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Form Factors 

  Elastic scattering (Born approx.) 

  Electric and magnetic form factors 
GE and GM 

•  Fourier transforms of resp. 
distributions 
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Classical Approach 

•  Assume single photon exchange – Born approximation 

  Measure cross section (Rosenbluth) 

  Extract GE and GM 

•  with 
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Multi-Photon Contributions? 
•  Long standing beliefs:  

  GE ~ GM  
  Multi-photon contribution 1-2% only 

•  Experimental arguments 
  Linearity of Rosenbluth plot 
  e+/e- (and µ+/µ-) ratio found to be 1  

•  as required in Born approximation 
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Recent Puzzle in GE/GM 
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Rosenbluth separation 

Double polarisation measurements 
Additional JLab results here 



How to address the issue 

•  Measure cross section ratio e+/e- versus epsilon 

  exactly unity in Born approximation 
  two-photon effects at low epsilon 

  several percent effect at Q2 ~ 2 GeV2 

  3 experiments: OLYMPUS, CLAS, VEPP3   
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P.G. Blunden et al., 
Phys. Rev. C 72,  
034612 (2005) 

Saturation at Q2 ~ 2-3 (GeV/c)2 

4 J. Guttmann et al.: Determination of two-photon exchange amplitudes from elastic electron-proton scattering data
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Fig. 4. The extracted 2γ-amplitudes as a function of ε for

Q2 = 2.64 GeV2 for the two fits of Pl in Eq. (10), with their 1σ
statistical error bands. Fit 1 : grey bands; Fit 2 : red bands. The

horizontal bands at the bottom of the plots indicate the system-

atic errors.

P2γ
l � −2ε2/(1 + ε)Y3, therefore determining Y3. To im-

prove on the extraction of YE and Y3 will require a fur-

ther improvement in precision of the polarization exper-

iments.

We next discuss the ratio Re+e− of e+p/e−p elastic

scattering cross sections. The e+p elastic scattering ob-

servables are obtained from the ones for e−p by merely

changing the sign in front of the 2γ-amplitudes. A mea-

surement of the ratio Re+e− therefore provides a test of

the 2γ-amplitudes and is planned in the near future by

several experiments [17,18,19]. In particular, the Olym-

pus Collaboration at DESY plans to measure the e+/e−
ratio for a value Q2 � 2.5 GeV2 [19]. Our extraction of

the 2γ-amplitudes at Q2 = 2.64 GeV2 allows to predict

the ratio Re+e− , which is shown in Fig. 5, using Fit 1 in

Eq. (10). We notice that for Q2 = 2.64 GeV2, Re+e− rises

linearly to small ε, reaching Re+e− = 1.053 ± 0.004 for

ε = 0.5. In Fig. 5, we also show results for the two other

values of Q2 where the JLab high-precision Rosenbluth

experiment [7] has taken data. At these higher values of

Q2, a systematic measurement of the ε-dependence of the

polarization observables has not yet been performed. For

our analysis of the Q2 = 3.2 GeV2 and Q2 = 4.1 GeV2

data, we therefore assumed that Pt/Pl can be fitted by its

1γ-value proportional to GE/GM as extracted in [1,2,3].

We see from Fig. 5 that, for a fixed value of ε, the extracted

ratio Re+e− increases with Q2.
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Fig. 5. Predictions for the e+p/e−p elastic cross section ratio

Re+e− as a function of ε, together with their 1σ error bands.

Summarizing, in this work we provided a first com-

bined analysis of high precision Rosenbluth data for elas-

tic electron-proton scattering and recent measurements

of the 2γ-corrections to the polarization observables. As

both experiments were performed at a similar Q2 value,

we were able to perform an extraction of the three 2γ-

amplitudes at Q2 = 2.64 GeV2 using empirical results for

three observables and assuming that for ε → 1 (Regge

limit) the 2γ-amplitudes vanish. We found that one am-

plitude (YM) can be reliably extracted from the correction

on the unpolarized cross section. The other two ampli-

tudes are at the 2-3 % level and of opposite sign, par-

tially cancelling each other in the polarization transfer ra-

tio. Our extraction allowed us to provide a prediction of

the e+p/e−p elastic cross section ratio, for which dedi-

cated measurements by the Olympus@DESY experiment

are underway. Over the measured range of this experi-

ment, the 2γ-corrections to the e+p/e−p elastic cross sec-

tion ratio are predicted to vary in the 1 - 6 % range.

Acknowledgments

The work of J.G. was supported by the Research Cen-

tre “Elementarkraefte und Mathematische Grundlagen”

at the University Mainz. The authors like to thank J. Ar-

rington, R. Milner, L. Pentchev, and C. Perdrisat for help-

ful communications and discussions.

