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Experimental talks 

Gramolin, Alexander  Status of the Novosibirsk two-photon exchange experiment   

Russell, Rebecca   OLYMPUS experiment at DESY 

Puckett,  Andrew   Polarization Transfer Measurements of GEp at Large Momentum 
     Transfer 

Bennett, Robert   Measuring TPE at CLAS 

Perdrisat, Charles  Search for two-photon exchange in elastic ep 

Kohl, Michael   Proton radius at PSI 

Gasparian, Ashot   High Precision Measurement of the Proton Charge Radius 

Gramolin, Alexander  Radiative corrections in the Novosibirsk two-photon exchange 
     experiment 

Ramstein, Beatrice  Proton time-like form factor measurements with PANDA   
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Experiments to determine FFs and TPE 

Positron-electron comparisons 
Novosibirsk/VEPP-3       – close to publication 
CLAS/Jlab         – analysis in progress 
OLYMPUS/DESY        – data taking in progress 

Recoil polarization 
Gep-II+III – high-Q2 recoil polarization  – published  
2-Gamma – ε dependence of recoil pol.  – published 
Gep-V (& GMp) – high Q2 at Jlab-12    – proposed  
Another ε dependence of recoil pol.   – considered   

Rosenbluth separation 
[Super-Rosen – high-Q2 Rosenbluth   – analysis in progress] 

Proton radius measurements 
Proton radius puzzle established by Lamb shift in muonic hydrogen 
Jlab / PrimEx         – proposed 
PSI / muon scattering       – proposed 
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The Beginnings 

ep-elastic 
Finite size of the proton 

ed-elastic 
Finite size + nuclear structure 

Robert Hofstadter 
Nobel prize 1961 

R. Hofstadter, Rev. Mod. Phys. 56 (1956) 214 
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  All Rosenbluth data from SLAC and 
Jlab in agreement  

  Dramatic discrepancy between 
Rosenbluth and recoil polarization 
technique 

  Multi-photon exchange considered 
best candidate 

Jefferson Lab 2000– 

Proton Form Factor Ratio 

Dramatic discrepancy! 

>800 citations 
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P.A.M. Guichon and M.Vanderhaeghen, Phys.Rev.Lett. 91, 142303 (2003) 

M.P. Rekalo and E. Tomasi-Gustafsson, E.P.J. A 22, 331 (2004) 

Born Approximation Beyond Born Approximation 

e+/e- x-section ratio 
CLAS,VEPP3,OLYMPUS 

Rosenbluth non-linearity 
E05-017 

E04-019 
(Two-gamma) 

Observables involving real part of TPE 

Slide idea:  
L. Pentchev 
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measured	
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A. Gramolin 
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OLYMPUS setup overview 
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OLYMPUS setup overview – reality  
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   Another two months of running Oct. 22- Dec 22, 2012 
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V. Punjabi et al., PRC71 (2005) 05520 
A. Puckett et al., PRL104 (2010) 242301 
M. Meziane et al., PRL106 (2011) 132501 
A. Puckett et al., PRC85 (2012) 045203 

Recoil Polarization Technique 

Focal-plane polarimeter 
Secondary scattering of polarized 
proton from unpolarized analyzer 

Spin transfer formalism to account for 
spin precession through spectrometer 

  Pioneered at MIT-Bates 
  Pursued in Halls A and C, and MAMI A1 
  In preparation for Jlab @ 12 GeV 
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Additional measurements at CLAS12 with HD-Ice for Q2 ~ 2-14 (GeV/c)2  
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C. Perdrisat 
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Additional measurements at CLAS12 with HD-Ice for Q2 ~ 2-14 (GeV/c)2  



38 



39 

The proton radius puzzle 

  7σ discrepancy between muonic hydrogen Lamb shift and  
combined electronic Lamb shift and electron scattering 

  High-profile articles in Nature, NYTimes, etc. 

  Special feature at many conferences 
# Extraction <rE>2 (fm) 
1 Sick 0.895±0.018 

2 Bernauer 
Mainz 0.879±0.008 

3 Zhan JLab 0.870±0.010 

4 CODATA 0.877±0.007 

5 Combined 
2-4 0.876±0.005 

6 Muonic 
Hydrogen 0.842±0.001 
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R. Pohl et al., Nature 466, 09259 (2010): 2S➭2P Lamb shift                           
ΔE (meV) = 209.9779(49) - 5.2262 rp2 + 0.0347 rp3                 
➮ rp =  0.842 ± 0.001. 

Polarization 

Possible issues: atomic theory & proton structure 

PSI muonic hydrogen measurements 
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  The µp result is wrong 
Discussion about theory and proton structure for extracting the 
proton radius from Lamb shift measurement 

  The ep (scattering) results are wrong 
Fit procedures not good enough  
Q2 not low enough, structures in the form factors 

 Proton structure issues in theory 
Off-shell proton in two-photon exchange leading to enhanced 
effects differing between µ and e  

 Physics beyond Standard Model differentiating µ and e  
Lepton universality violation 
Existing constraints on new physics 

Possible resolutions to the puzzle 

More insights from comparison of ep and µp scattering 
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Motivation for µp scattering 

Muonic hydrogen Electronic hydrogen 
Lamb shift 

Elastic scattering Electron scattering Muon scattering 
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Use the world’s most powerful low-energy separated e/π/µ beam 
for a direct test if µp and ep scattering are different:  
  Measure absolute cross section for µp scattering and  

cross section ratios to other species 
  Simultaneously measure ep scattering 
→  µ/e ratio to cancel certain systematics 
→  If radii differ by 4%, form factor slope differs by 8%,  
 and cross section slope differs by 16% 

