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I. EXECUTIVE SUMMARY

We request PAC approval for two additional days of beam time for the upcoming ”high impact” SBS GEP exper-
iment, to precisely measure the polarization transfer ratio Rp (which equals µpG

p
E/G

p
M in the one-photon approxi-

mation) at a squared four-momentum transfer Q2 of 3.7 GeV2. These two days of additional beam time would allow
us to reach a 1% absolute statistical uncertainty on the ratio Rp at this Q2, where it would improve the precision
over existing polarization data by a factor of four, in the region where the discrepancy between L/T separations and
polarization measurements is largest and most significant. The primary motivation for this request is to improve
the precision of the polarization data at this Q2 in anticipation of the comparison to a future measurement using
positrons, described in a previous LOI to PAC51 (LOI12-23-008). The PAC51 report on LOI12-23-008 notes:

“The proposed measurement would be a valuable addition to the quantitative study of TPE effects in elastic
scattering. A full proposal should include a detailed study of anticipated systematic and statistical uncertainties,

along with theory predictions for the expected difference between the polarization transfer observable for positron and
electron beams. The latter will be needed in order to assess the physics impact of the measurement.”
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FIG. 1. The proposed measurement in context, compared to planned positron measurements discussed in LOI12-23-008 and in
Ref. [1]. Figure adapted from Fig. 3 of Ref. [1].

As noted in the LOI, the precision of the electron-proton polarization transfer data in this Q2 range needs to be
improved to facilitate a comparison to positron scattering of sufficient precision to discriminate among available TPE
calculations. We propose this short measurement now because the current experiment schedule provides a one-time
opportunity to acquire such data at low cost as a small add-on to an existing experiment, with no required equipment
modifications. We postpone a full proposal for the positron measurements to a future PAC, when we expect to have
better clarity on the parameters of a polarized positron beam as well as lessons learned and experience gained from
the SBS polarization transfer program, toward an optimized experiment design for positron beams. Figure 1 shows
the proposed measurement compared to existing cross section and polarization data in this Q2 region and the future
positron measurements envisioned by LOI12-23-008, as first described in Ref. [1].

II. INTRODUCTION

The long-standing discrepancy at large values of four-momentum transfer Q2 between extractions of the proton
form factor ratio Gp

E/G
p
M based on cross section and polarization observables is one of the main scientific motivations

for efforts to accelerate high-intensity polarized and unpolarized positron beams in CEBAF [2]. Since the discovery
of the rapid decrease of the proton form factor ratio µpG

p
E/G

p
M for Q2 ≳ 1 GeV2 using polarization observables [3–9],

enormous efforts in theory and experiment have been ongoing to understand and resolve this discrepancy. On the
theoretical side, most investigations have focused on the contribution of hard two-photon-exchange (TPE), which is
O(α) relative to the leading One-Photon-Exchange (OPE) or “Born” term, cannot presently be calculated model-
independently, and is neglected in the standard radiative correction procedures to elastic ep ! ep cross section
measurements (see Ref. [10] for a recent review of the subject). On the experimental side, three major collaborations
(OLYMPUS [11, 12], VEPP-3 [13], and CLAS [14, 15]) have performed precision measurements of e+p/e�p elastic
scattering cross section ratios in the last decade, in an attempt to directly constrain the size of TPE contributions to
unpolarized cross section measurements. Each of these experiments used complementary approaches with different
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systematics; however, none reached high enough Q2 and/or low-enough ϵ with sufficient precision and accuracy to
conclusively resolve the discrepancy.

The overarching goals of experimental investigations of hard TPE using positron scattering are to:

1. Determine whether the Rosenbluth/polarization discrepancy in the extraction of µpG
p
E/G

p
M can be fully and

self-consistently explained by “hard” TPE (and higher-order QED corrections), as must be the case within a
Standard Model paradigm.

2. Assuming this is shown to be the case in the Q2 regime where the discrepancy is most significant, to validate
and constrain theoretical calculations of these corrections, elevating hard TPE to the status of a “standard”,
trusted radiative correction to elastic ep scattering observables.

A large part of the CEBAF positron program will consist of precisely mapping the e+p unpolarized elastic scattering
cross sections with a wide coverage in ϵ in the Q2 range of 1.5-6 GeV2, where the existing discrepancy is most
significant. Despite the Herculean efforts of the previous positron-proton scattering experiments to search for and
precisely measure direct experimental signatures of TPE, the discrepancy seen in electron-proton scattering remains
by far the most statistically significant direct or indirect evidence for the importance of these effects in charged
lepton-proton elastic scattering.

