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Executive Summary

Measurements of elastic electron scattering data within the past decade have highlighted two-photon
exchange contributions as a necessary ingredient in theoretical calculations to precisely evaluate both
inclusive and exclusive elastic cross sections. This correction can modify the cross section at the few
percent level. In contrast, dispersive effects that originate from virtual excitation during the scattering
process can cause significantly larger deviations. A recent analysis of the 12C electron elastic cross
section around the first diffraction minimum, where the Born term contributions to the cross section
are small to maximize the sensitivity to dispersive effects, indicates a possible 30% contribution of such
effects to the cross section at 1 GeV: their magnitude has been confirmed to be large with a strong
energy dependence. Furthermore, the sign of these effects seem to change with the probe, positive
(negative) for electrons (positrons), in contradiction with theoretical prediction. These effects could
account for a large fraction of the magnitude for the observed quenching of the longitudinal nuclear
response (e.g., Coulomb sum rule), play an important role in the extraction of nuclear radii extracted
from both unpolarized and parity-violating asymmetry experiments (e.g., neutron skin puzzle), provide
constraints on the understanding of the nuclear structure in addition to placing upper limits on the
electron dipole moment. The absolute quantification of these effects require the comparison
of elastically scattered electron and positron beams off nuclei. This proposal aims to map out
the magnitude of dispersive effects, e.g., measure both their real and imaginary parts that enter into
the scattering amplitude, through unpolarized inclusive A(e, e′) electron and positron elastic scattering
around the first and second diffraction minima of eight nuclei (12C, 27Al, 63Cu, 48Ca, 56Fe, 196Pt, 208Pb
and 209Bi) for four incident beam energies (0.70, 1.06, 2.12, and 4.24 GeV) in the experimental Hall
C at Jefferson Lab. We propose to accomplish this in two phases: phase 1 will provide qualitative
information about these effects from A(e−, e−) by comparing the measured cross sections to theoretical
calculations and phase 2 will measure the absolute magnitude of these effects by comparing the cross
sections from A(e−, e−) and A(e+, e+). These measurements will consist of the first ever
comprehensive study and energy dependence of these effects.
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1 Introduction

During the 80s and 90s, higher order corrections to the first Born approximation were extensively
studied through dedicated elastic and quasi-elastic scattering experiments using unpolarized electron
and positron beams (see [1, 2, 3, 4, 5, 6] and references therein), following the seminal paper from [7].
These effects scale as SHOB = VC/Ee where SHOB is the scaling factor to account for higher order
corrections to the Born approximation, VC is the Coulomb potential of the target nucleus and Ee is
the incident energy of the lepton probe [6]. Incidentally, they are expected to be small in the medium
to intermediate energy regime, and have been neglected in the analysis of GeV energy regime.

Figure 1: High-order corrections to the one-photon exchange Born ap-
proximation in electron/positron-nucleus scattering.

In the 1st order approximation, the scattering cross section is evaluated using plane wave func-
tions for the incoming and outgoing electrons. This approach is also known as the Plane Wave Born
approximation (PWBA) or simply the Born Approximation (Fig. 1). Coulomb corrections originate
from the Coulomb field of the target nucleus that causes an acceleration (deceleration) of the incoming
(outgoing) electrons and a Coulomb distortion of the plane waves: these effects are treated within a
Distorted Wave Born Approximation (DWBA) analysis for inelastic scattering or elastic/quasi-elastic
scattering on heavy nuclei [6]. Two other corrections are required to properly evaluate the scattering
cross section: radiative corrections due to energy loss processes and dispersive effects due to virtual
excitations of the nucleus at the moment of the interaction.

Within the last decade, a renewed interest arose from a discrepancy between unpolarized and
polarized elastic scattering data on the measurement of the proton form factor ratio µGp

E/G
p
M which

can be attributed to the contribution of two-photon exchanges [8, 9, 10, 11, 12, 13, 14, 15]. These effects
have been investigated with a series of dedicated experiments [16, 17, 18, 19] (also see reviews [20, 21, 22]
and references therein), including their impact on the measurement of form factors for nucleons and
light (A ≤ 3) nuclei. They include both Coulomb corrections [6, 23], excited intermediate states
and treatment of the off-shell nucleons through dispersion relations as a function of the 4-momentum
transfer.

