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Executive Summary

The magnitude of hard two-photon exchange effects is a subject of debate in elastic scattering due to
the well-known discrepancy between Rosenbluth-separation and polarization transfer measurements of
the form factor ratio. Even less known in the contribution of these effects to inelastic scattering. In
nuclear targets, these multi-photon effects get combined with effects due to the charge of the nucleus
to describe what are colloquially referred to as “Coulomb Corrections”. This proposal aims to measure
two-photon exchange effects in deep inelastic scattering and semi-inclusive deep inelastic scattering as
well as Coulomb Correction effects in semi-inclusive deep inelastic scattering.

Currently, there is an almost complete lack of data in order to constrain these effects. While hard
two-photon exchange is ignored in typical radiative correction prescriptions, Coulomb Corrections are
applied through the improved effective momentum approximation (the Improved EMA). The Improved
EMA has been shown to work well for quasi-elastic scattering, but is untested in inelastic scattering.
The EMA formalism will be tested in inclusive scattering from nuclear targets in experiment C12+23-
003 [1], but there is no reason to expect that the approximation will work well for semi-inclusive deep
inelastic scattering where the final state is substantially more complicated than inclusive measurements.

These measurements will allow us to characterize and constrain these effects, giving improved
confidence in past, current, and future inelastic scattering measurements. Deep inelastic and semi-
inclusive deep inelastic scattering, being key to the study of nuclear and nucleon structure, are high
priority to understand and to support the mission of JLab. The most clear and direct impact of
these measurements will be on the results of the upcoming R = σL/σT measurements (E12-06-104 [2],
E12-24-001 [3], and E12-14-002 [4]) in Hall C. These experiments will use a Rosenbluth-separation
technique (LT separation) to extract RH , RD, and RA −RD in deep inelastic and semi-inclusive deep
inelastic scattering.

LT separation measurements are particularly sensitive to ε-dependent effects, that is effects that
depend on the helicity of the virtual photon exchanged. Two-photon exchange effects are expected to
be directly dependent on ε, which means that their exclusion could dramatically change the results of
LT separation measurements if the effects are sizable. While Coulomb Correction effects do not directly
depend on ε, relative magnitude scales inversely with the beam energy and the scattered lepton energy,
the parameters that are adjusted to access different ε values at constant x and Q2.

These effects, being charge-odd, are able to be directly accessed with the availability of a positron
beam at JLab. For electromagnetic interactions, the ratio of positron to electron cross sections will
only deviate from unity due to the magnitude of these charge-odd effects. These measurements are
of critical importance to correctly analyze and interpret past and future nuclear physics data both at
JLab and beyond.

To complete these measurements we request a total of 58.4 days of beam time in Hall C using the
standard HMS and SHMS equipment and three targets: a 10cm hydrogen target, a 10cm empty cell,
and a 6% RL copper target. 50.8 days of a 1 µA positron beam will be required, divided between 5
beam energies (4.4, 5.5, 6.5, 8.6, and 10.7 GeV). 7.5 days of a 25 µA electron beam will be required,
divided between 5 beam energies (4.4, 5.5, 6.5, 8.6, and 10.7 GeV). This time will be used, for each
beam type, to record 9 data points of π+ SIDIS on hydrogen, 3 data points of π− SIDIS on hydrogen,
5 data points of π+ SIDIS on copper, and 34 data points of inclusive DIS on hydrogen (5 which are
taken simultaneously with the SIDIS data).
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1 Physics Motivation

1.1 Elastic Two-Photon Exchange

For over 70 years, understanding the internal structure of the nucleon has been at the forefront of
nuclear physics research, with the electric and magnetic form factors of the proton, GE and GM ,
playing a fundamental role in this pursuit. Through elastic scattering of leptons from a proton target,
GE and GM have been commonly extracted over these 70 years using a technique known at LT or
Rosenbluth separation. An LT separation requires making measurements of the reduced cross section
at constant four-momentum transfer (Q2) as a function of ε. The reduced cross section can be expressed
as

dσ

dΩe
=

σMott

ε (1 + τ)

[
τG2

M (Q2) + εG2
E(Q

2)
]
, (1)

where σMott is the Mott cross section, τ = Q2

4M2
p
, and ε is given by

ε = [1 + 2(1 + τ) tan2(θ/2)]−1. (2)

The linear nature of the reduced cross section, which can be seen in Equation 1 and observed Figure
1, allows for the extraction of both G2

E and G2
M through a linear fit.

Figure 1: Illustration of a typical Rosenbluth separation used to measure nucleon form factors. By
measuring the reduced cross section at fixed Q2 across a range of ε values, the form factors can be
extracted for a linear fit.

Alternatively, the direct ratio, GE/GM , can be measured using various polarization techniques.
One such method is polarization transfer, in which a longitudinally polarized electron scatters off of a
unpolarized proton target, and the polarization of the scattered proton is measured. The ratio GE/GM

is given by:
GE

GM
= −Pt

Pl

E + E′

2M
tan θ/2. (3)

These two methods should produce identical GE/GM ratios, but it was found that there was a
discrepancy at values of Q2 above 1 GeV2 [5, 6]. This discrepancy is shown in Figure 2.

Since this discrepancy was first discovered over 25 years ago, a concerted effort has been made
to understand the underlying source. The source of the discrepancy has been attributed to hard
two-photon exchange effects (TPE), which are believed to be small but are also inherently model
dependent. Due to the model dependence of these corrections, they are not included in the standard
radiative corrections used in experimental analyses. To understand the effect of a small TPE correction
to the ratio GE/GM , one can look at the different LT separations made at unique Q2 values, as shown
in Figure 3. One can see that at increasingly higher Q2 (0.7,1.190,and 2.287 (GeV/c)2 respectively),
the contribution of G2

E to the total cross section is significantly diminished as compared to that of G2
M .
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Figure 2: Discrepancy in the proton form factor ratio, GE/GM , between Rosenbluth and Polarization
transfer measurements

Depending on the exact size of the TPE effect, combined with any ε dependence of the TPE effect, it
is apparent how a small effect can have a large impact to the extracted G2

E . G
2
E may contribute 5% to

the reduced cross section at high Q2, while the effect of TPE can similarly be on the order of several
percent.

Figure 3: The contribution of GE to the reduced cross section for different Q2 values. GE is greatly
diminished with increasing Q2, illustrating how a small (percent level) TPE correction could result in
the observed Rosenbluth/PT discrepancy.

As shown in Figure 1, Rosenbluth measurements are sensitive to G2
E and G2

M , while polarization
transfer (PT) measurements probe directly the ratio GE/GM . The direct ratio from PT measurements
is believed to be less sensitive to TPE effects.

