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Abstract We propose a new measurement of the ratio
of positron-proton to electron-proton elastic scattering at
DESY. The purpose is to determine the contributions beyond
single-photon exchange, which are essential for the Quantum
Electrodynamic (QED) description of the most fundamental
process in hadronic physics. By utilizing a 20 cm long liq-
uid hydrogen target in conjunction with the extracted beam
from the DESY synchrotron, we can achieve an average
luminosity of 2.12 × 1035 cm−2·s−1 (≈ 200 times the lumi-
nosity achieved by OLYMPUS). The proposed two-photon
exchange experiment (TPEX) entails a commissioning run at
a beam energy of 2 GeV, followed by measurements at 3 GeV,
thereby providing new data up to Q2 = 4.6 (GeV/c)2 (twice
the range of current measurements). We present and discuss
the proposed experimental setup, run plan, and expectations.

1 Introduction

Elastic lepton-proton scattering is a fundamental process that
allows us to study the structure of the proton. It is described

a e-mail: ewcline@mit.edu (corresponding author)
b e-mail: ievgen@umich.edu (corresponding author)

theoretically in the Standard Model by a perturbative expan-
sion in α ≈ 1

137 with terms beyond leading order commonly
called radiative corrections. Calculating such radiative cor-
rections have been extensively described in the paper by Mo
and Tsai [1], which also stressed the importance of electron-
proton and positron-proton elastic scattering experiments,
and subsequent work by Maximon and Tjon [2], and oth-
ers.

In the Born or single photon exchange approximation the
elastic e± p scattering cross section is given by the reduced
Rosenbluth cross section,

dσe± p

d�
= dσ

d�Mott

τGp
M

2 + εGp
E

2

ε(1 + τ)
, (1)

where τ = Q2

4M2
p

and ε = (1 + 2(1 + τ) tan2 θl
2 )−1.

Measurements using the unpolarized Rosenbluth separa-
tion technique yielded values for Gp

E and Gp
M . Their ratio,

μp G p
E/Gp

M , was found to be close to unity over a broad
range in Q2 (shown by the blue data points in Fig. 1) leading
to the proton form factors being envisaged as very similar
and often modeled by the same dipole form factor.

However, recent measurements using polarization tech-
niques revealed a completely different picture with the ratio
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Fig. 1 Proton form factor ratio measured using unpolarized [3–10]
(blue) and polarized [11–18] (red) techniques

Fig. 2 Feynman diagrams for one- and two-photon exchange. Further
diagrams for bremsstrahlung, vertex, self-energy, and vacuum polariza-
tion radiative corrections are not shown but must also be included in
calculations

decreasing rapidly with increasing Q2 as shown by the red
data points in Fig. 1.

The most commonly proposed explanation for this dis-
crepancy is “hard” two-photon exchange contributions beyond
the standard radiative corrections to one-photon exchange [19].
Two-photon exchange, TPE, (see Fig. 2) is generally included
as part of the radiative corrections when analyzing electron-
proton scattering.

However, it is usually only included in the “soft” limit
where one of the two photons, in the diagrams with two pho-
tons, is assumed to carry negligible momentum and the inter-
mediate hadronic state remains a proton. To include “hard”
two-photon exchange, a model for the off-shell, intermediate
hadronic state must also be included, making the calculations
difficult and model dependent.

Recent experiments, including the OLYMPUS experiment
at DESY, show little evidence for significant contributions
beyond single photon exchange up to Q2 ≈ 2.3 (GeV/c)2.
To determine if “hard” two-photon exchange contributions
can explain the form factor discrepancy new measurements
at higher Q2 are necessary.