Since the discrepancy first appeared in the polarization observables, an essential ingredient in its eventual conclusive
resolution is to investigate whether any discrepancy also exists in either the comparison of polarization transfer
between e+p and e�p scattering and/or the comparison between Rosenbluth separations and polarization observables
in e+p scattering, independently of the well-established discrepancy for e�p scattering. No such data currently exist,
and such a measurement would provide valuable independent constraints on the “generalized” form factors and their
theoretical modeling. We envision a future experimental campaign to measure e+p polarization transfer to complement
e�p measurements, search for direct evidence of hard TPE, and constrain theoretical models. The first step, after
identifying feasible kinematics, is to ensure that there are suitable electron scattering data. We identify a particular
kinematic point, which a positron beam would be well-suited to measure, but for which there is no previous electron
measurement. The main arguments for the choice of kinematics and precision goals for a future positron measurement
were already laid out in our Letter-Of-Intent (LOI12+23-008) to PAC51 as well as our peer-reviewed contribution [1]
to the recent topical issue of the European Physical Journal A on the CEBAF positron program [2].

III. THEORETICAL FORMALISM

In the OPE approximation, the polarization transferred to the scattered proton in the elastic scattering of longi-
tudinally polarized electrons/positrons by unpolarized protons has longitudinal (Pℓ) and transverse (Pt) components
with respect to the momentum transfer parallel to the lepton scattering plane, given by:

Pt = �
r
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where r � Gp
E/G

p
M is the ratio of the Sachs electric and magnetic form factors, τ � Q2
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, with θe the lab-frame scattering angle of the electron, is the longitudinal polarization

of the virtual photon (in OPE). The ratio of the two polarization transfer components is directly proportional to the
form factor ratio by a precisely measurable kinematic factor:
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where the last expression in Eq. 3 holds in the proton rest (lab) frame, with Ee (E0e) the incident (scattered) electron
energy, and µp the proton’s magnetic moment in nuclear magnetons.

The simultaneous measurement of both recoil polarization components and the rapid beam helicity reversal lead to
cancellation of most major sources of experimental systematic uncertainty. While polarization transfer is less sensitive
to the effects of radiative corrections and hard TPE, it is not immune. Following the formalism of Ref. [16], one finds
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with � � (pe + pe0) � (pp + pp0) � , and where � eGE , � eGM , and eF3 are additional form factors that become non-zero
when moving beyond the one-photon exchange approximation and, crucially, depend on bothQ2 and � , whereas the
one-photon-exchange form factors depend only onQ2. The correction terms � eGE , � eGM , and eF3 are O(� ) relative
to the one-photon-exchange form factorsGE ; GM . The � / � symbols in Eq. (4) indicate the sign with which the
two-photon-exchange amplitudes enter the observablePt =P̀ depending on the lepton charge, with the upper (lower)
symbol indicating the appropriate sign for e� (e+ ) beams. This particular dependence on new form factors is slightly
di�erent than what one �nds when taking a positron to electron cross section ratio:

� e+ p

� e� p
= 1 + 4 GM Re

�
� eGM +

��
M 2

eF3

�

�
4�
�

GE Re
�

� eGE +
�

M 2
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�
+ O(� 2): (5)

A measurement of the di�erence in polarization transfer between electron and positron scattering therefore adds
information about TPE in addition to what can be learned from cross section ratios alone. Moreover, as described in
a separate proposal to PAC51, precise Rosenbluth separations ofe+ p scattering will be pursued using the precision
spectrometers in Hall C, in the sameQ2 range as the proposed polarization transfer measurements using SBS. These
Rosenbluth separations ofe+ p scattering can then be directly compared to thee+ p polarization transfer measurements
described in LOI12-23-008. Such comparisons will be extremely interesting in addition to the comparison with existing
and plannede� p polarization transfer data, given that the existing discrepancy between cross sections and polarization
observables ine� p scattering is much greater than the combined uncertainty of the two observables. If a discrepancy
of similar magnitude exists for e+ p scattering, as might reasonably be expected if hard TPE is the physical mechanism
for the discrepancy seen ine� p scattering, it will easily be seen, even in an experiment only half as precise as the
stated goal of LOI12-23-008.