1.1.1 Measurements and Theoretical Predictions of TPE in Elastic Scattering

Measurements of the e+

e− cross section ratio provide direct access to the real part of the TPE and the
magnitude of the effect. This is illustrated in Equation 4.

R2γ =
σe+

σe−
≈ 1 +

4Re[MγγMγ ]

|Mγ |
. (4)

Recent experiments (references for Vepp-3, clas, olympus) have made e+

e− measurements to de-
termine the size of the TPE effect. Figures 4,5 illustrate both the ε and Q2 coverage of the three
experiments, showing the measurements were made at relatively low Q2 and high ε, outside of the
region where TPE are expected to be large.
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Figure 4: VEPP 3 [7] and CLAS [8] e+

e− measurements, shown together along with theoretical predic-
tions for the expected size of the two-photon exchange. The range in Q2 is below where the discrepancy
between LT and polarization transfer is large and at higher values ε, where TPE is expected to be
smaller.

Figure 5: Results from the Olympus experiment [9]. The range in Q2 is below where the discrepancy
between LT and polarization transfer is large and at higher values ε, where TPE is expected to be
smaller.

On the theoretical side, a number of approaches have been made. These include one-loop methods
to evaluate the box and cross boxed TPE terms (as shown in Fig. 6), dispersion relations, and QCD
based approaches at moderate to large Q2. A comparison of a selected number theoretical and phe-
nomenological models at two Q2 values are shown in Figure 7. As can be seen, while overall agreement
exists among the calculations for a non-zero TPE correction, the size and ε dependence can differ
significantly.

1.2 Inelastic Two-Photon Exchange

While there is exists no conclusive evidence implicating the effects of the two-photon exchange effect
as the source of the discrepancy in the ratio GE/GM , the overwhelming consensus of both experi-
mentalists and theorists is that it is due to unaccounted for hard two-photon exchange terms. This
leads to a question about the possible impact that two-photon exchange may have on other reactions,
namely deep-inelastic (DIS) and semi-inclusive deep-inelastic (SIDIS) scattering. No corollary exists
in either DIS or SIDIS to that of polarization transfer in elastic scattering that would allow for such a
comparison. A limited number of experiments have been performed to measure the TPE in DIS and
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Figure 6: Two Photon Exchange box and cross boxed diagrams [10].
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Figure 7: The estimated two-photon exchange contribution to the positron-to-electron cross section
ratio for a range of calculations and extractions at Q2 = 2.5 and 5 GeV2 [11, 12, 13, 14]

can be divided into those that probe either the real or imaginary part of the TPE. Figure 8 shows
the results of an experiment which performed µ+ and µ− scattering to make a direction measurement

of the magnitude of the TPE is DIS through µ+

µ− ratios [15]. The experiment measured the structure

functions νW+
2 and νW−

2 , where W+
2 (W−

2 ) is the structure function from µ+(µ−) scattering. They
then formed an asymmetry of these structure functions,

ϵ =
νW+

2 − νW−
2

νW+
2 + νW−

2

. (5)

Note that in the above equation, we have used ϵ for the asymmetry to maintain consistent notation
with the source, but this is not the same as the photon helicity fraction denoted by ε in all other
locations in this proposal.

The bottom panel of Figure 8 illustrates their final results. They estimate that the contribution
from two-photon exchange effects are less than 1.7%. Additional measurements are critically needed
to validate this measurement. Also, as observed in elastic LT measurement, a small effect, even at the
level of 1.7%, can still have a large effect in LT separations.

Figure 9 are results from target-normal single spin asymmetry (TNSSA) measurements, which is
sensitive to the imaginary part of TPE [16, 17]. These measurements require a target which is polarized
normal to the scattering plane along with an unpolarized lepton beam. In the Born Approximation,
the asymmetry between opposite transverse target settings can be written as

Ay =
σ↑ − σ↓

σ↑ + σ↓ , (6)

where σ↑ and σ↓ correspond to the cross section of an unpolarized electron scattering off of a nucleon
spin polarized parallel or anti-parallel to the scattering plan. In the Born approximation, this asym-
metry is zero due to time-reversal and parity conservation (add citation, crist-lee, etc..). A non-zero
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Figure 8: The ratio of µ+ and µ− scattering. The bottom line shows the asymmetry between µ+ and
µ−, from which TPE effects were estimated to be less than 1.7% [15].

asymmetry would be due to two-photon exchange. The plots on the left of Figure 9 are TNSSA results
from HERMES [16] on the proton, which were found to be consistent with zero while those on the right
are those from JLab and measured a non-zero asymmetry of the neutron at a 2.89σ level, providing
the first indication of two-photon exchange in DIS [17].

Finally, there have been no measurements of TPE in SIDIS. There are few estimates on the potential
impact of TPE on SIDIS LT separation. Recent predictions for TPE in SIDIS, shown in Fig. 10,
calculate a very large effect that will be clearly visible in our experiment, if correct.

1.3 Coulomb Corrections in Inelastic Scattering

“Coulomb Corrections” refers to the effect of acceleration of charged probes in the Coulomb field of
a nuclear target. The presence of additional protons in the nucleus (beyond the struck nucleon) leads
the exchange of soft photons that distort the initial and final wavefunctions of the probe. In essence,
electrons gain energy before scattering and lose energy after scattering while positrons experience the
opposite effect due to the sign change of the charge [20].

The applicability and formulation of Coulomb Corrections to inelastic scattering is not well under-
stood and tested even less. In 1978, leading order Coulomb Corrections to deep inelastic electron and
muon scattering were calculated and it was found that “the net result is too small to be experimentally
significant” [21]. However, evaluating the expressions therein using “typical” JLab kinematics yields
corrections that are substantial when compared to “typical” JLab precision.

For a coherent historical perspective of the current best practices related to Coulomb Corrections,
we must discuss quasi-elastic scattering. An experiment using Carbon-12 and Lead-208 at the Saclay
Linear Accelerator (ALS), tested Coulomb Correction calculations in quasi-elastic scattering by mea-
suring cross sections with both an electron and a positron beam [22]. These results, seen in Fig. 11, were
then used to discriminate between different models and found that the Effective Momentum Approxi-
mation (EMA) best described the data. The EMA seeks a more readily calculated prescription of the
Coulomb Corrections calculated from the Distorted Wave Born Approximation (DWBA) [23, 24, 25].
In this formalism, the measured incoming and outgoing probe momenta are modified at the vertex
to an “effective momentum” calculated from nuclear properties and the cross section is then scaled
by a “focusing factor”. In noting some deficiencies in the EMA, it was then further modified to the
Improved EMA (IEMA). The IEMA scales down the Coulomb potential, V0, to V by noting that the
scattering does not occur at the center of the potential [26]. The corrected cross section in the IEMA
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Figure 9: Measurements of the target-normal single spin asymmetry in deep inelastic scattering. The
plot on the measurements of the TNSSA of the proton [16] while those on the right are the TNSSA of
the neutron and are non-zero at 2.89σ level[17]

is described by
σC = F 2σ

(
E0 + V ,E′ + V

)
, (7)

where
V = (0.7− 0.8)V0, (8)

V0 =
3αZ

2R
, (9)

and the focusing factor is given by

F 2 =

(
1 +

V0

E0

)2

. (10)

In the above equations, E0 is the beam energy, E′ is the scattered probe energy, Z is the atomic
number of the nuclear target, and R is the radius of the nucleus.