Fig. 3 Square of the first two Feynman diagrams for one- and two-
photon exchange

Fig. 4 OLYMPUS results for R2γ as a function of ε. Inner error bars
are statistical while the outer error bars include uncorrelated system-
atic uncertainties added in quadrature. The gray band represents the
correlated systematic uncertainty

To measure the “hard” two-photon contribution, one can
measure the ratio R2γ = σe+ p/σe− p at different values of
Q2 and ε. Following the Feynmann rules to calculate the
cross sections, σe± p, one squares the matrix elements. Using
just the first two diagrams shown in Fig. 2 as an illustrative
example one gets:

Note the interference term between one- and two-photon
exchange diagrams (shown in Fig. 3) has an odd number
of lepton vertices. This means it will change sign between
electron and positron scattering and can provide a measure
of the two-photon exchange contribution.

The results from the OLYMPUS experiment [20] are
shown in Fig. 4 together with various calculations.

The deviation of the results from unity are small, on the
order of 1%, and are below unity at large ε and rising with
decreasing ε. The dispersive calculations of Blunden [21] are
systematically above the OLYMPUS results in this energy
regime. The phenomenological prediction from Bernauer
[22] and the subtractive dispersion calculation from Tomalak
[23] are in better agreement with the OLYMPUS results but
appear to rise too quickly as ε decreases. There is some indi-
cation that TPE increases with decreasing ε or increasing Q2,
suggesting that a significant “hard” two-photon contribution
might be present at lower ε or higher Q2.

Two other experiments, VEPP-3 [24] and CLAS [25], also
measured the “hard” two-photon exchange contribution to
electron-proton elastic scattering.
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Fig. 5 Difference between the results from the three recent experi-
ments and a Blunden’s N+	 calculation and b Bernauer’s prediction

It is difficult to compare the results from the three experi-
ments directly since the measurements are at different points
in the (ε, Q2)plane. To partially account for this, we can com-
pare all the two-photon exchange results by taking the dif-
ference with respect to a selected calculation evaluated at the
correct (ε, Q2) for each data point. This is shown in Fig. 5a
for Blunden’s calculation and in Fig. 5b for Bernauer’s phe-
nomenological prediction, plotted versus Q2. In these views,
the results from the three experiments are shown to be in rea-
sonable agreement supporting the previous conclusions.

The results from the three TPE experiments are all below
Q2 = 2.3 (GeV/c)2. In this regime the discrepancy in the
form factor ratios is not obvious, so the small “hard” TPE
contribution measured is consistent with the measured form
factor ratios. The increase in R2γ with decreasing ε in Fig. 4
suggests that TPE may be important at smaller ε or higher
Q2. But, since this slope appears to deviate from Bernauer’s
phenomenological prediction, which fits the observed dis-
crepancy, it may also suggest that “hard” TPE, while con-
tributing, may not explain all of the observed form factor
discrepancy.

Fig. 6 The charge-averaged yield for elastic lepton-proton scattering
from the OLYMPUS experiment [26]

Fig. 7 More general electroweak box diagram (where V =
Z0,W±, or γ ) that is important in many fundamental nuclear physics
processes

Recently, the OLYMPUS data has also been analyzed to
determine the charge-averaged yield for elastic lepton-proton
scattering [26]. The result is shown in Fig. 6.

This measurement is insensitive to any charge-odd radia-
tive corrections including “hard” two-photon exchange and
thus provides a better measure of the proton form factors.
The data shown covers an important range of Q2 where the
GM form factor changes slope. The calculations by Kelly
[27] and Arrington [28,29] appear to be in better agreement
with the data, but Bernauer’s global fit [22] should be redone
to incorporate all the OLYMPUS data.

The two-photon exchange diagram in the QED expansion
for electron scattering is an example of the more generic elec-
troweak photon-boson diagram (see Fig. 7) which enters into
a number of fundamental processes in subatomic physics.
The γ − Z box is a significant contribution to the asymmetry
in parity-violating electron scattering and the γ − W± box
is an important radiative correction in β−decay which must
be implemented to extract Vud of the Standard Model from
0+ → 0+ super-allowed nuclear β-decays.

