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(But also other hadronic effects are bigger ….) 



Motivation 

l  Effective field theory setup: HBET/NRQED/pNRQED 

l  Model independent prediction of the proton radius 
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EFT for bound states (µp) 
   Effective field theory framework: pNRQED   

Scales in the bound state 

Well separated 
scales 

- Hard scale:  

- Soft scale:  

- Ultrasoft scale:  

mr

pNRQED 
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EFT for bound states (µp) 
   Effective field theory framework: pNRQED   

Scales in the bound state 

Well separated 
scales 

- Hard scale:  

- Soft scale:  

- Ultrasoft scale:  

mr

pNRQED 

pure QED,   and 

Small expansion parameters: 

Energy levels: 
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pNRQED 
II. EFTs in bound states: pNRQED    

HBET NRQED pNRQED 

pNRQED is a theory of ultrasoft photons 

The pNRQED lagrangian: 

The potential: 

   Effective field theory framework: pNRQED   

+ expansions in the small parameters:  

mπ ,Δ
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“Pure” QED corrections 
Theoretical equation for the Lamb Shift: 

Peset, AP 

μH QED leading contribution: ELECTRON VACUUM POLARIZATION 

   Contributions to the Lamb shift   
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“Pure” QED corrections 
Theoretical equation for the Lamb Shift: 

Peset, AP 

Other contributions from the static potential up to  

   Contributions to the Lamb shift   

PANIC 14                  Antonio Pineda   



“Pure” QED corrections 
Theoretical equation for the Lamb Shift: 

Peset, AP 

Relativistic contributions up to  

   Contributions to the Lamb shift   
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Summary and error estimates 
Theoretical equation for the Lamb Shift: 

Peset, AP 

   Contributions to the Lamb shift   
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Hadronic corrections 
Theoretical equation for the Lamb Shift: 

Peset, AP 

   Contributions to the Lamb shift   
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Hadronic Effects 
   Contributions to the Lamb shift   

Theoretical equation for the Lamb Shift: 

Peset, AP 

Definition of the proton radius 
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Hadronic Effects 
   Contributions to the Lamb shift   

Theoretical equation for the Lamb Shift: 

Peset, AP 

F. Jegerlehner 

Hadronic Vacuum polarization: 
Obtained from Dispersion Relations (DR)  
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Hadronic Effects 
   Contributions to the Lamb shift   

Theoretical equation for the Lamb Shift: 

Peset, AP 
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Hadronic Effects 
   Contributions to the Lamb shift   

Theoretical equation for the Lamb Shift: 

Peset, AP 

Large-Nc limit: we expect a large contribution from Δ(1232) 
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     : Born/Zemach contribution 
   Contributions to the Lamb shift   

Zemach momenta: 

EFT: 

FITS: 

large dependence on the fitted function & large difference with EFT 

Born energy shift: 

we would expect less difference with the DR analysis  

Dipole 
Kelly 
Distler  
et al 

Pachucki Carlson et al 

Peset, AP 

Peset,  
AP 
 

Zemach third  
momentum 
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     : Polarizability 
   Contributions to the Lamb shift   

+ + 

Peset, AP 
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     : Polarizability 
   Contributions to the Lamb shift   

(LO) 

Different results for the polarizability contribution: 

corrections to HBET are suppressed by  

The polarizability contribution from EFT is larger than the one computed using combinations 
of DR and different models 

Total TPE energy shift: 

The total contribution of TPE agrees with DR results better than when arbitrarily split 
into Born and polarizability pieces 

Peset, AP 

Alarcon et al Peset, AP Pachucki              Carlson et al 
        Martynenko                Gorchtein et al 
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Summary 
Summary   

- We can theoretically predict the Lamb energy shift in a model 
independent way in an EFT framework 
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away! 

- We can theoretically predict the Lamb energy shift in a model 
independent way in an EFT framework 

- The proton radius puzzle survives the EFT analysis. The hadronic contributions 
are the main source of uncertainty, although it is not enough to account for the 
discrepancy with ep. 
 

- The main radius-independent hadronic contribution is the Two-Photon-Exchange term 

- The EFT approach gives Born & polarizability contributions which are quite 
different from the ones obtained by DR (+ models)  

- Both the agreement and the disagrement should be further understood 
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Zemach momenta 
   Back-up   
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Even momenta: 

Odd momenta: 



Polarizability energy shift 
   Back-up   
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Matching coefficients 

pNRQED: 

HBET: 

NRQED: 

EXAMPLE: 

Hadronic contributions: 

   Effective field theory framework: pNRQED   
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Definition of the proton radius 
   Muonic hydrogen and the proton radius     

IR divergent! 

PANIC 14               Antonio Pineda   



Definition of the proton radius 

General expression: 

NRQED Lagrangian: 
Caswell, Lepage '86 

   Muonic hydrogen and the proton radius     

IR divergent! 
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