It should be stressed that while the IEMA is an effective tool for applying Coulomb Corrections to
quasi-elastic scattering, it is not a realistic representation of the process that occurs. The calculations
have been tuned so that they approximately reproduce the results of DWBA calculations. While the
description provides a seemingly intuitive mental picture of the process, it is not a correct picture
leading to the natural conclusion that we have very little reason to believe that the same procedure
should apply in DIS and SIDIS where the underlying process is fundamentally different.

Despite this, there exist no detailed calculations of Coulomb Corrections in the inelastic regime
(DIS nor SIDIS). The typical procedure for inelastic scattering at JLab is to use the IEMA. It has
been shown to bring data sets into internal agreement, such as in Ref. [20] where E03-103 preliminary
data on Gold recorded at 40◦ and 50◦ are shown before and after correction (shown here in Fig. 12).
However, this application still leaves tension with past SLAC data, suggesting that this may not be
a complete description. PAC51 approved an experiment to study Coulomb Corrections in the DIS
regime [1]. These corrections are even less studied in the SIDIS reaction and it is logical to question
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Figure 10: Predictions for the two photon exchange effect in SIDIS at x = 0.31, Q2 = 2.5 GeV2, and
z = 0.5. Figure from Refs. [18, 19].

Figure 11: Comparison of electron and positron scattering in Carbon-12 and Lead-208 from Ref. [22].
These data validated that the EMA works well in quasi-elastic scattering.
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Figure 12: Preliminary E03-103 data on Gold at different kinematics from Ref. [20]. Coulomb Correc-
tions bring the data into internal agreement. However, there is still tension with SLAC data.

whether the corrections would be different in SIDIS due to the substantial restriction on the phase
space of the hadronic final state. This proposal aims to complementarily study Coulomb Corrections
in SIDIS in order to ensure that we are correctly treating past and future JLab data.

As formulated, the IEMA is an inherently ε-dependent effect. While V0 and V are constant for any
given target, by applying them additively they are fractionally larger corrections when E0 or E′ are
smaller.

1.4 Impact of this measurement

1.4.1 LT Separations

Two-Photon Exchange and Coulomb Corrections, as epsilon dependent effects, will have direct impacts
on LT separation measurements. LT separation refers to the measurement of R = σL/σT , the ratio
of cross sections for longitudinal and transverse helicity virtual photons. The differential cross section
for the absorption of longitudinal and transverse virtual photons can be written as:

d2σ

dΩdE′ = Γ[σT (x,Q
2) + εσL(x,Q

2)]. (11)

It is a standard assumption that this value is the same for all nuclei and for all inelastic processes.
However, this assumption is poorly constrained and experiments E12-06-104 [2], E12-14-002 [4], and
E12-24-001 [3] aim to explore whether this assumption is valid. If these experiments find that R shows
any nuclear or process dependence, it will have far reaching implications for the extraction of nuclear
structure and our understanding of the EMC effect.

LT extractions use a Rosenbluth-like technique to extract σL and σT , or RA − RD in the case of
the nuclear measurements. This technique exploits that the contribution of σL scales linearly with
ε. As such, any ε-dependent effects can meaningfully affect the interpretation of the results. Figure
13 illustrates the LT separation in inclusive DIS for 3 different settings (constant x and Q2) from
experiment E140 at SLAC [27]. This experiment made measurements of the reduced cross section of
deuterium, iron and gold, over a x and Q2 range of 0.2-0.5 and 1.0-5.0 GeV2, respectively, to determine
any possible kinematic or nuclear dependence of R = σL/σT in deep inelastic scattering.

While there have been several measurements of R = σL/σT and RA − RD in DIS [27, 28, 29], in
semi-inclusive deep inelastic scatter, much less is known. Figure 14 shows the data collected at the
Wilson Synchrotron Laboratory at Cornell University in the late 1970s in blue and red[30, 31, 32],
along with projections for experiment E12-06-104 in black. The level of precision of the current data
is quite limited and will be greatly improved upon by the E12-06-104 experiment.

Underlying future precision LT separation experiments in both DIS and SIDIS is our knowledge of
(or lack of) TPE effects and their impact on the extractions of σL and σT . Measurements of σL/σT

in both DIS and SIDIS, will be obscured without an understanding of TPE and CC effects. This can
plainly be seen in Fig. 15, reproduced from Ref. [35], that shows the impact of Coulomb Corrections
on an RLT extraction. These plots show that without Coulomb Corrections (left) the data is, to
0.16σ, consistent with no nuclear dependence to RLT , as is typically assumed. However, on the right
it is shown that the application of Coulomb Corrections via the IEMA leads to a 1.2σ deviation from
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Figure 13: SLAC E140 RLT extractions from [27]

the no nuclear dependence assumption. As TPE correction predictions are even larger than IEMA
CC corrections, it is of critical importance that we measure these to ensure we arrive at a correct
interpretation of RLT data.

1.4.2 Hadron Attenuation

An accurate measurement of RLT in SIDIS is critical to the study of hadron attenuation. Hadron
attenuation is the study of how the nuclear medium affects the formation of hadrons in inelastic
scattering. This is studied through the double ratio,

Rh
A =

Nh

Ne

∣∣∣
A

Nh

Ne

∣∣∣
D

=
dσ
dz

∣∣
A

dσ
dz

∣∣
D

, (12)

whereNh is the yield of h hadrons andNe is the inclusive DIS electron yield. The numerator is the yield
ratio for a nucleus A and the denominator is for a deuterium nucleus. Studying hadron attenuation
for differently sized nuclei allows for investigating the length scale of hadronization. Shorter length
scales suggest that hadron attenuation is dominated by hadronic interactions whereas longer length
scales would be dominated by partonic interactions.

