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The OLYMPUS experiment will determine the multiple-photon exchange contribution to elastic
lepton-proton scattering. The motivation for this experiment comes from an inconsistency in mea-
surements of the proton electric-to-magnetic form factor ratio between the Rosenbluth separation
and polarization techniques. It is expected that neglected multiple-photon exchange contribu-
tions to elastic lepton-proton scattering distort the extracted form factors and are the cause of this
discrepancy. Determining the multiple-photon exchange contribution can be achieved by mea-
suring the positron-proton to electron-proton elastic scattering cross section ratio. OLYMPUS
was designed to measure this cross section ratio to better than 1% uncertainty for a wide range of
four-momentum transfer and virtual photon polarization. The data for the ratio were taken in 2012
using 2.01 GeV electron and positron beams incident on a hydrogen target. The data analysis is
currently underway with preliminary results expected by November 2015.
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1. Introduction

Recent measurements of the proton electric-to-magnetic form factor ratio using polarization
techniques show a disagreement with those made using the Rosenbluth Separation Technique. It
is speculated that the cause for this disparity is a distortion in the measured form factors, stem-
ming from a non-negligible multiple-photon exchange contribution to elastic lepton-proton scat-
tering. Determining the multiple-photon exchange contribution can be achieved by comparing the
positron-proton and electron-proton cross sections. Neglecting scattering amplitudes beyond the
Born approximation, the positron-proton and electron-proton scattering cross sections are identi-
cal. The lowest order deviation from this is an interference term between the one-photon and two-
photon exchange amplitudes that has opposite sign for positrons and electrons. OLYMPUS will
use this to determine the multiple-photon exchange contribution by measuring the positron-proton
to electron-proton elastic scattering cross section ratio to better than 1% uncertainty.

For the OLYMPUS experiment, electron and positron beams of 2.01 GeV were scattered from
an unpolarized hydrogen gas target and the scattering cross section ratio was measured using a wide
acceptance spectrometer. The acceptance range covered by OLYMPUS, in momentum transfer
squared, Q2, is from 0.25 (GeV/c)2 to 2.5 (GeV/c)2 and virtual photon polarization, ε , range is
between 0.35 and 0.98. This pushes our acceptance range wider than previous measurements and
to large Q2 where the form factor discrepancy is largest. About 4 fb−1 of data were taken during
2012 on the DORIS II ring at DESY Laboratory. Two other experiments, CLAS and VEPP-3 have
also made this measurement and their results are published [1] and [2].

2. Motivation

2.1 Electric and Magnetic Form Factors of the Proton

Understanding the internal structure of nucleons is vital to our understanding of nuclear physics
and provides crucial tests for hadronic physics, quantum chromodynamics, and nucleon-nucleon
interactions. Lepton-proton scattering, in which the structure of the proton can be characterized by
its influence on the scattered lepton, is essentail for investigating proton structure.

The influence of the proton electromagnetic field on the scattered lepton can be included in the
cross section calculation by generalizing the lepton vertex to include structure functions, F1 and
F2, which mathematically characterize the electromagnetic fields of the proton.

γ
µ → γ

µF1
(
Q2)+ iσ µν qν

2m
F2
(
Q2) (2.1)

F1 and F2 are the Pauli and Dirac form factors, and in the one photon exchange approximation,
are only a function of Q2. The form factors can be rewritten as the electric and magnetic Sachs
form factors, GE and GM, which are more intuitively related to the charge and current distributions
of the proton,

GE = F1− τF2 ; GM = F1 +F2 (2.2)

where τ = Q2

2M and M is the mass of the proton. The relation of GE and GM to the physical
distributions of the charge and current are only valid in the Brett frame. With the form factors
included, the first order approximation to the elastic scattering cross section can be written as,
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dσ

dΩ
=

(
dσ

dΩ

)
Mott

[
GE

2 + τ

ε
GM

2

1+ τ

]
(2.3)

where ε =
[
1+2(1+ τ) tan2 (θe/2)

]−1, is the virtual photon polarization, and the Mott scattering
cross section is (

dσ

dΩ

)
Mott

=
α2

4Ebeam
2 sin4 (θe/2)

E′ cos2 θe/2
Ebeam

(2.4)

where θe is the lepton scattering angle, α ≈ 1/137 is the fine structure constant, and Ebeam and
E′ are the beam and scattered lepton energies.