The proton form factors are fundamental to hadronic
physics. Understanding the QED expansion, the role of two-
photon exchange, and the scale of radiative corrections at
higher Q2 will be crucial in future studies at FAIR, JLab,
EIC, and elsewhere. The charge-averaged yield eliminates
all charge-odd radiative corrections including the leading
terms of two-photon exchange, which cannot be calculated
with current theories. Measuring the ratio of positron-proton
to electron-proton scattering is sensitive to the charge-odd
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radiative corrections and insensitive to the charge-even radia-
tive corrections. Together they help to study radiative correc-
tions and unravel the proton form factors. TPEX, will provide
access to both charge-odd and charge-even measurements at
higher Q2.

The discrepancy in the form factor ratio has not been
resolved and the role played by two-photon exchange contin-
ues to be widely discussed within the nuclear physics com-
munity [19,30–33]. Further measurements and theoretical
work on the role of two-photon exchange on the proton form
factors are clearly needed. However, measurements at higher
Q2 and smaller ε, where the discrepancy is clear and TPE
are expected to be larger, are difficult as the cross sections
decrease rapidly. In addition, there are not many laboratories
capable of providing both electron and positron beams with
sufficient intensity.

The best, and for the foreseeable future only, opportu-
nity is at DESY. This proposal outlines an experiment that
could measure R2γ at Q2 up to 4.6 (GeV/c)2 or higher, and
ε below 0.1 where the form factor discrepancy is clear (see
Fig. 1). Such an experiment would overlap with the existing
OLYMPUS data as a cross-check and would map out the
two-photon exchange contribution over a broad range in Q2

and ε to provide data to constrain theoretical calculations.

2 Proposed experiment

A schematic overview of the TPEX experimental setup is
shown in Fig. 8. The electron or positron beam enters the the
vacuum chamber along the beamline (upper-right) and passes
through the 20 cm long liquid hydrogen target (Sect. 2.1)
before reaching the beamdump (Sect. 2.5).

At ±8◦ there are 3 m long beampipes that connect the scat-
tering chamber to the lead collimators before the Cherenkov
detectors, used to monitor the luminosity (Sect. 2.4). These
beamlines are under vacuum and reduce the multiple scatter-
ing for the relatively low energy (30–50 MeV) Møller and
Bhabha scattered leptons. Ten scattered particle spectrome-
ters are placed at polar angles of 30◦, 50◦, 70◦, 90◦, and 110◦
to the left and right of the beam axis with the front face of the
calorimeter modules at a radius of 1 m from the target. Each
spectrometer consists of a 5 × 5 array of lead tungstate crys-
tals calorimenter (Sect. 2.2) and two planes of GEM detector
(Sect. 2.3).

2.1 Liquid hydrogen target and scattering chamber

Figure 9 depicts the conceptual design of the liquid hydrogen
target system. Figure 9a provides a schematic overview of the
target system, which consists of the scattering chamber, the
cryo-cooler system, and the 20 cm long, and 2 cm wide target
cell. The dimensions of the scattering chamber windows are

Fig. 8 Schematic layout of a proposed TPEX target, scattering cham-
ber, and detector configuration including the luminosity monitors and
beamlines. The lepton beam would enter through the beamline in the
upper-right, traverse the target cell, and scatter into the detectors or
continue straight to the beamdump

determined from the solid angle subtended by the calorime-
ters. The two side exit windows cover the polar angles for the
lead tungstate calorimeters in the range of 25◦ < θ < 120◦.
At the end of the 3 m long beam pipes leading to the lumi-
nosity monitors are two small exit windows cover a range
of 7◦ < θ < 9◦. The vertical dimensions of the two side
exit windows cover an azimuthal angle of φ = 0◦ ± 10◦. To
maximize rigidity and withstand the enormous force from
atmospheric pressure, as well as to avoid welded and bolted
joints, we propose to machine the scattering chamber from a
single piece of aluminum.

Details of the liquid hydrogen target system are shown in
Fig. 9b. The cryo-cooler/condenser combination will closely
follow the successful MUSE design [34]. We will therefore
use the CH110-LT single-stage cryo-cooler from Sumitomo
Heavy Industries Ltd [35] for refrigeration. This cryo-cooler
has a cooling power of 25 W at 20 K, which is more than
sufficient to cool down and fill the 70 ml LH2 target cell in
approximately 2 h [34].

