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1955     Proton is not a point-like particle !!!

Hofstadter,   McAlister 

e

e

p

Electron-proton scattering

Nobel prize 1961 г.
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Proton radius from ep-scattering
1962-2014
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Proton radius from Lamb shift in hydrogen atom 

(ep-atom)

CODATA 2014

R∞=10973731.568508(65) m-1        

Rydberg constant Lamb shift

Change in this digit by 1 unit (10-12)

will change rp  by 1%

0.5% in rp
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Proton radius from Lamb shift in hydrogen atom 

(ep-atom)
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ep-scattering  @ ep-atom summary
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Lamb shift in muonic atom (µp-atom)
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Lamb shift in muonic atom (µp-atom)

Experiment at PSI     

A.Antognini et al.  Science 339, 417 (2013)

Muon stop in Hydrogen gas 2S  → 2P transfer
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Proton radius from Lamb shift in µp-atom

Experiment at PSI     2013

Rp =0.8409(4)



10

Proton charge radius

status 2015
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Rp = 0.877 fm 

or  

Rp =0.841 fm

???

Proton  radius puzzle
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Possible explanations

• Errors in experiments  or problems of extraction of 

the proton radius from the  experimental data.

• Lepton universality violation    (new physics).
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ep-scatteringµp- atom ep-atom

Rp = 0.8409(4)fm Rp = 0.877(8)fm Rp = 0.877(7)fm

Search for experimental errors
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0.002 0.040.02
-t,GeV2

~1/t2

-t =Q2= 2MTR

Extraction of proton radius  e-p cross section
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RpE =RpM=0

RpE =RpM=0.88 fm

RpE =RpM=0.84 fm

Difference between cross sections  

corresponding to  Rp=0.84 fm and Rp=0.88 fm

Electrons  500 MeV

σ(Rp)/σ(Rp=0)

0.002 0.02 Q2 (Gev2)
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Difference between cross sections  

corresponding to  Rp=0.84 fm and Rp=0.88 fm

Ge= (1+ t <r2>/6)

Gm =µ (1+ t <r2>/6)

Electrons 500 MeV

0.020.002 Q2 (Gev2)0.04
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Requirements to the ep-scattering experiments 

aimed at measurements of the proton radius

• Low t-range      0.001< -t < 0.02 GeV2

larger Q2 are useful to see possible deviations from 

FM  linear dependence on Q2

• High t-resolution.

•   ≤ 0.2% point-to-point precision in dσ/dt.

• ≤ 0.2% absolute precision in dσ/dt (highly desirable).

•   Controle for radiative corrections.
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Most recent data on e-p scattering from  experiment A1 

were a subject  of various analyses

σexp/ σ theory 

0.003 < Q2 <1 GeV2

0.37% point-to-point error in σ

No absolue normalization

Large t-range analyses

rp → 0.877 fm

Low t-range analyses

rp  → 0.84 fm  

but with large errors
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Experiment PRad (Proton Radius)

Jefferson Lab

2x10-4 ≤ Q2 ≤ 10-1 Gev2

Absolute normalization via ee-scattering

θ

εe

e

θ

εe
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Experiment PRad

report at  Tranto workshop 20-24 June 2016
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Proposal

for high precision measuremens of  

the ep - differential cross sections at small 

t- values with the recoiled proton detector

Suggested by PNPI to perform 

at MAMI ( Mainz Microtron)

in 2018
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0.001 0.040.02 -t,GeV2

To measure absolute dσ/dt      

in the  t-range  0.002 – 0.04  Gev2

with

≤ 0.2% point -to-point precision 

≤ 0.2 % absolute precision 

This could distingwish the two options

(0.887 fm and 0.841 fm) on the 7σ confidence level

~1/t2

-t = 2MTR

The main goal of the proposed experiment



23

-t = 2MTR

Combined recoiled proton@forward tracker detector

e

θ

e
e

p

E

θe

T
R

θR

Hydrogen  TPC Electron tracker

400 400 100

100 kV

Measured quantities:

Recoil energy  TR  

Recoil angle  θR

Vertex Z coordnate

E scattering angle θe
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N events norm t-scale σ(Rp)

1.5 ·107 fixed to 1 fixed ± 0.002 fm

Target thickness   = 3.6·1022 p/cm2

P =20bar  L =35cm 

Beam intensity     2·106 sec-1

Running time  30 days 

Statistics and  beam time

100 resolved points in th interval

0.002 < Q2 < 0.02  GeV2
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20 bar H2 TPC

Gas purity 10-8
Ar +CH4   20 атм

100 кV 10 kV
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Mainz Microtron 

Energy 180-1600 МeV

∆E/E = 10-4

Continious in time beam

Beam spot at target 100 microns
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Other projects/proposals

• MUSE (MUon Scattering Experiment) under preparation at PSI.