2 Physics Motivation

2.1 Dispersive Corrections

The electromagnetic nuclear elastic cross section for electrons/positrons can be expressed as:

dσ

dΩ
=

( dσ

dΩ

)
Mott

| F (q2) |2 (1)

where
(

dσ
dΩ

)
Mott

is the Mott cross section corresponding to the scattering on a point-like nuclear target,

F (q2) represents the form factor and q2 = −Q2 is the 4-momentum transfer.
Theoretical calculations for dispersive effects in elastic electron scattering for p-shell, spin-0 targets

such as 12C were performed in the mid-70s by Friar and Rosen [24]. They used a harmonic oscillator
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model and only the longitudinal (Coulomb) component to calculate the scattering amplitude within
the PWBA approximation; the transverse component was neglected. The mscattering amplitude –
considering only the contribution from the dominant two photon exchange diagrams – can be written
as:

Mdisp =
∑
n ̸=0

∫
d3p⃗

q⃗21 q⃗
2
2

⟨0|ρ(q⃗2)|n⟩ ⟨n|ρ(q⃗1)|0⟩
p2 − p2n − iε

a(pn) (2)

with: 
a(pn) = Eepn[1 + cos θ] + p⃗ · (p⃗e + p⃗e′)

pn = Ee − ωn − p2−E2
e

2Mp

p = pe − pe′

(3)

where: pe = (Ee, p⃗e) and pe′ = (Ee′ , p⃗e′) the 4-momentum of the incoming and outgoing electrons,
respectively, and q⃗1,2 the 3-momenta of the two photons exchanged. θ is the angle between the
incoming and outgoing electrons. ρ(q⃗1) and ρ(q⃗2) are the charge operators associated with the two
virtual photons, respectively, and using the notation of [24] with êi(q⃗) the charge distribution (operator
in the isospin space) of the ith nucleon, gives: ρ(q⃗) =

∑A
i=1 êi(q⃗)e

iq⃗·x⃗′
i

ê(q⃗) =
∫
ê(x⃗)eiq⃗·x⃗d3x⃗

(4)

In their calculation, Friar and Rosen [24] also considered that all nuclear excitation states |n⟩ have
the same mean excitation energy ω, allowing to apply the closure relation:

∑
|n⟩ ⟨n| = 1. Including

the elastic scattering and dispersion corrections leads to:

Melast+disp = (αZ)F (q2) + (αZ)2G(q2) (5)

with G(q2) arising from two-photon exchange diagrams (including cross-diagram, seagull . . . ). Hence:

|Melast+disp|2 = (αZ)2
[
F (q2)

]2
+ 2(αZ)3

[
F (q2)Re{G(q2)}

]
+ (αZ)4

[
|Re{G(q2)}|2 + |Im{G(q2)}|2

] (6)

Therefore, the scattering amplitude is governed by F (q2) and the real part of G(q2) outside the
minima of diffraction (where F (q2) ̸= 0). The imaginary part of G(q2) is most important inside the
minima of diffraction where the term F (q2) goes to zero.

Experimentally, in order to extract the magnitude of the dispersive effects, one
must compare the scattering of both electrons and positrons off nuclear targets
to extract Re{G(q2)} since the even powers in the scattering amplitude cancel.
Im{G(q2)} can then be inferred from the remaining strength observed outside
the minima.

The momentum transfer q is also modified to account for the Coulomb effects into an effective mo-
mentum transfer qeff [6, 23, 25]:

q = 4EeEe′ sin
2(θ/2) → qeff = 4Ee,effEe′,eff sin

2(θ/2) (7)

with Ee,eff = Ee

(
1 ± |VC |

Ee

)
and Ee′,eff = Ee′

(
1 ± |VC |

Ee

)
. |VC | is the (magnitude of the) Coulomb

potential of the target nucleus and the positive (negative) sign accounts for the acceleration (decel-
eration) of the lepton probe. The corresponding experimentally measured cross section can then be
compared to the theoretical cross section calculated using a static charge density [4].

Figure 2 compares the current world data status on the magnitude of dispersive effects in the first
minimum of 12C. σstat represents the cross section obtained from a static charge distribution. The
average of a first (solid line) and second (dashed line) order polynomial fits predicts a deviation at
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Figure 2: Left panel – World data on the energy dependence of dispersive effects
in the first diffraction minimum of 12C. Right panel – Calculations of Friar and
Rosen [24] for dispersion corrections to elastic electron scattering from 12C at
374.5 and 747.2 MeV in the first diffraction minimum qeff = 1.84 fm−1.

Figure 3: Left panel: dispersive effects measured with a positron beam at 450 MeV
compared to electron data in the first minium of diffraction of 12C [5]. Right
panel: prediction from Rawitscher [26] showing the dispersion correction for both
electrons and positrons on 40Ca at 250 MeV (top) and the location of the first and
secon minimum (bottom).
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1 GeV of 30.6%. The theoretical prediction from Friar and Rosen [24] is shown in the right panel of
Fig. 2 for 374.5 MeV and 747.2 MeV: the expected (constant) 2% predicted discrepancy is
clearly not reproducing the magnitude and energy dependence behavior seen in the data.

