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Measurements of the proton’s form factors

are discrepant.
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The current status of two-photon exchange

is uncomfortable.

Difficulties in calculations

Recent experiments inconclusive

Positron facilities world-wide are turning off

Field is embarking on 3d imaging campaign of

the nucleon.
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Goal of producing a PAC proposal to measure

two-photon exchange at CLAS12 with positrons

Spokespeople: J. C. Bernauer, V. D. Burkert, E. Cline, A. Schmidt,

N. Santiesteban, T. Kutz

Based on PWG White paper article:

“Determination of two-photon exchange via e+p/e−p scattering with CLAS12”

J. C. Bernauer et al., EPJA 57:144 (2021)

Experimental details:

e+, e− beams at 2.2., 3.3, 4.4, 6.6 GeV, unpolarized, ≈ 60 nA

Unpolarized H2 target

≈ 55 PAC days
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The one “missing” radiative correction

is hard two-photon exchange.

The standard set
Hard two-photon exchange
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Calculations of two-photon exchange come with

model dependency.
Hadronic Approaches

Treat off-shell propagator as collection of hadronic states.

e.g. Ahmed, Blunden, Melnitchouk, PRC 102, 045205 (2020)

N, ∆, N*, ...

Partonic

Approaches

Treat interaction of γγ with quarks, distributed by GPDs.

e.g. A. Afanasev et al., PRD 72, 013008 (2005)

Phenomenology

Assume the discrepancy is caused by TPE, estimate the effect.

e.g. A. Schmidt, JPG 47, 055109 (2020)

Alternate Approaches

e.g., E. A. Kuraev et al., Phys. Rev. C 78, 015205 (2008)
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TPE produces an asymmetry between

electron and positron scattering.

M = + +O(α3)

σ ≈ |M|2 =

∣∣∣∣∣∣∣
∣∣∣∣∣∣∣
2

± 2Re


+O(α4)
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Elastic scattering is a 2D space
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Theory predictions for σe+p/σe−p
are not in agreement.

0.96

0.98

1

1.02

1.04

1.06

1.08

1.1

0 0.2 0.4 0.6 0.8 1

Q2 = 2.5 GeV2

σ
e
+
p
/
σ
e
−
p

ε

Hadronic
Partonic (COZ)
Partonic (BLW)
Phenom.
Kuraev

13



Theory predictions for σe+p/σe−p
are not in agreement.

0.96

0.98

1

1.02

1.04

1.06

1.08

1.1

0 1 2 3 4 5 6

ε = 0.742

σ
e
+
p
/
σ
e
−
p

Q2 [GeV2/c2]

Hadronic
Partonic (COZ)
Partonic (BLW)
Phenom.
Kuraev

14



The polarization transfer results are not

necessarily correct.

σe+p
σe−p

= 1− 4GMRe
(
δG̃M +

εν

M2
F̃3

)
− 4ε

τ
GERe

(
δG̃E +

ν

M2
F̃3

)
+O(α4)

Pt
Pl

=

√
2ε

τ(1 + ε)

GE
GM
× [1 + . . .

+Re

(
δG̃M
GM

)
+

1

GE
Re
(
δG̃E +

ν

m2
F̃3

)
− 2

GM
Re

(
δG̃M +

εν

(1 + ε)m2
F̃3

)
+O(α4) + . . .]

Formalism of Carlson, Vanderhaeghen, Annu. Rev. Nucl. Part. Sci., 2007
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Three recent experiments measured hard TPE.
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Three new experiments have measured R2γ.

OLYMPUS

CLAS VEPP-3
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Three new experiments have measured R2γ.

OLYMPUS

CLAS VEPP-3

Storage
Ring
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Three new experiments have measured R2γ.
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VEPP-3, Novosibirsk, Russia

Configuration 1 Configuration 2

e–/e+ beam e–/e+ beam

1 m

drift
chambers

NaI 
CsI

scintillator
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CLAS, Jefferson Lab, USA

primary
e– beam

dump

triple magnet chicane

CLAS spectrometer

photon
beam

e+/e– pair beam
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OLYMPUS, DESY, Germany

Beam
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OLYMPUS, DESY, Germany

Beam
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OLYMPUS, DESY, Germany
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OLYMPUS observed a small TPE effect.
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Recent measurements lacked the kinematic reach

to be decisive.