  Measure e+, e- and µ+, µ- on target 
→  Directly extract information on two-photon exchange (TPE) 
  effect and compare for e, µ 

  Use multiple beam energies 
→  separate GE and GM with the Rosenbluth method 

Proposal for µ±p/e±p scattering at PSI 
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GEM 
chambers	



channel 
sci-fi array	



target 
sci-fi 
array	



Wire chambers	



Cerenkov	



Trigger scintillators	


target	



Beam 
Cerenkov 

e/π/µ	
  
separated	
  in	
  

,me	
  

 Momentum acceptance: 3%, resolution: 0.1% 

Positive polarity 

Beam spot (nominal): 1.5 cm X x 1 cm Y 
       35 mr X’ x 75 mr Y’ 

Schematic layout 
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Pseudo-random data with errors: 

→ 30 days of running at each energy 
→ sub 1% statistical uncertainty (µ+p) 
→ slightly worse for µ-p, but sufficient for 
    comparison of TPE 

Estimate of systematic uncertainties for µ+p: 

Δr ≈ 0.01 fm for µ+, e±,  
but about 0.015 fm for µ- 

Systematics: ~1.3% absolute 
precision, 0.5% pt-to-pt 

Projected sensitivity 
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Charge radius extraction 
limited by systematics, fit 
uncertainties 

Comparable to existing e-p 
extractions, but not better 

Many uncertainties are 
common to all extractions in 
the experiments: Cancel in  
e+/e-, µ+/µ-, and µ/e 
comparisons 

Projected sensitivity 

Relative comparison  
reduces errors by factor of 2 
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  Low intensity beam in Hall B @ Jlab into windowless gas target. 
  Scattered ep and Moller electrons into HYCAL at 0o. 
  Lower Q2 than Mainz. Very forward angle, insensitive to 2γ, GM. 
  Conditionally approved by PAC38 (Aug 2011): ``Testing of this result 

is among the most timely and important measurements in physics.’’ 
  Approved by PAC39 (June 2012), graded “A” 

The “PrimEx” proton radius proposal 
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  High resolution, large acceptance HyCal 
calorimeter (PbWO4 part only) 

  Windowless H2 gas flow target 
  XY – veto counters 
  Vacuum box, one thin window at HyCal only 

               Proposed Experimental Setup in Hall B 

HyCal 

Ashot Gasparian 
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Extraction of Proton Charge Radius 

  Extraction of rp from MC simulations with and without radiation  
  Estimated systematic uncertainty  < 0.3%  
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 Beam Time Request and Error Budget 

 Contributions     Estimated Error (%) 
Statistical error 0.2 
Acceptance (including Q2 

determination) 
0.4 

Detection efficiency 0.1 
Radiative corrections 0.3 
Background and PID 0.1 
Fitting error 0.2 
Total Systematics     0.6% 

Time (days) 
Setup checkout, 

calibration 
3.5 

H2 gas target commission 5 
Statistics at 1.1 GeV 2 
Energy change 0.5 
Statistics at 2.2 GeV 2 
Empty target runs 2 
Total  15 

   Estimated error budget (added quadratically)    Beam time  

  target thickness: Ntgt = 1x1018 H atoms/cm2 

                                  Ie :  ~10nA   (Ne = 6.25x1010  e-/s) 

  for   E0= 1.1 GeV,      Total rate for ep → ep  
                        Nep = Ne x Ntgt x ∆σ x εgeom  x εdet    
                              ≈ 150  events/s ≈ 12.8 M  events/day 
     Rates are high, however, for 0.5% stat. error for the last Q2= 5x10-3 (GeV/c)2 bin, 2 days are needed 
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Summary 
  A novel experiment for the proton size measurement with an independent method  
       is required to address the current “proton charge radius crisis”. 
      Jlab is in a position to make a long lasting impact on this important quantity in a timely and  
        unique way 

  New magnetic-spectrometer-free experiment with tight control of systematic errors: 

  ep→ep cross sections normalized to Moller scattering  
  reach very low Q2 range:  [2x10-4 – 2x10-2] GeV2    
 windowless hydrogen gas flow target 

  Only 15 days of beam time is required to measure rp with sub-percent precision 

  Current developments: 
  Pre-engineering design of the new target is completed, MRI proposal is submitted to NSF 
  Radiative correction codes improved at this Q2 to provide less than 0.3%  uncertainty 
  Full Monte Carlo simulation code developed for the experiment.  
       Backgrounds are at percent level 

  The experiment (E12-11-106) is approved by the recent PAC39 with highest  
       scientific rating (A) 
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Timelike form factors 
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Timelike form factors 
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Timelike form factors 
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Timelike form factors 
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Timelike form factors 



Interpreting Electron Scattering … 

“[…] most of what we know and everything we believe 
about hadron structure is based on electron scattering” (W. Turchinetz) 

“The electromagnetic probe is well understood, hence …” 
(a common phrase in many articles) 

The elastic form factors characterize the simplest process in nuclear  
physics, namely elastic scattering (straightforward, one should think) 

If we don’t understand the elastic form factors [and proton charge radius]  
we will not have understood anything. 

Let’s solve these puzzles! 
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