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Outline 

 I.  Significance of the pion form factor 
 
 II. Traditional approach 
 
 III. Improvement 
 
 IV. Outlook 
 
 
 
 Collaborators: Robert Perry and Ayse Kizilersu 
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I. Importance of the pion in QCD 
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Pion is a pseudo-Goldstone boson in QCD 

• Mass vanishes in limit of zero quark mass 
 

• mπ 
 ~ mq

1/2 : and the pion is by far the lightest hadron 
 

• The electromagnetic form factor is a fundamental 
property, much studied in QCD 
 

• Brodsky and LePage: large Q2 limit 
 
 
 

• Extensive studies in SDE, NJL etc. (Cloët, Roberts….) 
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Recent study of charge symmetry violation  
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and in the Kaon form factor 
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Comparison of data with predictions 

 Chen et al., Phys. Rev. D98 (2018) 091505  

But: what are the “experimental” numbers? 
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II. Current approach to data analysis 
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Direct measurement limited to very low Q2 



Page 10 

Electro-production at higher-Q2 
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Jefferson Lab data from Fπ Collaboration 



Page 12 

Theoretical Framework for Analysis 
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Vanderhaeghen, Guidal, Laget (VGL) Model 

• Calculate Born diagrams: 
 
 
 
           =  
 
 
 

• Sum needed to ensure gauge invariance 
 

• Reggeize pion exchange:  
 

• Multiply by ONE overall form factor – different form 
factors would destroy gauge invariance 
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VGL Model (cont.) 

• Final amplitude with which experimental data is fit: 
 
 
 
 

• This is, of course, fine at the pion pole (t = + mπ
2 )  

but data lies well away – typically t < -2 mπ
𝟐𝟐   
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Current procedure 

• Extracted form factor at given Q2 depends on t 
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Physical form factors are rather different 
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 III. New approach 
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Follow similar path to Miller 
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Construct a Gauge Invariant Bosonic Model 
− very much a toy model 
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Simple bosonic model 

• Simple bosonic model of  
  nucleon and pion  
  electromagnetic form factors 
  and πNN vertex 
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Example fit 1 
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More examples…. 
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Overview 1            
• Error can be 10-20% at larger momentum transfer 

 
• As Q2 rises we need to go to higher W to reduce  

the error in the extracted value 
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Overview 2 

• Error can be 10-20% at larger momentum 
transfer 
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Summary and Outlook 
 
 
• A precise extraction of the pion form factor requires 
    serious consideration of gauge invariance 
 
• The model used so far is really a toy model  
 - purely bosonic 
 
• Nevertheless, it suggests that at higher Q2  one  
    needs to go to higher energy to reduce the errors 
 
• Current errors at large Q2 could be as large as 20% 
 
• Fermion implementation underway 
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