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The SIZE of the proton 

Rp=0.8335(95) fm (new H) 

Rp=0.84087(39) fm (muonic H) 
2010-CODATA: Rp=0.8775(51) fm 

S L 
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ATOMIC PHYSICS 
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Lamb shift and hyperfine splitting (1) 
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 A) Formation of µp atoms in highly  
      excited states. 1% populates the 
      2S state (τ=1 µs). 
 B) Laser excitation of 
      2S-2P transition 
 C) 2S and 2P energy levels.  
      νs and νp: measured transitions 
 

 Negative µ beams at PSI are stopped 
in  H2 gas  target at 1 hPa and 20°C 
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 A) Formation of µp atoms in highly  
      excited states. 1% populates the 
      2S state (τ=1 µs). 
 B) Laser excitation of 
      2S-2P transition 
 C) 2S and 2P energy levels.  
      νs and νp: measured transitions 
 

 An electron in S state has some probability to be inside the proton.  
  The  electric field (charge distribution) is modified by the proton size.  
      The νs and νptransitions are affected by the proton size ( few %) 

 Negative µ beams at PSI are stopped 
in  H2 gas  target at 1 hPa and 20°C 
       



Lamb shift and hyperfine splitting (II) 

Panda-EM, 10-III-2020 7 Egle Tomasi-Gustafsson 

| Ψ (0)|2≈ mr
3, mr(µp system)≅ 186 me 

Atomic wave function at the origin  

Η radius : 60000 x p radius
µΗ Bohr radius is  ≈	200 times smaller: larger sensitivity!  

Small radius 
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Hadron physics: e-p scattering 
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→ Holds for 1γ  exchange only 

Linearity of the reduced cross section  

PRL 94, 142301 (2005) 

→ tan2θe dependence 
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ep-elastic scattering : Rosenbluth separation 
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Fourier Transform 
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Root mean square radius 
In non-relativistic approach   
(and also in relativistic but in Breit frame) 
FFs are Fourier transform of the density 
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Expanding in Taylor series: 

RMS is the limit of the form factor derivative for Q2->0  

Root mean square radius 
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The elastic cross section diverges as 1/(Q2)2 when Q2->0 

Think…… 

When  Q2->0 ?    Q2=-4EE’sin2(θ/2) 
       
 1)        E’=0: capture process, 
            compound hydrogen atom ->  
            the scattering formalism does not apply 
 
      OR  
 
  2)       θ=0: the incident electron does not ’feel’ the target 

The extrapolation of electron to photon induced processes  
is generally not meaningful 



What about extrapolation to 
Q2→ 0? 
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•  Radiative corrections 
•  Two photon exchange 
•  Coulomb corrections 

Mainz, A1 collaboration (1400 points) Q2>0.004 GeV2 

G.I. Gakh, A. Dbeyssi, E.T-G, D. Marchand,V.V. Bytev, 
 Phys.Part.Nucl.Lett. 10 (2013) 393, Phys.Rev. C84 (2011) 015212    
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Mainz ep elastic scattering 

Spline 

Polynomial 

1) Rosenbluth extraction 

2) Direct extraction 
(assuming a function for FFs) 

J.C. Bernauer, PhD,Mainz 
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Mainz ep elastic scattering 

Spline: Q2>0.0005 GeV2 

GE from a global fit of σ(Q2,ε), 
based on a pre-defined 
function 
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Rosenbluth: Q2>0.0152 GeV2 

GE and GM from  the slope and 
intercept of σred (ε), at fixed 
(Q2,ε). (larger errors, Q2 
interval) 

The choice of a pre-defined function imposes 
serious constraints to the radius through the derivative! 
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Mainz ep elastic scattering-derivative 
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Mainz Data – Fitting Procedure 

•  4 Q2 ranges,  
•  polynomes up to 12 degree 

•  4 sets of data:    
 

•  2 GE data: Rosenbluth and Spline  
•  2 discrete derivatives  
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Radius – Fitting  dGE (R &S) 
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Stability of the results 
Very small χ2  

Large errors 

Spline  
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Radius – Fitting  GE & dGE (R &S) 
Rosenbluth 

Stability of the results 
Very small errors 
Very small χ2  

Large errors 

Spline  
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Functions –  dGE (R &S) 
Rosenbluth 

Stability of the results 
Very small errors 
Very small χ2  

Large errors 
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Functions – Fitting  GE & dGE(R &S) 
Rosenbluth 

Stability of the results 
Very small χ2  

Large errors 

Spline  
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Mainz – Fitting Procedure 

•  S- Errors << R-data (x 5-10) 
•  S- Values very stable, R-values depend on fitting scheme 
•  Discrepancy on the central R- and S- values 
•  Very small χ2 and stability  of S-results derive from the 

large constraint due to the pre-imposed function   
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Final values from Mainz data 

Rosenbluth Spline  
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Mainz & CLAS11 
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Smaller Q2, larger the error on the derivative 

Plateau: visual for log scale! 

CLAS 11: Small radius! 
RE=0.831 ± 0.007stat ± 0.012syst 
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Mainz & CLAS11 Constrained Linear Fit 

Small RE=0.83 
 Large  RE=0.87 

Mainz 
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Mainz & CLAS11- at first sight 
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Rough estimation from a constrained linear fit 

RE=0.81 ± 0.08 
RE=0.82  ±0.09 

and from Mainz data: 
RE=0.7 ±  0.02 
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Planned ep experiments 

Systematics at sub% 
Abs Norm by Moller  
 

PNPI@MAMI: e and p detection 

MUSE@PSI: muon beam 
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•  Similar problem in the high energy side, for the form 
factor ratio (polarized versus unpolarized)! 

Discrepancy between the determination of the proton radius: 
•  CODATA (ep scattering & H) and muonic hydrogen 
•  ep elastic scattering and µH 
•  Recent and previous Hydrogen Lamb shift experiments 

Conclusions 

•  Tension between analysis of ep-scattering:  
      extrapolation to Q2=0 !!! 
Our suggestion: work on derivatives  

•  The cross section is measured, but the radius 
      is related to the derivative! 
•    extrapolation of the derivative  
•    errors blow up at low Q2 