The naive quark-parton model then allows this double ratio to be related to parton-distribution
functions (PDFs) and fragmentation functions (FFs) by

dσ

dz
∼

∑
q

e2qq(x,Q
2)Dq→h(z,Q

2). (13)

However, this standard relation hinges on the assumption that RSIDIS
LT = RDIS

LT . Should this equal-
ity not hold or if there is a nuclear dependence to RLT , fragmentation functions will be extracted
incorrectly from SIDIS data. SIDIS data on hadron attenuation has also been used to constrain the
properties of hadron production such as from HERMES [36] and CLAS [37] shown in Figs. 16 and 17,
respectively.
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Figure 16: Hadron attenuation ratio results from HERMES for a variety of nuclei with each row as
a different hadronic final state. These results are plotted with respect to energy transfer ν, hadronic
energy fraction z, and four-momentum transfer squared Q2. Figure from Ref. [36].

Figure 17: Hadron attenuation ratio results from CLAS for a variety of nuclei for charged pion SIDIS
data. Figure from Ref. [37]
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Figure 18: SIDIS Two Photon Exchange box and cross boxed diagrams [10].
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Figure 19: DIS Two Photon Exchange box and cross boxed diagrams [10].

2 Experimental Details

To study two photon exchange and Coulomb effects, this experiment will measure the ratios of positron
to electron cross sections for both DIS and SIDIS. These effects are charge-odd and will therefore not
cancel in this ratio.

For two-photon exchange effects, we will use a hydrogen target for both DIS and SIDIS (diagrams
shown in Figs. 18 and 19). In both cases, we define the ratio

R2γ =
σe+

σe−
≈ 1− 2δ2γ (14)

where δ2γ is the TPE correction.
For Coulomb Corrections, we will use ratios of nuclear targets to hydrogen. These will then be

used to form an e+/e− double ratio of the form

RCC =

(
σA

σH

)e+

(
σA

σH

)e−
. (15)

In this double ratio, details of the nuclear structure will cancel. What remains is the difference in
Coulomb corrections for a given nuclear target. As Coulomb effects are a function of the charge in
a nucleus, it is dependent on atomic number Z. The effect will be enhanced by choosing a high Z
target, leading to our decision to use copper. Copper provides the best figure of merit for this study
by having a high target thickness per radiation length, allowing us to have a high physics rate while
not increasing the target radiation length so much as to introduce very large systematic uncertainties
from radiative corrections.
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2.1 Required Equipment

This proposal is planned around using the JLab Hall C standard equipment, that is the High Mo-
mentum Spectrometer (HMS) and Super High Momentum Spectrometer (SHMS). This setup will use
the HMS for detecting scattered beam leptons and the SHMS for detecting final state pions. The
data requires 5 positron beam energies and 5 electron beam energies to acquire the necessary data
4.4, 5.5, 6.5, 8.6, and 10.7 GeV [38]. All estimates for rate and beam time assume a 1 µA positron
beam and a 25 µA electron beam. Note that while the experiment would benefit from a dedicated
device for measuring the beam current at small values (i.e. 1 µA), this proposal does not assume that
such a device is available.

2.1.1 Targets

This proposal makes use of three targets: a 10cm hydrogen target, a 10cm empty target cell, and a 6%
RL copper foil. The hydrogen target is necessary for the TPE studies as well as a baseline for the CC
studies. The empty target is necessary for assessing the cell wall background in the hydrogen data.
The copper foil will be used for a subset of the kinematics to study CC in SIDIS.

2.2 Electron Data

This proposal has been planned in such a way that the measurement will be impactful if an electron
beam is not available within the same run period. This is done by mimicking the kinematics and target
choices of JLab Hall C experiments E12-06-104, E12-24-001, and E12-14-002. However, it is highly
preferable to do this experiment when data can be recorded with both positrons and electrons in the
same run period and we are requesting the time necessary for that. The target thickness uncertainty
related scale uncertainties will be substantially reduced if the positron and electron data are recorded
with the same targets. Using electron data from E12-06-104, E12-24-001, and E12-14-002 to form the
ratios is a fallback that we have built in, but is not the ideal run condition.

The proposal laid out here assumes that we begin the experiment with one lepton beam (be
that electrons or positrons), complete all data that uses that beam type, and then reconfigure to
the other lepton beam to record the remaining data. As each beam type and energy involves many
different spectrometer kinematics, changing between beam types more frequently does not confer any
improvement to our data. To be clear, this condition does not require multiple machine reconfigurations
between electrons and positrons, but rather that a single reconfiguration occurs such that data is
recorded on the same targets. That being said, so long as we run at each beam type and energy for
long enough that we do not have to return to the configuration more than once, the data will not be
harmed by going between electrons and positrons more than once if it aids in scheduling.

2.3 Statistics and Systematics

The systematic uncertainties related to the extraction of two-photon effects in SIDIS and DIS are
similar, although not identical, to those in the extraction of effects due to Coulomb Corrections. In
the sections below, we will address significant sources of uncertainty.

2.3.1 Kinematics and Acceptance

A key advantage of using moderate-acceptance, magnetic-focusing spectrometers is that the acceptance
for positively and negatively charged particles is identical. Assuming the same parent distributions, the
family of particle trajectories in the HMS and SHMS detector huts will be the same for electrons and
positrons. In the case of the inclusive DIS measurements, we are comparing electrons and positrons
recorded in the same spectrometer. We conservatively assume a 0.1% systematic uncertainty in the
e+/e− ratios due to the description of the acceptance. This 0.1% allows for some uncertainty due to
possible variations in the event distributions.

In the case of the SIDIS measurements, we are comparing electrons to positrons in the HMS, while
the SHMS stays at fixed polarity (i.e. π+ or π−). We assign a (conservative) uncertainty of 0.1% in
each arm in the positron to electron ratios yielding a total contribution of 0.14% to the cross section
ratios.
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For the Coulomb Corrections studies, we compare the super–ratio of (σA/σH)e
+

(σA/σH)e−
. In the A/D ratio,

there is some systematic uncertainty associated with the difference in acceptance for thin, solid targets
and extended (10 cm long) cryotargets. In the super–ratio, this contribution cancels, and the only
remaining contribution comes from possible differences in the event distributions, leading to a total
uncertainty of 0.2%.

In both the direct e+/e− cross section ratios from LH2 and LD2 and the A/D target super-ratios,
uncertainties due to kinematics are also expected to be quite small. Studies from E12-10-008 [39]
show that the contribution from global kinematic offsets contribute less than 0.1% in the DIS regime
when taking the cross section ratio of targets at the same time. Another contribution that will be
relevant in this experiment is the reproducibility of kinematic settings when data are taken in two
different time periods, as will be the case for the e+/e− cross section ratios for LH2 and LD2. While
the absolute beam energy can be measured to a precision of δE/E of 5× 10−4, the relative energy can
be tracked using the so-called Tiefenback energy to about 1 MeV. The knowledge of absolute value
of the central momentum of the Hall C spectrometers is of the order 1 × 10−3, the reproducibility of
the spectrometers momentum setting is of the order 2 − 3 × 10−4. Both of these contributions are
significantly smaller than a 0.1% effect on the cross section (and therefore the ratio). The central
angles of the spectrometers are reproducible to about 0.2 mrad, which results in a 0.15% to 0.46%
variation in the DIS and SIDIS cross sections. This will contribute directly to the e+/e− cross section
ratios for the cryogenic targets.