0

0.5

1

1.5

2

0 1 2 3 4 5 6 7 8 9

Rosenbluth

Polarization Transfer

µGE/GM

Q2 [GeV2/c2]

0

0.5

1

1.5

2

0 1 2 3 4 5 6 7 8 9

Coverage

26



Recent measurements lacked the kinematic reach
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CLAS12 TPE experiment, as drawn up in the

white paper

100 nA (unpolarized) e+ beam

2.2, 3.3, 4.4, 6.6 GeV

1035 cm−2 s−1 luminosity

Standard CLAS liquid H2 target

55 PAC days

Collect data with both e− and e+ to reduce systematics.

Coincident detection of e± and p

Over-constrainted kinematics

Need to modify trigger
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CLAS12 holds several key advantages over

OLYMPUS

OLYMPUS CLAS12

Azimuthal acceptance π/4 2π

Luminosity 2 · 1033 1035

Beam energy 2 GeV 10 GeV
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CLAS12 is ideal for mapping TPE

over a wide phase space.

J. C. Bernauer et al., Eur.Phys.J.A 57, p. 144 (2021)

30

https://doi.org/10.1140/epja/s10050-021-00462-3


CLAS12 is ideal for mapping TPE

over a wide phase space.

J. C. Bernauer et al., Eur.Phys.J.A 57, p. 144 (2021)

31

https://doi.org/10.1140/epja/s10050-021-00462-3


CLAS12 is ideal for mapping TPE

over a wide phase space.Eur. Phys. J. A           (2021) 57:144 Page 5 of 6   144 

Fig. 7 Predicted effect size and estimated errors for the proposed
measurement program at CLAS12. We assume bins of constant
!Q2=0.25 GeV2. The prediction is based on [19]

nomenological extraction from [19]) are shown in Fig. 7. The
quality of the measured data will quantify hard two-photon-
exchange over the whole region of precisely measured and
to-be-measured cross section data, enabling a model-free
extraction of the form factors from those. It will test if TPE
can reconcile the form factor ratio data where the discrep-
ancy is most significantly seen, and test, for the first time,
GPD-based calculations.

2.3 Systematics of the comparison between electron and
positron measurements

The main benefit to measure both lepton species in the same
setup closely together in time is the cancellation of many
systematics which would affect the result if data of a new
positron scattering measurement is compared to existing
electron scattering data. For example, one can put tighter
limits on the change of detector efficiency and acceptance
changes between the two measurements if they are close in
time, or optimally, interleaved.
For the ratio, only relative effects between the species types
are relevant; the absolute luminosity, detector efficiency, etc.
cancel. Compared to classic small acceptance spectrometers,
even the requirements on the relative luminosity determina-
tion are somewhat relaxed, as all data points of one species
share the same luminosity, that is, even without any knowl-
edge of the relative normalization between species, the evo-
lution of TPE as a function of " for constant beam momenta
could be extracted. To achieve then an absolute normalization
of the ratio, the relative luminosity must be controlled.

The primary means of normalization for low current
experiments in Hall B is the totally absorbing Faraday cup
(FC) in the Hall B beam line. The absolute accuracy of the FC
is better than 0.5% for currents of 5 nA or greater. The FC can

be used in e+/e! beams with up to 500 W, which should not
be a limitation for experiments in Hall B with CLAS12. The
relative accuracy for the ratio of electrons to positrons should
be at least as good as the absolute accuracy. The only known
difference between electrons and positrons is the interaction
of e+ and e! with the vacuum window at the entrance to the
FC, which is a source of Møller scattering for electrons and
a source of Bhabha scattering for positrons. The FC design
contains a strong permanent magnet inside the vacuum vol-
ume and just after the window. This magnet is meant to trap
(most of) the low-energy Møller electrons to avoid over-
counting the electric charge. It will also trap (most of) the
Bhabha scattered electrons from the positron beam to avoid
under-counting (for positrons) the electric charge. However,
there may be a remaining, likely small charge asymmetry
for Møller and Bhabha scattered electrons in the response
of the FC to the different charged beams. This effect will be
studied in detail with a GEANT4 simulation. In any case,
they relative efficiency of the FC can be calibrated with a
measurement of R at small scattering angles, i.e. " " 1,
where TPE effects become negligible. This calibration could
be performed with the Forward Tagger Calorimeter which
covers down to 2.5#. The high counting rates make this a
simple and fast calibration.