The proton form factors can be extracted from data using the Rosenbluth Separation Tech-
nique where the cross section is measured over a range of beam energies and electron scattering
angles. From this, both GM and GE can be disentangled and extracted independently. When this
measurement is carried out, [3–8], it is found that there is a rough proportionality between GE and
GM with a dipole form factor,

GE ≈
1

µp
GM ≈ GD ≈

(
1+

Q2

0.71

)−2

(2.5)

where µp is the proton magnetic moment. At large Q2 it becomes increasingly difficult to extract
GE because the τ

ε
GM

2 term becomes large and dominates GE
2 term.

The form factors of the proton can also be obtained using polarization observables. Two
methods used are polarization transfer experiments and polarization asymmetry measurements.
Polarization transfer experiments are conducted by scattering longitudinally polarized leptons on
an unpolarized proton target and measuring the transverse, Px, and longitudinal Pz components of
the polarization of the recoiling proton. Px and Pz are functions of GE and GM and from them the
ratio of GE to GM can be extracted.

GE

GM
=−Px

Pz

(Ebeam +E′)
2M

tan(θe/2) (2.6)

Polarization asymmetry experiments are conducted by scattering longitudinally polarized electrons
off of a polarized proton target. The polarized cross section can be split into polarized and unpo-
larized parts,

σ
pol = Σ+h∆ (2.7)

where Σ is the unpolarized part given by equation (2.3), h is the beam helicity and ∆ is the polarized
part of the cross section. My measuring the asymmetry in σ pol for the two beam helicities, an
asymmetry, which is also a function of GE

GM
is as follows.

A =
−2
√

τ(1+ τ) tan(θe/2) GE
GM(

GE
GM

)2
+ τ[1+2(1+ τ) tan2 (θe/2)]

(2.8)

From both the polarization transfer and asymmetry measurements the ratio of GE to GM can be
extracted. Because only a ratio can be extracted, the issue of the scaling factors for GE are not
present, and the ratio can be found to good precision even at high Q2.
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While experimental measurements using the Rosenbluth have been carried out for many decades,
the polarization measurements only became viable since the advent of highly polarized lepton
beams. As of today, many Rosenbluth method and polarization experiments have been conducted
and the ratio GE

GM
found [9–21]. A sample of the data is shown in Figure 1.
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Figure 1: The GE to GM ratio as found with the Rosenbluth Separation Technique (blue) [3–8] and
double polarization observables (red) [16–21]. Form factor fits to the world data also included [36].
The light bands are statistical uncertainty and the dark are model uncertainty.

From this, it is shown that with the Rosenbluth method, the form factor ratio is roughly con-
stant over Q2, while a decrease in the ratio is apparent from polarization measurements. This
discrepancy persists even into the ranges where both polarization and Rosenbluth techniques give
precise results. It is speculated that this discrepancy is caused by higher-order amplitudes beyond
the born approximation, distorting the extraction of the form factors, particularly those from unpo-
larized measurements. With polarization techniques, only form factor ratios are found minimizing
the effect of higher-order amplitudes on the form factors. It is suggested that correcting for two-
photon contributions in the Rosenbluth data can bring the form factor ratio measurements into
agreement [22].

2.2 Two-photon effects

OLYMPUS will measure the multiple-photon exchange contribution by measuring the cross
section ratio of positron-proton to electron-proton elastic scattering. Under the one-photon ex-
change assumption, the lepton-proton elastic cross section is insensitive to the charge of the lepton.
When higher order scattering amplitudes are included, an interference term of order α3 between
the one and the hard two-photon exchange amplitudes arises and is dependent on the charge sign
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of the lepton.

σe−p ∝ |αM1γ −α
2M2γ + . . . |2 = α

2|M1γ |2−2α
3Re{M1γM2γ}+ . . .

σe+p ∝ |αM1γ +α
2M2γ + . . . |2 = α

2|M1γ |2 +2α
3Re{M1γM2γ}+ . . .