2.3.2 Beam current measurement

The beam current in Hall C is typically measured using the combination of the hall BCMs and the
Unser monitor to provide an absolute calibration. The absolute uncertainty in the beam current
measurement using this technique is dominated by the 200 nA noise in the Unser. At beam currents
of 20-30 µA, this results in absolute uncertainties of 0.7–1%.

For the lower current (1 µA) positron beam, the Unser cannot be used to provide the absolute
calibration. Rather, one can calibrate the hall BCMs relative to the Faraday cup in the injector. This
calibration assumes no or minimal beam loss between the injector and Hall C, so will have a somewhat
larger uncertainty. We assume a relative uncertainty of about 2% (similar to that achieved during the
Q-Weak experiment [40]) will be achievable.

The absolute BCM calibration will result in a normalization (or scale) uncertainty when forming
the e+/e− ratios. In this case, we are also concerned about potential point-to-point, or ε dependent
uncertainties. Since there are several BCMs in Hall C (5), the time-dependence can be monitored
by comparing different pairs of BCMs. This was done for E12-10-008, and an uncertainty of 0.35%
was assigned due to these variations. We assume that we can achieve similar precision during this
experiment.

For the Coulomb Correction measurements, only the point-to-point uncertainty applies since one
will be comparing electron A/H ratios to positron ratios.

2.3.3 Target Cell Background

The 10 cm hydrogen target cell has aluminum walls that will contribute a background to this measure-
ment. In order to characterize and subtract this contribution, we will include an empty target cell to
measure the contribution from the cell. We plan to allocate additional time to this equivalent to 20%
of the beam time used on the hydrogen target. Measurement of this background should contribute
negligible systematic uncertainty since identical targets will be used for electron and positron running.

2.3.4 Charge Symmetric Background

A common background source for inclusive scattering is charge symmetric background (CSB). This
background is excess detection of electrons (positrons) due to pair production processes, most com-
monly π0 decay to a photon pair followed by the subsequent production of an e+e− pair from one of
the photons. This has been found to be a significant background source for inclusive DIS, though it has
been found to be largely insignificant in SIDIS data [2]. The data necessary for parameterizing CSB
will be collected during the experiments E12-06-104, E12-14-002, and E12-24-001. The π0 production
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Figure 3.36: Charge asymmetry of pion yields, normalized by the corresponding
electron yield, as a function of momentum at 20◦. The largest observed asymmetry
at this angle is only 0.1% of the corresponding electron yield.

3.12.3 Charge-Symmetric Background

e+ e− pairs can be formed via pair production from high-energy photons, forming a

charge-symmetric background of positrons and electrons. These pair-produced elec-

trons can enter the detector and are indistinguishable from electrons that originated

from the electron beam. As these pair-produced electrons are not from the process

that we are trying to measure (usually DIS) but are indistinguishable from the elec-

trons that are, we need to remove them from our data. Fortunately, because there

is a positron for each pair-produced electron, we can use the positive polarity data

to determine the positron yield, subtract the positron yield from the total electron

Figure 20: Left: Measurement of the difference in charged pion yield (π−−π+)) relative to the electron
yield from experiment E03-103 [41]. Data were taken at Ebeam = 5.77 GeV with the HMS at 40◦.
Right: Difference in charged pion yield relative to electron yield from E12-10-008 [42]. Data were taken
at 10.5 GeV with the HMS at 20◦.

cross section does not change between an electron and a positron beam which allows us to use these
past data for characterizing and subtracting our background for both beam species.

2.3.5 Pion backgrounds

Pions are rejected in the Hall C spectrometers using a combination of their lead-glass calorimeters
and threshold gas Cherenkov detectors. In the analysis of electron data in Hall C, one can empiri-
cally measure the amount of pion contamination that remains after applying appropriate particle ID
constraints by studying “open trigger” data that includes a significant pion sample. In most cases, it
turns out that the π− and π− inclusive cross sections are similar enough that in the act of subtraction
the charge symmetric background (which will include some contamination from inclusive π+) we are
also subtracting any residual pion contamination.

The effectiveness of this subtraction is illustrated in the figure below 20. The plots show the
difference in charged pion yield (π− − π+) compared to the electron yield. The plot on the left is
from the E03-103 (Ebeam ≈ 6 GeV) data in Hall C, while the plot on the right is from the recent
E12-10-008, 12 GeV experiment. In both cases, the charged pion difference is only a small fraction
when compared to the electron yield (at most 0.2% at small momentum, low energy) yielding a small
systematic uncertainty in the resulting pion contamination. Since the positron inclusive cross sections
are expected to be similar to the electron cross section, the pion contamination effects will be similar.
We assume a 0.2% point-to-point uncertainty in electron-positron cross section ratios, and similar for
the CC target ratios.

2.3.6 Radiative Corrections

This experiment will attempt to glean information about possible contributions from hard two-photon
exchange via the measurement of cross section ratios. Since the primary observable is the ratio of
cross sections from the same target (or pair of targets), the only notable source of uncertainty due to
conventional radiative cross sections is that from the difference in radiative corrections between the
two measurements.

For the ratio of e+ to e− cross sections, since the same targets will be used, the only source of
uncertainty in the difference of radiative cross sections will come from possible differences in the Born
cross section leading to different corrections. Even with effects from hard two-photon exchange, the
e+ and e− cross sections will be similar enough that this contribution should be small. We assign a
(conservative) uncertainty of 0.5% to the difference in radiative corrections between the e+ and e−

cross sections.
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For the study of Coulomb Corrections, similar considerations apply. While the A/D ratio itself may
have somewhat large radiative correction uncertainties, the A/D super-ratio will have small uncertainty
on the difference in radiative corrections. We again assume 0.5% for the uncertainty in this observable.

2.3.7 Target boiling

The positron data will be taken at very low currents, so the impact of target heating due to the electron
beam will be small. However, the electron data will be taken at higher currents, of the order 25 µA.
The density reduction of standard Hall C cryotargets has been measured to be ≈ 2.5± 0.3%/100µA.
At the nominal electron current planned for this experiment, this translates to an uncertainty of about
0.1% on the effective target thickness.

The systematic uncertainties for the two-photon and Coulomb Correction measurements are sum-
marized in Tables 1 and 2. The point-to-point systematic uncertainties for each case are ∼0.5%,
while the scale uncertainties are 2.1% for the two-photon measurements and 0.56% for the Coulomb
Corrections.