J. Guttmann, et al., arXiv: 1012.0564 



Measurement Concept 

•  Electron and positron beams 
•  Proton target  

•  OLYMPUS features 

  E ~ 2 GeV 
  Frequent switch between e+ and e- 

  Lepton-proton coincidence measurement 

  Windowless, pure proton target 

  Large theta coverage, i.e. epsilon range 

  Minimal systematic uncertainties 
•  symmetric arrangement  
•  reversible magn. field 

  Precise luminosity measurement 
•  ratio e+ to e- with precision <1% 

  Redundancy 
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Where to go 

DORIS at DESY, Hamburg 
•  e+ and e- beams 

•  frequent switch 

•  E = 2.0 (4.5)GeV  
•  Q2 = 0.6-2.4(4.1) (GeV/c)2 

  ARGUS location 

Inti Lehmann 2-Photon, IOP Glasgow, 6/4/2011 8 



Experimental Set-Up 
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e+ / e-

beam

target

magnet
coils

drift chambers

GEM
trackers

time-of-flight
scintillators

Moller/Bhabha
luminosity
monitors12deg

luminosity
telescopes

  Use BLAST detector 
from MIT-Bates 
•  refurbished 
•  add-ons 

  Symmetric 
spectrometer 

  Luminosity monitors 
•  precise + redundant  

  Toroidal field 
•  frequent reversal 



Experimental Set-Up 
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November 2010 



Expected Performance 

Inti Lehmann 2-Photon, IOP Glasgow, 6/4/2011 12 

0 0.2 0.4 0.6 0.8 1

0.95

1

1.05

1.1

1.15

Yang phen.              E=2.0 GeV
Guttmann phen.
Kivel (BLW)
Kivel (COZ)
Afanasev
Blunden (g.s.)
Blunden (g.s. + Delta)
Borisyuk (g.s.)
Gorchtein (inel.)

epsilon

 R
at

io
 / 

e
+ e

theory 
•  Theoretical predictions 

  large variations 



Expected Performance 
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theory data 
•  Theoretical predictions 

  large variations 

•  Existing data 

  not conclusive 



Expected Performance 

Inti Lehmann 2-Photon, IOP Glasgow, 6/4/2011 14 

0 0.2 0.4 0.6 0.8 1

0.95

1

1.05

1.1

1.15

Yount+Pine 1962
Browman 1965
Mar 1968
Bouquet 1968

OLYMPUS projected     E=2.0 GeV
Yang phen.
Guttmann phen.
Kivel (BLW)
Kivel (COZ)
Afanasev
Blunden (g.s.)
Blunden (g.s. + Delta)
Borisyuk (g.s.)
Gorchtein (inel.)

epsilon

 R
at

io
 / 

e
+ e

•  Beam E = 2 GeV  
  Q2 = 0.6 – 2.2 (GeV/c)2 

  ε = 0.37 – 0.9 

  sys. uncert. 1% 

500+500h e+/e- beam at OLYMPUS 

OLYMPUS projected 



Other Experiments 
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OLYMPUS Q2=2GeV 

VEPP3 

CLAS 

•  Projected resolutions 
  scaled to fit scales 

•  CLAS/PR04-116 

  secondary e+/e- beam 
  syst. challenging 

•  Novosibirsk/VEPP-3 

  storage ring/intern. target 

  low statistics 



Conclusions 

•  Form factors  

  old but still hold surprises 
•  Discrepancy in GE/GM 

  unpredicted, 2-photon exch. not sufficient  
  no experimentally verified explanation 

•  Experimental approach 
  measure e+/e- ratio over large ε range 
  systematic uncertainties ~1% 

•  The OLYMPUS experiment 
  symmetric toroidal spectrometer at DESY 
  preparation progressing well and in time 
  measurements in 2012 

•  Decisive information 
  nature of discrepancy 
  sensitivity to nucleon EM structure 

•  Further future: time-like form factors (PANDA) 
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Olympus Collaboration 

•  Arizona State University 

•  DESY Hamburg 
•  Hampton University 
•  INFN Bari 
•  INFN Ferrara 
•  INFN Rome 
•  Massachusetts Institute of Technology 
•  Petersburg Nuclear Physics Institute 
•  Universität Bonn 
•  University of Colorado 
•  University of Glasgow 
•  University of Kentucky 
•  Universität Mainz 
•  University of New Hampshire 
•  Yerevan Physics Institute 
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Backup 
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BLAST at MIT-Bates  

•  BLAST Detector Set-Up 
  Fulfils most criteria 

•  MIT-Bates South Hall Ring 

  Too low Q2 to study the 
observed effect  
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C.B. Crawford et al., PRL 98 (2007) 052301 



Normalisation 

•  2 symmetric luminosity monitors 
  12deg telescopes: GEMs + MWPCs (coincident) 

