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WHY THIS MATTERS

• Lamb shift of  muonic hydrogen:

where   is the proton charge radius
• Large (TPE) hadronic uncertainties
• Catch up to experiments (proposed 5x improvement!) 
• Update parametrization of  structure functions with the latest data
• Analytic parametrization over the whole energy region
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(Antognini et al., 2013)



THE THEORY BEHIND

Forward two-photon exchange (TPE) How to parametrize the proton?

• Unpolarized case
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THE THEORY BEHIND

Forward two-photon exchange (TPE) How to parametrize the proton?

• Unpolarized case
• Born contributions (fixed)

+ crossed channel
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THE THEORY BEHIND

Forward two-photon exchange (TPE) How to parametrize the proton?

• Unpolarized case
• Born contributions (fixed)
• Non-Born contributions
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Nucleon spin-averaged VVCS tensor

Connect to structure functions

Parametrize Compton amplitudes (dispersion relations, high energy 
behavior) and fit structure functions to data

THE THEORY BEHIND
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THE THEORY BEHIND

Dispersion relations (DR)

• Subtraction function              is needed
• Low Energy expansion (LEX):
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Electric and magnetic dipole 
polarizabilities of  the nucleon



• Regge (high energy) contribution can be reconstructed using a once 
subtracted dispersion relation,
• Introduce an analytic model for the Regge part of  the forward 

amplitudes, 
•               and                      have same high energy behavior 
⇒ Superconvergence dispersion relation

• Obtain the subtraction function → Need for analyticity

THE THEORY BEHIND
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THE RESONANCE REGION

• Incorporate current 4* resonances below 1.7 GeV

• Effective resonance (5 prms) accounts for limited data on higher 
resonances
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THE RESONANCE REGION

• Incorporate current 4* resonances below 1.7 GeV
• Use exclusive data from CLAS@JLab experiment
• Fit                     helicity amplitudes (                             )
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THE RESONANCE REGION
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THE RESONANT CONTRIBUTION

• N(1520) example

• Low-      behavior anchored to PDG photon point.
• For               , consider the Siegert limit:                         (Ramalho, 2019)

20.10.2026 13Panagiotis Kalamidas



THE RESONANT CONTRIBUTION

• Predict resonance contribution to 
inclusive cross-section 
• Use Breit-Wigner parametrization 

for cross-sections
• Three channels considered:

• N(1520) example
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This contribution is then fixed, not 
fitted to anything else!



THE NON-RESONANT PART

Requirements:

• Connect smoothly to high energy 
parametrization (Donnachie and 
Landshoff, 2004) (9 prms)
• Describe resonance region data
• Include dominant physical 

channels 
• Use analytic functions with a small 

number of  parameters
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THE NON-RESONANT PART

• πN contribution (6 + 3 prms)

• πΔ contribution (5 prms)
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Spline smearing 
applied



• Pomeron (5 + 2 prms) and Reggeon (9 + 3 prms) contributions

THE NON-RESONANT PART
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• Pomeron (5 + 2 prms) and Reggeon (9 + 3 prms) contributions

THE NON-RESONANT PART
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Same as DL fit

Fitted to data



• Pomeron (5 + 2 prms) and Reggeon (9 + 3 prms) contributions

•  : Energy scale at which each contribution begins                     
( here)
• For             , parametrization complemented by Regge fit (duality)
• For a smooth connection we introduce splines for 

THE NON-RESONANT PART
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THE NON-RESONANT PART

• Total unpolarized structure functions:

• Constraints on parameters
• LET requires                    (imposed exactly)
• Polarizabilities and Baldin sum rule 

• Low-Q² behavior of  the subtraction function anchored to real Compton 
scattering
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RESULTS . . . SO FAR

• Photoproduction (           )
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RESULTS . . . SO FAR

• Photoproduction (           )
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Everything from here 
on is PRELIMINARY



RESULTS . . . SO FAR

• Electroproduction for     

• MAID parametrization pseudo-data used for first resonance region
• Fit to available      data (Rosenbluth-separated) 
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RESULTS . . . SO FAR

• Electroproduction for

• 1st and 2nd resonance regions background by πN and πΔ
• 3rd resonance region described by Reggeon + Effective resonance
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FIT Report

• Total number of parameters . . . 38!

• Error analysis is a work in progress
• Presence of outlier points
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TAKE HOME message

• Analytic parametrization of  structure functions from                        
threshold to the Regge region 
• We use exclusive data for the resonance contribution                           

and fit the non-resonant part
• Isolated the contributions for different energy regions                            
⇒ Better understanding and control of  the fit
• Next: Polarizability and sum rule comparison → uncertainty 

quantification → dispersive TPE estimate for the μH Lamb shift
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“Kevin The Void” by 
Vanessa Stockard



Thank you for 
your attention!

Questions? Ideas? Suggestions?
Contact me at pakalami@uni-mainz.de
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In case of emergency . . .
        . . . Use backup slides
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Parameter formulas
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• πN parameter

• Regge parameters



Parameter plots
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Effective Resonance
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• Assume only electrocoupling parametrized by