2.2 Lead tungstate calorimeters

For the proposed experiment, we are capitalizing on the R&D
experience [36,37] gained from the CMS experiment and its
subsequent applications by the Bonn and Mainz groups at
CEBAF [38] and for PANDA [39]. We plan to utilize ten
5 × 5 arrays of lead tungstate (PbWO4) crystals, totaling
250 crystals. By employing the central 3×3 array of crystals
within each 5×5 array to define the acceptance, we achieve a
solid angle of 3.6 msr at each angle. With a 20 cm long liquid
hydrogen target, the acceptance range spans ±5.7◦ in both
polar and azimuthal angles. Consequently, the data obtained
will be averaged over a small range in Q2 and ε.
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Fig. 9 Conceptual design of the TPEX target chamber: a shows the
full chamber view with the lepton beam entering from the left; b is a
sectional drawing of the cryocooler system (1 – CH110-LT cryocooler,
2 – hydrogen supply and exhaust lines, 3 – condenser with a cooling
loop, 4 – target cell)

Fig. 10 The prototype of the 5 × 5 array of lead tungstate crystals
calorimenter tested at DESY

We plan to use crystals with dimensions of 2 × 2 × 20 cm3.
With a density of 8.3 g·cm−3, each crystal weighs approx-
imately 664 g, resulting in a total weight of 16.6 kg for a
5 × 5 array of crystals. Lead tungstate has a radiation length
X0 = 0.8904 cm, so these crystals are approximately 22.5 X0

for good longitudinal electromagnetic shower confinement.
The Molière radius is 1.959 cm, so using just the central
3 × 3 array of crystals for acceptance, the outer ring of
crystals contains the transverse shower adequately. Consid-
ering the nuclear interaction length of lead tungstate, which is
λI = 20.28 cm, the crystals are roughly 0.986 λI . For the lep-
ton energy range of interest, the energy resolution achieved
with lead tungstate is approximately 2%.

The initial tests of the lead tungstate crystals calorimeter
prototype (Fig. 10) at DESY have demonstrated reliable per-
formance and a reconstructed energy resolution that is com-
patible with the requirements of TPEX. Detailed information
regarding these tests can be found in Refs. [40,41].

2.3 GEM detectors

In addition to the lead tungstate crystals calorimenter, each
scattered particle spectrometer is equipped with two planes of
Gas Electron Multiplier (GEM) with two-dimensional read-
out. Thin absorbers will be placed between the target and the
GEMs to stop low-energy Møller or Bhabha leptons.

The GEMs provide spatial information of the traversing
charged particle at the 100 micrometer precision level. By
combining the hits on two GEM planes, a track segment is
formed, providing directional information from the impact
point on the calorimeter back to the event origin in the
target. This serves to effectively suppress charged-particle
backgrounds originating from regions other than the target.
Furthermore, the GEM detectors are insensitive to neutral
particles, making them effective in providing a veto against
photons and neutrons. Additionally, by incorporating the
calorimeter hit as a third tracking point, the efficiency of
each component can be measured

An active area of slightly more than 20×20 cm2 is required
to fully cover the area of the calorimeter entrance. A total of
20 elements is required to instrument ten calorimeter arms.

2.4 Luminosity and beam alignment monitor

The relative luminosity between the electron and positron
running modes is the crucial normalization for the proposed
measurement. The luminosity could be monitored by a pair of
small-angle detectors positioned downstream on either side
of the beamline. This approach was also used in the OLYM-
PUS experiment [42], and based on the lessons learned from
that experiment, could be improved substantially. Given the
running conditions of the proposed measurement, we favor
a pair of quartz Cherenkov counters positioned 8◦ from the
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Fig. 11 Whereas the forward monitors in OLYMPUS had an event
per bunch rate well below 1, the TPEX monitors will see 104 Møller or
Bhabha events per bunch crossing

Fig. 12 Schematic for the proposed luminosity monitor, consisting of
two quartz Cherenkov detectors with an acceptance defined by 1 cm
radius apertures in high-Z collimators

beamline to monitor the rates of Møller and Bhabha scatter-
ing from atomic electrons in the target.