Measurements of relative µp/ep   scattering cross sections 

p e,µ =115-210 MeV/c,      0.0016  < Q2 < 0.082 GeV2.

•   Proposal for studies of lepton pairs pruduction  

γp→pl+l- (l=e,µ-)

V.Pauk, M. Vauderhaegen   Phy.Rev.Lett. 115 (22),221804 (2015)
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Last news from  the Tranto workshop

20-24 June 2016

New measurement of 2S-4P transition

in ep-atom  at Garching

A.Beyer, L.Maisenbacher, A.Matveev et al
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New measurement of 2S-4P in ep-atom

Garching 

New Garching-Garching data

Rp= 0.830(9)

R∞=10973731.568082(91) m-1

Previous Garching-Paris data          

Rp=0.877(7)

R∞=10973731.568508(65) m-1  

µp-data
Previous ep-data

New ep- atom result
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Summary
•     High precision measurements of the Lamb shift in muonic atoms  revealed 

a  big (more than 6 σ) difference in the proton radius measured with electrons:  

rp =0.8409(4) fm   µp-atoms,

rp= 0.877(5) fm      ep-atoms and ep-scattering.

•    This raised a question on the electron-muon universality.

Several options for the “new physics” have been suggested.

•    However, the analysis of the ep-atom and ep-scattering data showed that   

the cited errors in these experiments might be essentially underestimated.

•    New generation of ep-atom and ep-scattering experiments aimed to solve 

these problems are on the floor or under preparation.

•     Also, there are suggestions for  testing µ-e universality  in relative studies  

of   µp/ep scattering    and  µ+µ- /e+e- pair production.
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Thank you for attention
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Оценка финансирования

Back up slides
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Radiative corrections
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Vacuum polarization correction

e,µ,τ

Q2 GeV2 e-loop µ-loop

0.002 1.13%

0.02 1.49% 0.048%

0.04 1.59%
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Electron vertex correction

Q2 Gev2 δvertex

0.0001 -2.12%

0.002 -6.26%

0.02 -10.85%

0.04 -12.46%
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Real photon emission by electrons

ln

Sp(0)=0

Sp(1)= π2/6
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δV +δR = δV +δR(1 )+δR(2) = 

=  α/π {3/2 ln(Q2/m2) -2} + α/π {ln(∆E2/EE`) ln(Q2/m2) }

Partial  mutual cancellation of δV and δR

Q2 Gev2 δV +δR(1 ) δR(2)

∆E/E=0.1

0.0001 1.6% -6.3%

0.002 2.65% -9.58%

0.02 3.43% -12%

0.04 3.69% - 12.76

Note that δR(2)  depends on the experimental conditions (cuts).

Hope in  our experiment it will be much less and controlable

( the cuts mostly off-line )
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Two Photon Exchange correction

example:

Pe =500 Mev,  Q2 = 0.02,  θ = 16 deg, ε = 0.98,

a and b  were free parameters in the fits and were

obtained to be  a ≈ 0.1  and  b ≈ 0.4 GeV-2

Therefore  δTPE ≈ 10-5 at Q2 =0.02 GeV2
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Corrections with proton contributions

Relatively small corrections

But to be understood
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∆Es cuts in A1

855 MeV
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Two advantages

• Wide kinematic range, experimental cuts can be 

varied offline.

•  Control of radiative corrections  at the smallest           

t –values by absolute measurement of dσ/dt.

Radiative corrections
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An  example from  cross sections of πp- and pp- scattering 

measured with ICAR

Nuclear Physics B217 (1983) 285-335

ρ= ReA(0)/ImA(0)

b = dσ/dt(t=0) 

0.4% TR-scale calibration

1% absolute precision in dσ/dt 
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4He, 6He, 8He
6Li, 8Li, 9Li, 11Li
7Be, 9Be, 10Be,11Be, 12Be, 14Be
8B

13C,14C,15C,17C.

Рассеяние экзотических ядер на протоне 

11Li

11Li

p

ICAR in GSI

Nuclear Physics A766 (2006)1-24
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