2.4 Radiative corrections

For an extraction of the hard part of the two-photon exchange,
the measured raw ratio has to be corrected for radiative
effects, including other charge-odd contributions. These
include the soft two-photon exchange, but also the interfer-
ence terms from radiation off the lepton and proton. Current
radiative generators, for example ESEPP [28], or those from
the A1 [19] and OLYMPUS experiments [26] allow us to
include the radiative corrections as part of a full simulation,
instead of a post-hoc correction factor.

The absolute size of the correction depend strongly on the
cuts applied to select elastic reactions. Here, wider cuts lead
to smaller corrections, however, not necessarily to smaller
uncertainties, as the wider cuts accept kinematics further
away from the elastic case captured in the theoretical cal-
culations.

Figure 8 show an estimate of the radiative corrections (as
corrections to a a Born level calculation) for the four beam
energies and both species. Here, selection cuts are chosen to
accept missing energies (i.e., energies of the radiated pho-
ton) up to 20% of the outgoing lepton energy. Further, a
50 mrad-wide cut is applied on the lepton-angle vs. proton-
angle correlation. For positrons, the charge-odd corrections
reduce the size of the overall correction, however, the correc-
tion will have the same uncertainty as for the electron case,
in which the charge-odd corrections have the same sign as
the charge-even part.

123

J. C. Bernauer et al., Eur.Phys.J.A 57, p. 144 (2021)
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An elastic scattering event in CLAS12
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An elastic scattering event in CLAS12
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Current CLAS12 equipment lack the means to

trigger on a central e±.
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Proposed solution: run with streaming read-out

Already a long-term goal for CLAS12

Streaming test of forward tagger

F. Ameli et al., EPJ Web of Conferences (2021)

Key R&D stepping stone to EIC

Expertise within our collaboration
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Work underway

Analyzing CLAS12 data on tape

Run Group M, 6 GeV on H2
Study backgrounds, rates, resolutions

Simulations

How do our events look outside of normal “triggered” kinematics?

Developing streaming plan

Clock trigger data can tell us about expected data rates

What resources will be needed to reduce data to manageable rate?
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Limiting Systematics

Over-all Scale: Relative e+/e− luminosity

Typical absolute accuracy of 2–5% in Hall B

Relative luminosity should be better, ≈ 1%
Compare to OLYMPUS, high-ε data as a cross check

Point-to-Point: Local efficiency

Magnetic fields bend e+, e− to different parts of the detector for

equivalent Q2, ε.
Need heavy-duty Monte Carlo

OLYMPUS had efficiency, gain, resolution mapped for individual drift

chamber wires

Fast-switching of e+ ↔ e− can reduce time-dependent effects.

38



Radiative corrections will be critical.
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OLYMPUS tested several RC prescriptions, built custom radiative

event generator.

Significant charge-odd corrections that are not hard TPE

See recent (2022) ECT Workshop, as well as 2020 CFNS Workshop

White Paper.
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Recap:

TPE is still a problem.

Key region is 3 < Q2 < 5

CLAS12 e+ proposal in

preparation
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Recap:

TPE is still a problem.

Key region is 3 < Q2 < 5

CLAS12 e+ proposal in

preparation

0.96

0.98

1

1.02

1.04

1.06

1.08

1.1

0 1 2 3 4 5 6

ε = 0.742

σ
e
+
p
/
σ
e
−
p

Q2 [GeV2/c2]

Hadronic
Partonic (COZ)
Partonic (BLW)
Phenom.
Kuraev

41



Recap:

TPE is still a problem.

Key region is 3 < Q2 < 5

CLAS12 e+ proposal in

preparation
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After this proposal

White paper proposed several alternative TPE observables.

How do rank priorities?