Source δR/R (%) δR/R (%)
point-to-point scale

Spectrometer momentum - < 0.1%
Beam energy - < 0.1%
θspec 0.15-0.46% < 0.1%
Charge 0.35% 2%
Target Boiling - 0.1%
Total dead time 0.15% 0.14%
Detector efficiency 0.11% -
Charge Symmetric Background - -
Pion background 0.2% -
Radiative Corrections - 0.5%
Acceptance 0.1-0.14% -
Cryotarget wall subtraction - -

Total 0.48-0.65% 2.07%

Table 1: Projected systematic uncertainties for measurement of the e+/e− cross section ratios for
inclusive and semi-inclusive DIS. Uncertainties are broken into point-to-point and overall scale contri-
butions. Uncertainties are based on those achieved in previous Hall C experiments, with modifications
to account for the unique positron running conditions.

2.4 Kinematics

While the impact of these proposed data would be maximized by studying TPE for SIDIS at all of the
kinematics of E12-06-104 and for DIS at all of the kinematics of E12-14-002, we have opted to propose
this experiment using a tailored subset of these kinematics in recognition of the substantial beam time
request the alternative would require. The details of the choice of this subset are discussed below.

2.4.1 SIDIS

In the interest of time, we plan to use two triggers, coincidence and HMS single-arm, to record both DIS
and SIDIS data at the same time. As SIDIS is a much lower rate reaction, the DIS data uncertainties
will be dominated by systematics with very little statistical uncertainty contribution. The kinematics
selected are listed in Table 3. These kinematics are the same for the SIDIS TPE and CC studies, with
the exception of the z scan at x = 0.25, Q2 = 3.3 and the π− measurements which will be omitted for
CC studies.

2.4.2 Inclusive DIS

By using a coincidence (SIDIS) and singles (inclusive) triggers, a portion of the inclusive data collection
will not add additional time to the total amount of beam time. Additionally, since the SIDIS event
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Source δR/R (%) δR/R (%)
point-to-point scale

Spectrometer momentum - < 0.1%
Beam energy - < 0.1%
θspec - < 0.1%
Charge 0.35% -
Target Boiling - 0.1%
Total dead time 0.15% 0.14%
Detector efficiency 0.11% -
Charge Symmetric Background - -
Pion background 0.2% -
Radiative Corrections - 0.5%
Acceptance 0.2% -
Cryotarget wall subtraction - -

Total 0.49% 0.56%

Table 2: Projected systematic uncertainties for measurement of the super-ratio, (σA/σH)e
+

(σA/σH)e−
. Uncertain-

ties are broken into point-to-point and overall scale contributions. Uncertainties are based on those
achieved in previous Hall C experiments, with modifications to account for the unique positron running
conditions.

HMS SHMS
x Q2 E0 z Ee′ θe′ Eπ θπ

0.25 3.3 8.6 0.36 1.6 28.7◦ 2.6 7.9◦

0.5 1.6 28.7◦ 3.6 7.9◦

0.67 1.6 28.7◦ 4.9 7.9◦

0.25 3.3 10.7 0.36 3.7 16.7◦ 2.6 10.3◦

0.5 3.7 16.7◦ 3.6 10.3◦

0.67 3.7 16.7◦ 4.9 10.3◦

0.31 3.1 6.5 0.5 1.1 37.7◦ 2.8 9.2◦

8.6 0.5 3.3 19.2◦ 2.8 13◦

10.7 0.5 5.4 13.4◦ 2.8 14.7◦

Table 3: The kinematic and spectrometer settings for SIDIS TPE studies. The HMS will be set to
detect the scattered beam lepton. The SHMS will be set to detect the final hadronic state pion. For
all kinematics, θπq = 2◦. All kinematics will be recorded with a π+ in the final state. The three data
points at x = 0.31 and Q2 = 3.1 GeV2 will also be recorded for a π− final state. All lepton kinematics
will be simultaneously recorded with an inclusive trigger in the HMS for the DIS TPE studies.

rate is smaller than the inclusive, this ensures sufficient statistical precision for the kinematics. Along
with these overlapping kinematics, we will also make measurements at two additional settings. These
will allow for the investigation of possible x and Q2 TPE effects. At these settings, we will match
the precision of the E12-14-002 experiment. The full kinematic coverage is enumerated in Table 4 and
shown in Figure 21.

3 Beamtime Request

3.1 SIDIS Two-Photon Exchange

Table 5 enumerates the kinematics and beam time request for the SIDIS TPE measurements. This
includes two x, Q2 points as well as a z-scan at x = 0.25, Q2 = 3.3. All kinematics will record data
with a π+ in the final state. We will also record data with a π− in the final state at the x = 0.31,
Q2 = 3.1 kinematic. These data will be recorded using the 10cm hydrogen target. To achieve a 1%
statistical uncertainty, we aim to collect 10k SIDIS events at each kinematic. Our projections for these
results are shown in Fig. 22 using TPE predictions extracted from Fig. 10. Note that the kinematics
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x Q2 E0 ε Ee‘ θe‘

0.25 3.3 8.6 0.32 1.6 28.7◦

10.7 0.59 3.7 16.7◦

0.31 3.1 6.5 0.3 1.1 37.7◦

8.6 0.63 3.3 19.2◦

10.7 0.78 5.4 13.4◦

0.1 1 6.5 0.34 1.2 20.9◦

8.6 0.66 3.3 10.8◦

10.7 0.8 5.4 7.6◦

0.225 1.9 5.5 0.33 1 34.2◦

6.5 0.55 2 22◦

8.6 0.77 4.1 13.3◦

10.7 0.87 6.2 9.7◦

0.3 1.9 4.4 0.41 1 37.9◦

5.5 0.66 2.1 23.3◦

6.5 0.78 3.1 17.6◦

8.6 0.89 5.2 11.8◦

0.3 3 6.5 0.33 1.2 36.6◦

8.6 0.66 3.3 18.8◦

10.7 0.8 5.4 13.1◦

0.4 3 5.5 0.48 1.5 35.1◦

6.5 0.66 2.5 24.8◦

8.6 0.83 4.6 15.8◦

10.7 0.9 6.7 11.7◦

0.5 3 4.4 0.47 1.2 44.2◦

5.5 0.7 2.3 28.2◦

6.5 0.8 3.3 21.5◦

8.6 0.9 5.4 14.6◦

10.7 0.94 7.5 11.1◦

0.5 5 6.5 0.31 1.2 47.8◦

8.6 0.65 3.3 24.3◦

10.7 0.8 5.4 17◦

0.6 5 5.5 0.32 1.1 55.2◦

6.5 0.55 2.1 35.6◦

8.6 0.78 4.2 21.6◦

10.7 0.87 6.3 15.7◦

Table 4: Kinematics for DIS TPE studies. The first two x, Q2 entries are taken simultaneously with
the SIDIS TPE data. The rest are recorded separately with x = 0.5 and above in the HMS and below
x = 0.5 in the SHMS.
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Figure 21: Kinematic coverage for TPE studies in inclusive DIS.