σe−p

σe+p
= 1+

4Re{M1γM2γ}
|M1γ |2

(2.9)

Therefore by precisely measuring the cross section ratio, the multiple photon exchange contribu-
tion can be observed through a deviation of the ratio from unity, proportional to the two-photon
exchange amplitude.

Theoretical expectations for the results of
σe+ p
σe− p

vary significantly depending on the model of
the proton structure [23–33]. Some of these predictions are shown in Figure 2.
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Figure 2: Some theoretical predictions for
σe+ p
σe− p

[23–32]. Several phenomological studies are also
shown [34], [35], and [36]. The red points with gray background, are the expected ε range and
uncertainty for OLYMPUS.

3. Experiment

The OLYMPUS experiment was designed to measure the positron-proton to electron-proton
elastic scattering cross section ratio to approximately 1% systematic and statistical uncertainty. A
total of 4.45 fb−1 of data were taken at the DORIS II storage ring at DESY Laboratory, in Hamburg
Germany. Beams of 2.01 GeV electrons and positrons were incident on an unpolarized hydrogen
gas target. The cross section was measured using a large acceptance spectrometer. The approximate
acceptance range OLYMPUS is 0.25≤ Q2 ≤ 2.5(GeV/c)2 and 0.35≤ ε ≤ 0.98.
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3.1 Experimental Setup

The DORIS II storage ring at DESY Laboratory supplied 2.01 GeV electron and positron
beams, incident on an unpolarized internal windowless hydrogen gas target. Hydrogen gas was
pumped through an inlet at the center of the target cell and a multistage pumping system at both
ends of the target restored the beam line vacuum. The target was cooled to below 70 K providing a
target thickness of 3×1015atoms/cm2. The target is described in detail in [38].

The detector systems were arranged around an eight-sector toroid magnet. A diagram of the
detector is shown in Figure 3. A complete description of the detector can be found here [37].

Drift Chambers

Time-of-Flight
Scintillators

Toroid Coils

Scattering Chamber

Møller/Bhabha
 Calorimeters

12˚ Telescopes

2 m

x

y

z

Figure 3: A solid model diagram of the OLYMPUS detector. For this diagram, the top magnet coils
are removed so the detector components are visible.

The magnet provided track momentum and charge determination and swept the low energy
Møller and Bhabha scattering forward, clear of the drift volume. In the horizontal planes of the
magnet coils were six drift chambers, arranged in two single gas volumes, shown in red in Figure
3. These detectors provided information for track reconstruction and defined the acceptance range
from approximately 20◦ to 80◦ scattering angle and ±15◦ azimuthal angle. Beyond the magnet,
covering the full acceptance range of the drift chambers, were 36 time-of-flight (ToF) paddles,
shown in aqua. In addition to measuring time of flight and giving an approximate energy calibra-
tion, they provided the trigger system. Last, at forward angles were two luminosity monitoring
systems, the symmetric Møller and Bhabha calorimeters, and the 12◦ telescopes.

3.2 Luminosity Monitors

Determining the
σe+ p
σe− p

to a systematic uncertainty close to 1% requires careful monitoring of the

relative e+ and e− luminosities. OLYMPUS had three systems to measure the luminosity. The first
used run information such as beam current and target density (based on molecular flow simulations)
to estimate the luminosity. This provided the luminosity with an approximate uncertainty of 3%
relative and 15% absolute. The second luminosity monitors were two telescopes at approximately
12◦ scattering angle. Each consisted of three gas electron multipliers (GEM) and three multi-
wire proportional chambers (MWPC). The 12◦ monitors measured elastic lepton-proton scattering
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at low Q2 where the multiple-photon exchange contribution is expected to be small. Including
theoretical uncertainties, the 12◦ telescopes monitored the luminosity to an uncertainty better than
1% relative luminosity from approximately one hour of run time. The most precise luminosity
monitoring system were two led-glass crystal calorimeters at 1.3◦ scattering angle, designed to
measure symmetric angle Møller and Bhabha scattering off of the target electrons. The calculations
of these cross sections are known to high accuracy and the high rates provide a very precise and
short time scale luminosity measurement.

