is expected 

•  TPE effect  provides complex amplitude 

Time-like nucleon form factors                 TPE in TL 

Time-Like Region 

Space-Like Region Unphysical Region 
         no data 

data region 
e e NN+ − →eN eN→

Im( )q2

Re( )q2Re( )Q >2 0 Re( )Q <2 0
MSU, Moscow 2016/9/27 
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Measurement： 

Observation:                                                            TPE in TL 

MSU, Moscow 2016/9/27 
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Measurements                                                         TPE in TL 

• Less precise data 

• Contribution of GE small 

• Assumption:GE(s)=GM(s) 

MSU, Moscow 2016/9/27 
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( ) ( ) ( ) ( )e p e p p p p p− ++ → +1 2 3 4

 Current operators 

 Form factors  

OPE TPE 

General analysis                                              TPE TL 

MSU, Moscow 2016/9/27 
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Scattering Annihilation 

Crossing symmetry 

MSU, Moscow 2016/9/27 
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One-photon exchange  

Two-photon exchange 

Quantum number: 

Final state： 

Final state： 

Conservations  (Parity and charge conjugate)      TPE in TL 

MSU, Moscow 2016/9/27 
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Intermediate state: nucleon  

Intermediate state:∆(1232)   

Baryonic level                                                                                                 TPE in TL 

Feynman Diagrams 

MSU, Moscow 
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Properties of TPE： 

Unpolarized cross section                                           TPE in TL 

MSU, Moscow 2016/9/27 
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N-Intermediate ∆-Intermediate 

                                                                                                         TPE in TL 

N-Intermediate 

TPE amplitudes 

∆ contribution 

MSU, Moscow 2016/9/27 
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TPE to differential cross section 
Numerical   results                                               TPE in TL 

 
1:  Odd function of  cosθ； 
 
2: Opposite  contributions    
     of N and ∆ 
 
3:  Total contribution small 
 
4:  effect increasing as  
     q2 increasing 
 
5:  May hard to be detected 

MSU, Moscow 2016/9/27 
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TPE on Px 

 
1:  To be maximum at  
     cosθ = ±1 
 
2:                     ,      
    denominator is small 
 
3:  Hard to be detected   

Numerical results for some polarizations                                                       TPE in TL 

sinxP γ θ∝1

MSU, Moscow 2016/9/27 
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1:  
 
 
 
2:   To be maximum:  π/2  
 
3:  Possible evidence  
 

TPE on Pz 
Numerical results for some polarizations              TPE in TL 
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2
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MSU, Moscow 2016/9/27 
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•  TPE effect should not be ignored 

•  TPE effect increases as q2  increasing 

•  TPE effect is more sizeable in some polarizations  

•  at π/2，non-vanishing Pz may be an evidence  

   for TPE.  

Summary                                          (TPE on TL) 

MSU, Moscow 2016/9/27 
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    Approach  (phenomenological )  

 Correlation function (Cut-off) PRC78,  035205 
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2016/9/27 
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     Comparing the measurements of Rosenbluth 
separation and polarization transfer, it is shown an 
unexpected and significant different dependence on    
for       than on      .  

Measurements of proton form factors 
    The results from the Jlab by using the new 
polarization transfer method were surprising, as they 
disagree with the ratios of            obtained by using 
the Rothenbluth method (cross section). The later 
appears to be near unity up to 6        , whereas the 
the polarization results show the ratio value around 
0.3 at    of 5.6      .  

     This has been interpreted as indicating a difference 
between the spatial distributions of the charge and 
magnetization at short distances.  

2Q 2GeV

2GeV

/E M
p pG G

2Q
E
pG M

pG

MSU, Moscow 2016/9/27 
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Polarization:Py 

Polarizations                                                       TPE in TL 

MSU, Moscow 2016/9/27 
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红外发散问题 

1. 红外发散只在中间态为核子的双光子交换过程；  

2. 软光子近似中，红外发散部分是准确的； 

3. 我们最终的结果是去掉了软光子近似中的红外发
散部分，是与光子的质量 λ无关的。 

重子模型                                                                                                         TPE in TL 

MSU, Moscow 2016/9/27 



82 
2012-07-04 

Two-photon exchange effect on proton                                                         TPE in SL 

The discrepancy is due to the missing physics in the 
extraction of the ratio from the data, rather than 
systematic problems. A likely explanation is the two-
photon exchange process, which affects both cross 
section and polarization transfer components. However, 
because the Rosenbluth method is very sensitive to 
small variations in the angular dependence of the cross 
section, the two-photon effects have  a much more 
dramatic impact on the results from the Rosenbluth 
separation, while modifying the ratio obtained with the 
polarization method by a few percent only.  

MSU, Moscow 2016/9/27 
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2012-07-04 

• intermediate state: nucleon； 
• finite part is ignored； 
• the momentums of one of photons in the denominator and       
  numerator is set to 0(soft)  

Some approaches: 

• M.T. Corrections：  

• L. C. Maximon et al.:  

 One of the photon momentum in the denominator is set 0 

• P.G. Blunden et al.：  
Including some finite contributions of TPE 

Baryonic  level                                                                                                 TPE in SL 

P.A.M.Guichon and M.Vanderhaeghen, PRL 91, 142303, 03 

MSU, Moscow 2016/9/27 
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2012-07-04 

General expression of the matrix element：including TPE   

General analysis                                                                                     TPE in SL 

UUqKiUUmqUUq τσν
µνστµµ γεγγγ '2'2' 55

2


+=−

MSU, Moscow 2016/9/27 
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2012-07-04 

Scattering Annihilation 

Cross symmetry 

MSU, Moscow 2016/9/27 
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2012-07-04 

∆ contribution 

MSU, Moscow 2016/9/27 
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2012-07-04 

2. Polarizations of Px and  Pz 

Polarizations                                                                                                  TPE in TL 

MSU, Moscow 2016/9/27 
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2012-07-04 

  TPE in SL  (To Rosenbluth separation and polarization transfer ) 

MSU, Moscow 2016/9/27 



89 

Measuremens of proton form factors 

    The discrepancy is due to the missing physics in the 
extraction of the ratio from the data, rather than 
systematic problems. A likely explanation is the two-photon 
exchange process, which affects both cross section and 
polarization transfer components. However, because the 
Rosenbluth method is very sensitive to small variations in 
the angular dependence of the cross section, the two-
photon effects have a much more dramatic impact on the 
results from the Rosenbluth separation, while modifying the 
ratio obtained with the polarization method by a few 
percent only.  

2016/9/27 
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