Times (hrs)
x Q2 E0 ε z π+, e+ π+, e− π−, e+ π−, e−

0.25 3.3 8.6 0.32 0.36 49.4 2
0.5 36.4 1.5
0.67 37.8 1.5

0.25 3.3 10.7 0.59 0.36 6.3 1
0.5 4.7 1
0.67 5 1

0.31 3.1 6.5 0.3 0.5 105.8 4.2 252.5 10.1
8.6 0.63 0.5 8.6 1 20.1 1
10.7 0.78 0.5 2.3 1 5.3 1

Totals 256.3 14.2 277.9 12.1

Table 5: Kinematics and time request for studies of two-photon exchange in SIDIS. The four time
columns have headers that show the hadronic final state detected in the SHMS followed by the lepton
beam type. All times were calculated for a 10k statistics goal. Times using a positron beam assume a
current of 1 µA. Times using an electron beam assume 25 µA. Particularly short electron beam times
have been rounded up to require a minimum of 1 hour at each setting. These kinematics include two
x, Q2 points and a z scan at the x = 0.25, Q2 = 3.3 as is planned for E12-06-104 [2]. All kinematics
above have θπq = 2◦.

of the prediction and our projections are close, but not identical. Our kinematics are at a higher Q2

than the predictions and it is expected that TPE will increase with Q2. In all, these data will allow
us to study whether TPE in SIDIS is different from TPE in DIS, dependent on z, and dependent on
the hadronic final state.

3.2 Inclusive DIS

Inclusive DIS data for TPE will be recorded at the same time as the SIDIS TPE data to get two
data points. However, by not selecting a specific hadronic final state, DIS data can be recorded much
more rapidly than SIDIS. For that reason, we have opted to include a larger subset of data for DIS
that will not be taken at the same time as SIDIS, which would require a prohibitively large amount of
time to achieve useful statistics. For this, we have selected additional data points from the E12-14-002
experiment [4] that allow us to cover a large range in x, from 0.1 to 0.6, and at a variety of Q2 values,
from 1 to 5 GeV2 with a few Q2 values having multiple x measurements to assess the x dependence of
TPE effects.

As the SHMS will not be used for SIDIS pions during these measurements, we will divide the
kinematics between the two spectrometers so that multiple kinematics can be studied at once. For
this, we have chosen all data points at x = 0.5 and x = 0.6 to be in the HMS as they are lower
rate and the HMS has a larger solid angle. All other kinematics will be studied in the SHMS. This
is not a strictly 50/50 division going by raw hours required, but it ensures that each spectrometer
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Figure 22: Projections for the SIDIS TPE measurements. These figures include a 1% statistical
uncertainty in each cross section and projected systematic uncertainties from Table 1. The yellow-
band shows the normalization uncertainty of 2.07% anticipated from recording positron and electron
data in the same run period.
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Figure 23: Projections for the DIS TPE measurements. These figures include projected systematic
uncertainties from Table 1 and projected statistical uncertainties. As these data are higher rate than
SIDIS and recorded concurrently, the statistical uncertainties are negligible. The yellow-band shows
the normalization uncertainty of 2.07% anticipated from recording positron and electron data in the
same run period.

has a kinematic at each beam energy (that is, if we only put the two highest Q2 kinematics in the
HMS it would not have any measurements during the beam time at 4.4 GeV) and that the lower rate
kinematics can be completed successfully. As such, though the lower x kinematics do not need the
full time we will devote to the higher x kinematics, they will instead benefit from increased statistics.
This is a benefit as the TPE effects are predicted to be smaller at the lower x kinematics.

Projections for the kinematics recorded simultaneously with the SIDIS data are shown in Fig. 23.
As the SIDIS rate as substantially lower than the DIS rate, the statistical uncertainties on these data
are negligible. Projections for the kinematics recorded independently are shown in Fig. 24. The beam
time requests were initially determined with a goal of 1% statistical uncertainty in each of the e+ and
e− measurements. These uncertainties have been improved due to rounding and, particularly in the
case of e− measurements, a requirement that each kinematic be recorded for a minimum of an hour.
The statistical uncertainties in these projections reflect the anticipated total statistics based on the
times listed in Table 6. While we have noted above that there will also be some further statistical
improvement due to the way we have divided the time between the two spectrometers, we have not
included that in these figures.

The magnitude of TPE effects in both figures are calculated using a prescription a prescription
from Ref. [43],

δ2γ = −0.069 (1− ε) ln
(
0.394GeV−2Q2 + 1

)
. (16)

This equation is based on a fit to world elastic data and assumes the full form factor discrepancy is
attributable to “hard” TPE. The fit also assumes that there is a Q2 dependent piece that incorporates
quark degrees of freedom for high Q2 scattering. We have opted to use this fit in the absence of any
available calculations for TPE in DIS.

3.3 SIDIS Coulomb Corrections

The data on the copper target for the study of Coulomb Corrections cannot be recorded in tandem
with the other studies as it requires a different target. However, the hydrogen data necessary is the
same data needed for the SIDIS TPE studies and does not require additional time. In table 7, we
summarize the kinematics and beam time request for this study. The times in the table are only for the
copper target since the hydrogen data is already accounted for. The Coulomb Corrections kinematics
are identical to the SIDIS TPE kinematics with the omission of the z-scan and the π− data. That is,
the SHMS will be set to detect π+ with z = 0.5 and θpq = 2◦. Projected results, assuming the IEMA
is valid, are shown in Figure 25.
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SHMS Time (hrs) HMS Time (hrs)
x Q2 E0 ε e+ e− e+ e−