4. Analysis

The analysis is currently in an advanced state, with a preliminary result expected at the Amer-
ican Physical Society Division of Nuclear Physics 2015 meeting. A detailed study of the other
radiative corrections to elastic lepton-proton scattering, which can distort the cross section ratio
measurement, is vital for determining the hard two photon exchange. Care is also taken to as-
sure that the track reconstruction and analysis cuts do not bias the electron and positron beam data
differently.

4.1 Radiative Corrections

In order to sift out the interference term between the one-photon and hard two-photon ex-
change amplitudes, other radiative corrections to lepton-proton scattering have to be corrected
for in the measurement of the cross section ratio. The terms that are lepton-sign-odd, and there-
fore also cause the cross section ratio to deviate from one, are the soft two-photon exchange and
Bremsstrahlung interference terms. The radiative corrections are implemented using a Monte Carlo
simulation, allowing for detector efficiencies, acceptances, and analysis cuts to be folded in. The
MC generates simulated lepton-proton scattering events weighted with the radiative cross section.
This includes a full Bremsstrahlung calculation with no soft photon or peaking approximation. It
also allows for several weights to be passed for each event, including the approximations of Maxi-
mon and Tjon [39] and Mo and Tsai [40].

Using Geant4, these events are propagated through the detector geometry. Each of the detector
has a digitization simulation, which reproduces MC data in the same format as raw data and folds
in detector acceptances and efficiencies. The digitized events are then run through the same recon-
struction and analysis software as the data, properly accounting for reconstruction efficiencies and
analysis cuts.

4.2 Track Reconstruction and Analysis

Track reconstruction in the OLYMPUS experiment is required to be accurate with little bias
on lepton charge. The main tracking detectors are two drift chamber sectors placed in the two
horizontal sections of the toroid. Each drift chamber sector consists of three chambers, made up of
two superlayers. Each superlayer is a row of cells, each consisting of field wires and three sense
wires. This provides 18 tracking planes, plus the time-of-flight scintillator array.

Several of the obstacles with track reconstruction encountered were large amounts of back-
ground noise, ambiguity track position through the cells, large inefficiencies, and complex time-
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to-distance functions for each cell. To help tackle these issues, several reconstruction techniques
where implemented.

To help eliminate background, a MC pattern matching algorithm by M. Dell’orso and L. Ris-
tori [41] was used for data clean-up and track finding. For this, a track pattern library was created
with the MC simulation. The tracking then uses a tree search algorithm to match the data pattern
with the track pattern library, and only signals matching a track pattern are reconstructed.

After pattern matching, a track reconstruction method, the Elastic Arms Algorithm (EAA) [43]
and [42] recreates the tracks. The EAA method uses deformable template tracks (arms) defined
only by the track kinematics, detector configuration and magnetic field. The arms are fit to the data
through simulated deterministic annealing. This method helps to further eliminate noise and solves
track position ambiguity in the drift chamber cells.

After elastic scattering selection on both real and simulated events, the final result for the ratio
is given as (

σe+p

σe−p

)2

=

(
Ne+p

Ne−p

)(
Le−p

Le+p

)(
Ae−p

Ae+p

)
(4.1)

where, Ne±p is the data rate ratio, Le±p is the relative luminosity measurements and Ae±p is the
acceptance function ratio defined from the Monte Carlo simulation rates.

4.3 Yields

After some preliminary analysis, plots showing the data and Monte Carlo comparison yields
as a function of Q2 have been produced for a small subset of the data, The data has been blinded
by removing events deteminted by two functions (one for electron beam and another for positron
beam) in scattering angle. What the functions are, is unknown to most of the collaboration.
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Figure 4: Scattering yields (BLINDED) for approximately 2% of the data.

5. Summary

OLYMPUS will determine the multiple-photon exchange contribution to lepton-proton elastic
scattering by measuring the positron-proton to electron-proton elastic scattering ratio to better than
1% uncertainty. The data for this experiment was taken in 2012 over a Q2 range from 0.25 (GeV/c)2

to 2.5 (GeV/c)2. The preliminary results will be released in the DNP 2015 meeting in Santa Fe,
New Mexico.
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