  Moller/Bhabha calorimeters 

•  Regular change of both 
  particle type: i = e+ or e- 

  magnet polarity: j= pos or neg 

•  Combination 

  efficiency and acceptance effects cancel to first order 
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•  Nobody predicted this effect 
•  Polarization measurements 

  measure asymmetry ratio 

•  Rosenluth separation at high Q2 

  GE difficult to extract 

  2γ corrections large 

Recent Puzzle in GE/GM 
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Recent Puzzle in GE/GM 

•  Observed effect 
  mostly explicable by 2-

photon exchange 
  experimental proof 

missing 
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Rosenbluth data with 
two-photon exchange 
correction 

Polarization 
transfer data 

J. Arrington, W. Melnitchouk, J.A. Tjon,  
Phys. Rev. C 76 (2007) 035205  

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



Aside: Time Like Form Factors 
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•  PANDA (FAIR)  
  R = µpGE/GM with 

unprecedented 
precision 

  absolute value of |GM| 
up to 30(GeV/c)2   PANDA Physics Performance Report: arXiv:0903.3905 

Existing data extracted 
assuming |GE| = |GM|   

PANDA 
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       Acceptance with BLAST 

•  Lowest epsilon ~0.4 only for E < 2.3 GeV 
•  At epsilon = 0.4,  require E>2 GeV to maintain Q2 > 2 (GeV/c)2  



Unofficial Novosibirsk information 
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Q2: 1.4-1.76 
ε:  0.32 to 0.51 
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Rosenbluth separation for e+p 

  PT results  LT (electron)      LT (positron) 

(GE/GM)2<1 
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Two-Photon Exchange 

•  Secondary beams  
•  low luminosity 

•  data taken  
•  at high Q2 

•  OR large θ 
•  Unobserved correction? 

•  at large θ (small ε) 
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Further Model Predictions 
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N.~Kivel and M.~Vanderhaeghen, Phys. Rev. Lett. 103 (2009) 092004 4

FIG. 3: Predictions for the ratio σe+p/σe−p for different val-
ues of Q2 (shown by numbers in GeV2) and ε planned by the
Olympus@DESY [17] experiment (we only show kinematics
for which Q2 > 2 GeV2). The upper blue (lower red) points
correspond with the COZ (BLW) models. The error-bars
show the theoretical uncertainties due to the parameters of
the proton DAs and the running coupling scale, as described
in the text. For comparision, we also show the theoretical
curves for the average values Q2 = 2.4 GeV2 (dashed curves)
and Q2 = 3.25 GeV2 (dotted curves) for both the COZ (two
upper curves) and BLW (two lower curves) models.

FIG. 4: The ratio Ps/Pl as a function of ε for Q2 = 2.5 GeV2.
The horizontal curve is the result of the 1γ calculation. The
dotted black (solid red) curves correspond to the 1γ +2γ cal-
culations using the COZ (BLW) models for the proton DAs.
The data point is from the JLab/Hall A experiment [1, 2].

In Fig. 4, we show the ratio of the proton recoil
polarization components Ps/Pl as a function of ε for
Q2 = 2.5 GeV2. The 1γ prediction is given by the hor-
izontal line. Our 1γ + 2γ prediction yields a negative
correction which increases with decreasing ε. Around
ε = 0.3 it reduces the Ps/Pl ratio by 2 % for the BLW
model, and by around 4 % for the COZ model. The
JLab/Hall A experiment [1, 2] has measured this ratio at
a large ε value around 0.85. A new JLab/Hall C experi-
ment [18], which is currently under analysis, has recently
measured this ratio at Q2 = 2.5 GeV2 for three ε values
between 0.15 and 0.8. The expected experimental preci-
sion of around 1% for this ratio, will therefore allow to
test our predictions, which are in the 2 − 5 % range.

The observables discussed above test the real parts
of the 2γ amplitudes. The imaginary parts of Eqs. (4,

5), arising from lepton propagator singularities, can be
tested by polarizing the target or recoiling proton per-
pendicular to the scattering plane.

In summary, we calculated the leading in Q2 behavior
of the 2γ exchange contribution to elastic ep scattering.
It was found that the leading 2γ amplitude is given by
processes involving one hard gluon exchange, resulting
in a 1/Q4 behavior of the 2γ amplitude relative to the
1γ amplitude. We expressed the leading 2γ amplitude
in terms of the leading twist nucleon DAs. Using two
models for the nucleon DAs, we found that, for Q2 in
the few GeV2 range, these calculations can quantitatively
explain the slope of the Rosenbluth plot when using the
GEp/GMp polarization data as input. Furthermore, we
have shown that ongoing and planned elastic ep scatter-
ing experiments both for the ε dependence of the recoil
polarization ratio Ps/Pl as well as for the e+/e− ratio,
have the precision to test our predictions.
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