0.1 1 6.5 0.34 1 1
8.6 0.66 1 1
10.7 0.8 1 1

0.225 1.9 5.5 0.33 1 1
6.5 0.55 1 1
8.6 0.77 1 1
10.7 0.87 1 1

0.3 1.9 4.4 0.38 1 1
5.5 0.63 1 1
6.5 0.76 1 1
8.6 0.88 1 1

0.3 3 6.5 0.33 1 1
8.6 0.66 1 1
10.7 0.8 1 1

0.4 3 5.5 0.44 2 1
6.6 0.63 1 1
8.6 0.81 1 1
10.7 0.89 1 1

0.5 3 4.4 0.47 5 1
5.5 0.7 2 1
6.6 0.8 1 1
8.8 0.9 1 1

0.5 5 6.6 0.3 16 1
8.8 0.64 4 1
11 0.79 3 1

0.6 5 5.5 0.27 20 1
6.6 0.51 6 1
8.8 0.75 3 1
10.7 0.85 2 1

Totals 19 18 63 11

Table 6: Kinematics for Two Photon Exchange studies in inclusive Deep Inelastic Scattering. The two
x, Q2 settings in Table 5 will also have DIS TPE data but are omitted here as they do not require
additional beam time beyond the time required for the SIDIS TPE data. The kinematics here cannot
be recorded concurrently with the SIDIS data and thus require additional beam time. Kinematics
at x = 0.5 and above will be recorded in the HMS and kinematics below x = 0.5 will be recorded
in the SHMS. For the positron beam, the HMS time drives the beam time request. For the electron
beam, the SHMS time drives the beam time request. These times were chosen to achieve 1% statistical
uncertainty and then adjusted to so that no setting was shorter than 1 hour.
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Figure 24: Projections for the non-concurrent DIS TPE measurements. These figures include projected
systematic uncertainties from Table 1 and the projected statistical uncertainties in each cross section
measurement. These data will allow for characterization of the Q2 and x dependence of TPE effects
in inclusive DIS. The yellow-band shows the normalization uncertainty of 2.07% anticipated from
recording positron and electron data in the same run period.

Times (hrs)
x Q2 (GeV2) E0 (GeV) ε e+ e−

0.25 3.3 8.6 0.60 88.5 3.5
10.7 0.33 11.5 1

0.31 3.1 6.5 0.30 252.6 10.1
8.6 0.63 21.8 1
10.7 0.78 5.8 1

Totals 380.2 16.6

Table 7: Kinematics and beam time requests for Coulomb Correction studies. These studies are all
done at z = 0.5. The times included in this table only include the time needed for the copper target.
The hydrogen data required to form the double ratio are the same as the data that is planned for
SIDIS TPE, so that time is already included in Table 5. The e+ time column assumes a 1 µA positron
beam. The e− time column assumes a 25 µA electron beam. The electron beam times have been
adjusted to require a minimum of 1 hour at each setting.
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Figure 25: Projections for the measurement of the super-ratio, (σA/σH)e
+

(σA/σH)e−
. The yellow band indicates

the 1σ normalization uncertainty, while the error bars on the points include statistical (1% in each
cross section measurement) and point-to-point systematic uncertainties combined in quadrature. The
systematic uncertainties included are enumerated in Table 2.

3.4 Total Request and Overhead

Table 8 summarizes the total beam time request of this proposal. Included are the times needed
for production data, as well as activities related to kinematic and target changes, pass changes, and
background studies. We assume 1 hour per kinematic change, 15 minutes for target changes, and
8 hours (one shift) for each pass change. Kinematic changes include angle and momentum changes
for either or both spectrometers. This table include the production time and overhead for both the
positron and electron measurements. Note that the time to switch the beam from positrons to electrons
is not included.

As previously stated, the times assume a 1 µA positron beam and a 25 µA electron beam. The
calculated times were set to achieve 1% statistical uncertainty on each cross section point. If higher
currents are available (particularly for the positron beam), we would aim to use that in order to achieve
higher statistical precision.

4 Experiments with similar or related goals

There are no other experiments that aim to study the same physics as this proposal. That being
said, there are several planned JLab experiments that are highly related and complimentary to this
measurement. Below, we discuss the goals and techniques of these experiments and how they differ
from this proposal.

4.1 Single Spin Asymmetry Experiments

An approved experiment, E12-22-004 [44], will measure the beam normal single spin asymmetry for
DIS using the future SoLID spectrometer. This will provide the first precision measurement of the
asymmetry in DIS and will complement future target normal single spin asymmetry measurements.
This asymmetry is sensitive to the imaginary component of the TPE amplitude.
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Activity e+ Time (hrs) e− Time (hrs)

TPE π+ Production 256.3 14.2
TPE π− Production 277.9 12.1
CC Production 380.2 16.6
Dedicated DIS Production 63 18
Pass Changes 40 40
Kinematic Changes 38 38
Target Changes 21 21
Empty Target 119.4 8.9
Target Boiling Studies 4 4
BCM Calibrations 8 8
Detector Checkout 12

Subtotals 1219.8 180.8

Total 1400.6 hours (58.4 days)

Table 8: Total time request broken down by activity and beam type

Additionally a run group experiment with SoLID [45] with measure the target normal single spin
asymmetries for DIS using a transversely polarized 3He and NH3 target, allowing to measure the
asymmetry for both protons and neutrons.

4.2 JLab Elastic Two Photon Exchange Experiments

JLab E12+23-008 [46] will study TPE in the elastic regime using the CLAS12 spectrometer using a
similar technique to this proposal. This experiment will record coincident e+ − p and e− − p events in
order to form an R2γ = e+/e− ratio for a wide Q2 range.

JLab E12+23-012 [14] will study TPE in the elastic regime using the HMS in Hall C to perform
Super Rosenbluth extractions. This experiment will detect the recoil proton which is less susceptible
to uncertainties arising from the beam energy and spectrometer angle.

4.3 Inelastic RLT Experiments

As discussed in Section 1.4, there are three upcoming experiments in Hall C that will study RLT in
SIDIS (E12-06-104 [2]), in nuclear SIDIS (E12-24-001 [3]), and in inclusive DIS (E12-14-002 [4]). These
experiments are highly related to our proposal in that we aim to mirror many of their kinematics so
that our results may have maximal impact on their results. Specifically, TPE and CC, if sizable, are
able to meaningfully change the physics interpretations of these results. This aspect of their analysis
cannot be assessed without this proposed measurement.

4.4 DIS Coulomb Corrections Experiment

JLab E12+23-003 [1] will study Coulomb Corrections in inclusive DIS. The technique used is identical
to ours (i.e. e+/e− super ratio with a nuclear target), but is does not study SIDIS. We believe that
this experiment and ours are highly complimentary in that it is critical to understand CCs in both
scattering regimes. Additionally, it is an open question if CCs are the same in DIS and SIDIS.

5 Summary

This proposal aims to use the planned CEBAF positron upgrade (Ce+BAF) to study two-photon
exchange in inclusive and semi-inclusive deep inelastic scattering and Coulomb Corrections in semi-
inclusive deep inelastic scattering. These processes are nearly completely unmeasured and uncon-
strained and may have a significant impact on the interpretation of past and future JLab data. Of
particular note, if these effects are sizable, they can dramatically change the results of upcoming LT
separation measurements. The opportunity to measure this with Ce+BAF will have wide-ranging
impact for JLab data and beyond.
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