IV. BACKGROUND ON TWO-PHOTON EXCHANGE

A. Theoretical Approaches

The leading hypothesis for the cause of the proton form factor discrepancy is a radiative e�ect called hard two-
photon exchange, which is neglected in standard radiative correction formulae, and may bias the Rosenbluth separation
and polarization transfer techniques di�erently [17, 18]. Standard radiative correction procedures, such as those of
Mo and Tsai [19], or Maximon and Tjon [20], treat two-photon exchange (TPE) in the so-called \soft-limit," an
approximation in which one of the photons carries negligible four-momentum. This approximation makes the TPE
diagram tractable without model-dependence. The TPE contribution beyond the soft-limit is referred to as \hard
two-photon exchange," or hard TPE. It should be noted that two-photon exchange has to be treated in order to cancel
divergences in bremsstrahlung terms. The set of diagrams treated by standard radiative corrections procedures are
shown in Fig. 2.

One of the challenges preventing incorporation of hard TPE into standard radiative corrections prescriptions is
di�culty in calculating the TPE diagram without adding signi�cant model dependence. The TPE diagram has an
o�-shell hadronic propagator, which requires some QCD input in order to be evaluated. In general, there are two
classes of approaches: hadronic methods and partonic methods, which are described in the following sections. There
are also a handful of alternative theoretical approaches which �t in neither category, some of which suggest that TPE
cannot be the cause of the form factor discrepancy (e.g. [21]).

E�orts to advance our understanding of TPE and of radiative corrections more generally is an active area of
research, with applications beyond merely the discrepancy in the proton form factors. TPE is a signi�cant correction
in scattering experiments at low Q2 to determine the proton radius. The TPE diagram shares many of the same
challenges with the 
Z box diagram that is a major radiative correction in parity-violating electron scattering, and
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FIG. 2. Diagrams treated in standard radiative corrections to elastic electron scattering

with the 
W box diagram in nuclear � -decay. An Ad-Hoc Workshop on Radiative Corrections, held (remotely) in
2020 by CFNS at Stony Brook produced a white paper [22] on current challenges in radiative corrections. This was
followed by a workshop at the ECT in Trento in 2022 with a second paper forthcoming [23].

Hadronic Methods

In hadronic methods, the o�-shell propagator is expanded as a sum of on-shell intermediate hadronic states. This
series is, in principle, in�nite, containing all baryons with quantum numbers accessible from photon-nucleon coupling.
In practice, the higher mass resonances contribute less and less with mass, and the expansion can be truncated to
get an approximate result. Additional model dependence comes from the assumptions about the transition form
factors for each intermediate state. Early works used the direct evaluation of loop integrals [18, 24], but the 
exibility
of hadronic calculations have greatly improved by using dispersive methods [25{29]. The most advanced dispersive
hadronic calculation incorporates contributions from the nucleon as well as allN � and � resonances with masses up
to 1.8 GeV [29].

Hadronic approaches should perform better at low momentum transfer, and calculations are typically not performed
above Q2 > 3 GeV2=c2. In that limit, however, the results of hadronic calculations suggest that hard TPE would
drive the apparent � pGE =GM extracted from unpolarized cross sections up and away from the results of polarization
transfer [18, 30]. Nevertheless, hadronic calculations do show some variance based on di�erent model assumptions
used and which intermediate states are included.

Partonic Methods

Partonic methods model the hard interaction of the two exchanged photons with individual quarks, but then embed
those quarks inside the proton using a model of the proton's partonic structure|either its distribution amplitudes
(DAs) or generalized parton distributions (GPDs). This approach is more accurate at high momentum transfers
where the factorization between the hard scattering and the soft structure are on �rmer ground, ideally aboveQ2 >
5 GeV2=c2. The accuracy is only as good, however, as our understanding of the proton's multi-dimensional structure.
Examples of partonic estimates include Refs. [31{35].

Phenomenology

There is a class of phenomenological two-photon exchange estimates that use experimental data to estimate the
magnitude of the two-photon exchange amplitude, making the assumption that hard TPE is the sole cause of the
proton form factor discrepancy [36{40]. This amounts to determining how much of a hard TPE e�ect would be
necessary to fully resolve the discrepancy. If the measured TPE di�ered substantially from these phenomenological
predictions, this would be evidence that factors other than hard TPE are responsible for the discrepancy. However,
even modestly di�erent assumptions lead to a wide range of phenomenological estimates, which implies that even the
magnitude of the discrepancy is not well-constrained.
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