A monitor placed at 8◦ has a number of advantages rel-
ative to the 1.3◦ placement of the OLYMPUS luminosity
monitors. First, at 8◦, the Møller and Bhabha cross sections
are only a few percent different, whereas for the OLYM-
PUS monitors, which covered the symmetric angle (90◦ in
the center-of-mass frame), the two cross sections differed by
over 50%, with significant angular dependence. Second, the
Møller/Bhabha rate completely dwarfs the e± p elastic scat-
tering rate, meaning that it is really only sensitive to QED
processes. No form factors or any other hadronic corrections1

are needed to calculate the Møller and Bhabha cross sections.
Third, the sensitivity to alignment scales as 1/ sin θ , mean-
ing the monitor will be much more robust to small misalign-
ments, which were a significant challenge for the OLYMPUS
luminosity monitor.

A schematic layout of the design is shown in Fig. 12. The
monitor consists of two quartz Cherenkov detectors, which
act as independent monitors. Cherenkov detectors were cho-
sen because they are widely used for monitoring in high-rate
applications, such as in parity-violating electron scattering
[43,44]. The two detectors operate independently and can

1 Other than the radiative correction from vacuum polarization.

Fig. 13 Schematic view of a possible beamdump/Faraday cup for
TPEX

cross-check each other, helping to reduce systematic errors
from beam alignment.

2.5 Beamdump/Faraday cup

A new extracted beam facility from DESY II will need a
beamdump. Figure 13 shows the conceptual design of the
beamdump for TPEX experiment. Assuming a maximum
current of 100 nA and a beam energy of 7 GeV the maximum
power to be handled is 700 W. To contain the showering. the
beamdump used to have order of 5 Molière radii laterally and
order of 25 radiation lengths longitudinally.

To augment the luminosity measurement proposed in
Sect. 2.4 it is considered to modify the beamdump to also
function as a Faraday cup to integrate the charge that passes
through the target. Then, assuming the length of the target
cell and density of liquid hydrogen are known, a measure of
the luminosity can be obtained online. As shown in Fig. 13,
an insulated ring held at negative voltage of a few hundred
volts is needed to suppress secondary emission from back
scattering out of the Faraday cup.

3 Plans and expectations

We propose to commission the experiment using 2 GeV elec-
trons. We do this to commission the electronics, detectors,
and data acquisition system taking advantage of the rela-
tively high cross section at 2 GeV. About 2 weeks of beam
time is required for this commissioning after the experiment
was installed and surveyed. We would also like a brief run
(few days) with positrons to verify that the beam alignment
and performance do not change with positron running. The
commissioning run (including a few days with positrons)
would also allow a crosscheck of the OLYMPUS data at
30◦, 50◦, and 70◦ and give a modest extension in Q2 up to
2.7 (GeV/c)2.

Table 1 shows Q2, ε, differential cross section, and event
rate expected for one day of running for the proposed
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Table 1 Kinematics, cross section, and events expected in one day for
an incident lepton beam of 2 GeV and 40 nA averaged current on a
20 cm liquid hydrogen target

θ Q2 ε dσ/d� Events/day
(GeV/c)2 fb

30◦ 0.834 0.849 2.41 × 107 3.16 × 106

50◦ 1.62 0.611 7.66 × 105 1.01 × 105

70◦ 2.19 0.386 1.00 × 105 1.32 × 104

90◦ 2.55 0.224 2.81 × 104 3.70 × 103

110◦ 2.78 0.120 1.22 × 104 1.61 × 103

Table 2 Kinematics, cross section, and events expected in one day for
an incident lepton beam of 3 GeV and 40 nA averaged current on a
20 cm liquid hydrogen target and 3.6 msr acceptance and a left/right
symmetric detector configuration