Polarization transfer, TPE on nuclei, Beam-normal SSAs
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Single-spin asymmetries with positrons

Eur. Phys. J. A          (2021) 57:213 
https://doi.org/10.1140/epja/s10050-021-00531-7
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Abstract Two-photon exchange and the larger class of
hadronic box diagrams are difficult to calculate without
a large degree of model-dependence. At the same time,
these processes are significant radiative corrections in parity-
violating electron scattering, in neutron decay, and may even
be responsible for the proton’s form factor ratio discrep-
ancy. New kinds of experimental data are needed to help
constrain models and guide future box-diagram calculations.
The target-normal single spin asymmetry, An , formed with
an unpolarized beam scattering from a target that is polarized
normal to the scattering plane, is sensitive to the imaginary
part of the two-photon exchange amplitude, and can pro-
vide a valuable constraint. A measurement with both elec-
trons and positrons can reduce sources of experimental error,
and distinguish between the effects of two-photon exchange
and those of time-reversal symmetry violation. This article
describes a proposed experiment in Hall A, using the new
Super Big-Bite Spectrometer that can cover a momentum
transfer range in the critical zone of uncertainty between
where hadronic calculations and those based on partonic
degrees of freedom are expected to be accurate.

1 Introduction

Hadronic box diagrams in elastic electron scattering are dif-
ficult to calculate without significant model dependence.
Unfortunately, they are also produce significant radiative cor-
rections in a number of measurements, for example, ! Z -
exchange in parity-violating electron scattering and !W±-
exchange in measurements of beta-decay widths. Two-
photon exchange (TPE) in elastic electron-proton scatter-
ing is hypothesized to be responsible for the discrepancy
between unpolarized and polarized extractions of the pro-
ton’s form factor ratio [1,2]. All of these applications require
a better understanding of box-diagram processes, and new

a e-mail: axelschmiddt@gwu.edu (corresponding author)

experimental constraints are needed to help improve theoret-
ical calculations. There are several experimental observables
that are directly sensitive to box-diagram contributions, and
because they provide orthogonal constraints, it is advanta-
geous to pursue a variety.

One such observable is a target-normal single-spin asym-
metry (SSA), denoted here by An . This asymmetry is mea-
sured by scattering an unpolarized electron (or positron)
beam on a target polarized in a direction perpendicular
to the scattering plane, and comparing cross sections for
“up” and “down” target polarizations. In the limit of one-
photon exchange, single-spin asymmetries in elastic scatter-
ing are forbidden, so An is a direct measure of multi-photon
exchange.

Following the formalism of Ref. [3], An for a proton target
can be related to the proton’s higher-order form factors, "G̃E ,
"G̃M , and " F̃3, by

An =
!

2#(1 + #)!
$

!
G2

M + #
$ G

2
E

" "
#

# GM Im

$

G̃E + %

m2
p
F̃3

%

+GE Im

$

G̃M + 2#%

m2
p(1 + #)

F̃3

% &
+ O(&4),

(1)

GE and GM are the proton’s standard electric and mag-
netic form factors, mp is the mass of the proton, $ is the
dimensionless quantity Q2/4M2, where Q2 is the magni-
tude of the squared invariant 4-momentum transfer, # is the
virtual photon polarization parameter, defined by ##1 $
1 + 2(1 + $ ) tan2 '

2 , where ' is the lepton scattering angle
in the rest frame of the target, and % is the Lorentz-invariant
parameter formed by contracting the sum of the initial and
final lepton 4-momenta with the sum of the initial and final
proton 4-momenta, i.e. % $ (pe + pe%)µ(pp + pp%)µ. Eq. 1
shows that An is sensitive to the imaginary parts of the higher-
order form factors, meaning that it provides a completely
independent constraint from measurements of the unpolar-

0123456789().: V,-vol 123

Eur.Phys.J.A 57, p. 213 (2021)

Sensitive to imaginary part of TPE

amplitude

Separate TPE from T-violation

First measurement on protons at JLab

Gabe Grauvogel
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A measurement at JLab would cover new ground.
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After this proposal

White paper proposed several alternative TPE observables.

How do rank priorities?

Polarization transfer, TPE on nuclei, Beam-normal SSAs

Consider a CLAS12 positron run group

Obvious reactions: SIDIS, DVCS, π electroproduction

Need to consider within streaming plan

Polarized e+ can’t hurt
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Back Up

47



Proposed solution: replace CLAS CND with new

“Central Electron Calorimeter”

Design based on previous CLAS12 CEC concept

Some proof-of-concept work done by group in Paris-Saclay

Tungsten powder calorimeter

Light collected by fiber, sent to SiPMs
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