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Lecture 3

the nucleon radius, a crisis and its resolution

The nucleon is one of the basic building blocks of matter around us
and in the universe. As discussed in Lecture 2, understanding its
properties is a key element of the human scientific enterprise. Much
of the effort in this direction has not fully concluded. This lecture is
about the size of the proton or, more precisely, about a precision
determination of its charge density distribution.

Information about the charge density distribution and the connected
quantity of the rms radius of this distribution, can be obtained by
scattering charged leptons, electrons or muons, off a hydrogen
target. Alternatively, one can make precision measurements of the
atomic structure of H, and of μH, where the electron is replaced by a
muon. The finite size of the protons leads to changes in both
measurements.

We first introduce the electron scattering experiments and later
report on the most recent atomic structure experiments.
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                           Mott cross section

 Differential cross-section for scattering of spin-½ electrons from a 
pointlike (spin 0) target is given by the “Mott cross-section”, which is the Rutherford result multiplied
 by cos2(θ/2) and a “recoil factor”   E’/Eo
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In terms of the 4-momentum transfer, Q2, the result for an extended spin ½ target,
     with both electric charge and magnetization distributions, is formulated in terms of
     electric and magnetic form factors:

G E Q
2  and GM Q2  . . .

note:  the cos2(θ/2) factor corresponds to the non spin-flip
amplitude, for spin-flip we expect a factor proportional to 

sin2(θ/2)
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Summary of elastic e-p scattering 

Q2 =-q2
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Dirac scattering and the
Rosenbluth separation formula
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•  both electric and magnetic form factors contribute to the scattering

•  to disentangle the two contributions, one has to compare measurements at the 
      same Q2  but different scattering angles 
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“Rosenbluth separation method”:

Example: e-p scattering

        

Rosenbluth separation
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                             Form factors of the proton

electric: magnetic:

Same shape!!!   scaling relation: G E
p Q2  =GM

p Q2 /μN = 1

1  Q2 /0 .71 2
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                      The charge distribution of the static proton

ρ  r  = eρ o exp−M r 

M = 4 . 33 fm−1

〈r2〉1/2 = 12
M

= 0 . 80 fm

ρ
e

fm−3

Electric charge distribution:
•  charge and magnetization distributions
    are very similar

•  both form factors follow
    a “dipole” pattern, e.g.

•    measurements from Jefferson Lab (USA)
     show that the charge and 
     magnetization distributions differ 
     at higher Q for reasons that are now 
     understood as due to 2-photon exchange 
     processes
•  inelastic scattering -> quark parton structure

G E
p Q2  =

1

1 Q2 /0 .71 GeV 2 2
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Note: the charge inside the proton is not distributed corresponding to a uniform
distribution of a charged sphere, but looks nearly exponential.

sketch based on 
early results from 

the 1960ties.
see references in 

the following.



  8



  9



  10

nucleon form factors, the latest news



  11

Q2 dependence of proton form factors – about 2014 (Kohl)
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neutron form factors

       magnetic formfactor  - close to dipole shape

     CLAS coll., Phys.Rev.Lett. 102 (2009) 192001
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neutron form factors

      electric form factor  - Mainz MAMI

      Phys.Rev.Lett. 111 (2013) 13, 132504
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transverse density distribution of proton and neutron

Miller G.A., Phys. Rev. Lett. 99, 112001 (2007)
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the proton radius puzzle, about 2010, compiled by Richard Hill, arXiv:1702.01189

the red line is the result from μH measurements, the blue uncertainties
come from H spectroscopy for various transitions, the turquoise result is
from ep scattering, the black is the CODATA combination for all ep
scattering data.  The μH measurements are nearly 5.6 sigma below the
CODATA evaluation.
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energy correction of H levels due to finite size of the proton, 
see, e.g. 

note: shift is only for s waves, other waves vanish at origin

why is sensitivity so enhanced in μH compared to eH?

because of large mass ratio mμ/me ~ 200, the
radius sensitivity is much reduced, corresponding
to a wave function much enhanced at the origin for
μH
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the Mainz experiment
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the PRAD experiment
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the PRAD experiment
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JLAB PRAD
Nature 571 

(2019) no. 7781,147

MAMI 
arXiv:1905.11182 

the two most recent measurements from electron scattering are consistent and consistent
with the μH measurement but is the puzzle really solved? The discrepancy between the 2
most recent hydrogen spectroscopy results remains. 

situation in 2020
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Refs. for the previous slide
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most recent results based on:     
Gao and Vanderhaeghen, Rev. Mod. Phys. 94 (2022) 1, 015002

2105.00571 [hep-ph]

the following figures are all taken from this paper
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comparison of proton electric formfactor measurements 
over the last 60 years
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extraction of the proton charge radius 
from the measured electric formfactor

the PRad collaboration bases its radius extraction on the method developed in
X. Yan et al, Phys. Rev. C 98 (2018) 2, 025204
1803.01629 [nucl-ex]

main idea:
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the Prad-II experiment: 
improving the precision by about a factor of 4
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