θ Q2 ε dσ/d� Events/day
(GeV/c)2 fb

30◦ 1.69 0.825 2.41 × 106 3.16 × 105

50◦ 3.00 0.554 6.51 × 104 8.55 × 103

70◦ 3.82 0.329 8.94 × 103 1.17 × 103

90◦ 4.29 0.184 2.65 × 103 3.48 × 102

110◦ 4.57 0.096 1.20 × 103 1.58 × 102

left/right symmetric configuration with 2 GeV lepton beams
averaging 40 nA on a 20 cm liquid hydrogen target and using
just the central 3 × 3 array of crystals to calculate the accep-
tance area.

The main TPEX run would be made at 3.0 GeV and would
require approximately 6 weeks (2 weeks with electrons and
4 weeks with positrons in total) to collect the required data.
Table 2 shows Q2, ε, differential cross section, and event
rate expected for one day of running for the proposed con-
figuration with 3 GeV lepton beams. This would extend the
measurements to Q2 = 4.57 (GeV/c)2 where the form fac-
tor ratio discrepancy is large. The 6 weeks could be divided
into shorter periods if that fit better with the DESY syn-
chrotron schedule though longer, uninterrupted runs would
be preferable. To minimize systematics we would like to
switch between positron and electron running as frequently
as possible (e.g. 1 day positron, 1 day electron, and 1 day
positron repeating).

The Q2 range that the proposed TPEX experiment would
be capable of reaching is shown in Fig. 14 for the 2 and 3 GeV
runs of this proposal. The reach with TPEX can be seen
in relation to the discrepancy in the form factor ratio. With
additional crystals at back angles the 4 GeV runs would also
be possible in a reasonable time frame.

The TPEX experiment at DESY would also measure the
charge-averaged cross section just like the recent result from
OLYMPUS (see Fig. 6). As mentioned above this cross sec-

Fig. 14 Proton form factor ratio as before but also showing the Q2

range accessible with the proposed TPEX configuration at 2 and 3 GeV.
The 4 GeV range would be possible with additional crystals

Fig. 15 Charge-averaged cross section divided by the dipole cross sec-
tion from OLYMPUS and expected uncertainties and coverage from
TPEX at 2 and 3 GeV

tion is insensitive to charge-odd radiative corrections includ-
ing “hard” two-photon exchange terms. Thus, it provides a
more robust measure of the proton form factors. The expected
charge-averaged cross section uncertainties (assuming dipole
cross section) are shown in Fig. 15 for TPEX assuming 6 days
of running at 2 GeV and 6 weeks of running at 3 GeV with
only 50% data collection efficiency. The recent OLYMPUS
results are also shown.

4 Conclusion

The observed discrepancy in the proton form factor ratio
presents a fundamental challenge in nuclear physics and
quantum electrodynamics (QED). Despite the inclusion of
leading order QED radiative corrections, these corrections
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alone have proven insufficient to resolve the discrepancy.
This suggests that higher order corrections might be neces-
sary to achieve a comprehensive understanding of the phe-
nomenon. Additionally, it is plausible that more detailed
models for the intermediate hadronic state could be required
to accurately account for the observed deviation. Further-
more, it is crucial to consider the possibility of alternative
processes that may contribute to the observed discrepancy.

To address this issue and gain further insights into the
proton form factors at higher momentum transfers, the estab-
lishment of an extracted positron and electron beam facility
at Deutsches Elektronen-Synchrotron (DESY) would offer
a unique opportunity. Such a facility would enable the mea-
surement of the two-photon exchange contribution to elas-
tic lepton-proton scattering across a kinematic range where
the evident discrepancy is prominent. The proposed TPEX
experiment outlines an initial plan for an experimental con-
figuration that could help resolve this issue and provide
insight to the radiative corrections needed to understand the
proton form factors at higher momentum transfers.
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