In the left panel of Fig. 3, we also compare the only datum measured with positrons to electrons [5].
Due to time constraint, the poor statistics led to a large error bar: σe+/σstat = (−44 ± 30)%. Using
a phase-shift analysis under the assumption that the inelastic excitation is represented by a single
monopole transition and that the nuclear excitation energy can be neglected, Rawitscher [26] predicts
a small effect inside the first minimum of diffraction, around 5% (Fig. 3, right panel). Furthermore,
the same sign and amplitude is expected for both electrons and positrons for 250 MeV electrons
and positrons incident on 40Ca inside the minimum while there should be opposite signs outside, in
contradiction with the experimental observation.

The sign of the dispersive effects as a function of the lepton probe (e.g., e±)
is necessary to correctly understand their contributions within and outside
minima of diffraction.

2.2 Impacts on the nuclear matter

The dispersive cross section σdisp = σstat+disp = σexp can be expressed as a function of the cross
section σstat:

σdisp = σstat[1 + δdisp(Ee)] (8)

with δdisp(Ee) the higher order correction to the Born Approximation, σdisp obtained from experimen-
tal measurements, and σstat the expected cross section from the Born Approximation. Equation (8)
states that the observed experimental cross sections could be modeled by a small multiplicative per-
turbation added to the static cross section.

2.2.1 Effects on nuclear radii

In the Plane Wave Born Approximation, the nuclear charge density distribution ρch(r) is the Fourier
transform of the nuclear form factor and for spherically symmetric charge distributions the relation
is [27]:

ρch(r) =
1

2π2

∫
Fch(q)

sin(qr)

qr
q2dq (9)

ρch(r) can thus be extracted from the experimentally measured Fch(q
2) and it is usually normalized

to either 1 or the total charge of the nucleus. A model independent analysis can be done to extract
the nuclear charge density distributions using either a sum of Gaussian (SOG) [28] or sum of Bessel
(FB) [29] functions [27]. One can use the zero’th spherical Bessel function j0(r) = sin(qr)/qr to expand
the charge density as:

ρFBch (r) =


∑

ν aνj0
(

νπr
Rcut

)
for r ≤ Rcut

0 for r > Rcut

(10)

with Rcut the cut-off radius chosen such as the charge distribution is zero beyond that value and the
coefficients aν related to the form factor as aν = q2νFch(qν)/2πRcut, where qν = νπ/Rcut is obtained
from the ν-th zero of the Bessel function j0.

Ignoring the contribution of the neutrons to the electric charge distribution of the nucleus, ρch(r)
could be considered as resulting from folding the distribution ρnuc(r) of the protons inside the nucleus
with the finite extension of the protons ρp(r) [29]. The Fourier transform of ρch(r) is then given by
the product of the transform of ρnuc(r) and ρp(r):

Fch(q) = Fnuc(q)Fp(q) (11)

The relationship between the corresponding radii is:

R2
ch = R2

nuc +R2
p (12)

with Rp = 0.8414(19) fm the proton radius [30]. The rms ⟨r2ch⟩1/2 is then:
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⟨r2ch⟩ =
∫ Rcut

0

ρch(r)r
2d3r = 4π

∫ Rcut

0

ρch(r)r
4dr = ⟨r2ch⟩ = 4π

∑
ν

aν
(−1)νR5

cut(6− ν2π2)

ν4π4
(13)

Therefore, all the coefficients aν of the Fourier Bessel expansion play a role in estimating the radius
of the charge density distribution, decreasing in importance as 1/ν2. If the measured cross sections
used to extract the value of the form factor Fch(q) are indeed modified by the dispersive corrections,
then the change would propagate through the fitted coefficients aν to the estimate of the charge radius
Rch ≡ ⟨r2ch⟩1/2. The total change in Rch can be written as [31]:

δRch =

N∑
i

∂Rch

∂yi
δyi =

N∑
i

( M∑
ν

∂Rch

∂aν

∂aν
∂yi

)
δyi, (14)

where δyi is the change in the ith value of the form factor yi = F (qi), in this case due to the dispersive
effects. If we assume that we can separate the total effect of the dispersive effects on the form factor
values as:

Fdisp(q) = F (q)stat

[
1 +

1

2
δ(Ee)S(q)

]
, (15)

with δdisp = δ(Ee)S(q) from Eq. (8) where δ(Ee) controls the overall strength of the perturbation and
S(q) controls the impact this change would have on different q values. The factor of 1/2 comes from
assuming that δ(Ee) is small and propagating the change from Eqs. (1) and (8): F ∝

√
σ which implies

δF/F ∝ (1/2) δσ/σ. One can then write the change in the charge radius as:

Rdisp
ch = Rstat

ch [1 + βδ(Ee)] (16)

where β is a proportionality coefficient fixed once S(q) is specified (e.g., for a given fixed strength
δ(Ee), the change in the radius will depend on the shape of S(q), which is encoded in β). The results

Figure 4: The modified charge distributions for 12C, 27Al, 48Ca, 56Fe, 63Cu and
208Pb. The changes were obtained using the empirical linear parameterization of
the dispersive effects from [31].

from this study reported in Fig. 10 of [31] use three different test perturbations S(q) plus an empirical
one, when using the data without dispersive corrections from Offermann [4] for the central values of
the form factor. For the three test cases these values were modified assuming a constant high value
of δ(Ee) = 30% (obtained from Fig. 2 above). When using the empirical perturbation for the δyi in
Eq. (14) an effect of 0.25% was found in the radius, very close to the actual 0.26% (reported as 0.28%
when using rounded values for the radii) in [4].

Using the empirical linear parameterization of the dispersive effects from [31], femp(q) = (1 −
0.00833q), the modification of the nuclear charge distribution is shown on various nuclei in Fig. 4.
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A recent technical workshop of the International Atomic Energy Agency on the compilation and
evaluation of nuclear charge radii [32] highlighted the fact that published electron scattering data
have not been corrected for dispersive corrections, thus affecting the absolute values published in the
literature.

There is a critical need to enable access to both electron and positron beams for
a systematic program that could accurately measure charge radii from electron
scattering corrected from the contribution from dispersive corrections.

2.2.2 Neutron skin puzzle and single spin asymmetries

The Coulomb field extracted from ⟨r2⟩1/2 should also be modified

| VC | = | V stat
C | = KZ

⟨r2⟩1/2
;K = 1/4πε0 −→| V disp

C | = | V stat
C | /[1 + βδ(Ee)] (17)

In order to estimate the dispersive corrections for 208Pb, a two-step approach is needed using
Coulomb fields from [6]: (1) a scaling of the dispersive corrections from carbon to lead found to be
around 8% [31] is compatible with the ∼ 6% effect observed by Breton et al. [3]; and (2) applying this
scaling to the value from Offermann et al. [4] leading to 0.28%Rscale = 0.07%. The latest reported
experimental value of the charge radius of lead is [33] Rch = 5.5012(13) fm which would imply an
upward shift to 5.5053(13) fm when taking the 0.07% scaling into account.

The situation is far more complex for parity-violating experiments [34, 35, 36] from which the
measured asymmetry is used to extract a neutron skin. These experiments typically occurred near
diffractive minima to maximize their sensitivity to the physics [37], where also dispersive corrections
contribute the most. The connection to the dispersive effects arises from single-spin asymmetries (SSA)
of elastic electron scattering off nuclei (see Ref. [38]). Beam-normal SSA conserves parity, but it is
zero in the first Born approximation (or one-photon exchange) and may be used as a probe of the
absorptive (imaginary) part of the scattering amplitude. Thus, past JLab experiments that measured
beam-normal SSA on nuclear targets [39, 40] provided unambiguous evidence of effects beyond the Born
approximation. To describe these data on SSA, Coulomb distortions of the electron’s wave function
appear to be insufficient, and excitation of nuclei during the scattering process played a defining role
in the observed agreement between the experimental SSA data and theory. However, although good
agreement with the theory was observed for light nuclei [39, 40], the situation with 208Pb was not
satisfactory even after consideration of combined effects of the electron wave distortion and nuclear
excitations [41]. To address this apparent “208Pb-puzzle”, a new measurement of beam-normal SSA
on a range on nuclei was approved by PAC52 at JLab [42].

The proposed experiment will probe both the real and imaginary parts of the
scattering amplitude combined, providing for a complete description of the
scattering process after comparing with experimental SSA data.

2.2.3 Coulomb Sum Rule (CSR)

It is defined as the integral of the longitudinal response function RL(ω, |q|) extracted from quasi-elastic
electron scattering [43]:

SL(|q|) =
∫ |q|

ω>0

RL(ω, |q|)
ZG2

Ep
(Q2) +NG2

En
(Q2)

dω (18)

where −Q2 = ω2 − q⃗2 with ω the energy transfer and q⃗ the three-momentum transfer. GEp,n
(Q2) is

the proton (neutron) form factor which reduces to the Sachs electric form factor if the nucleon is not
modified by the nuclear medium [44]. ω > 0 ensures that the integration is performed above the elastic
peak. In essence, CSR states that by integrating the longitudinal strength over the full range of energy
loss ω at large enough momentum transfer q, one should get the total charge (number of protons) of
a nucleus.

The quenching of CSR has been found to be as much as 30% [45] for medium and heavy nuclei.
Using a quantum field-theoretic quark-level approach which preserves the symmetries of quantum
chromodynamics, as well as exhibiting dynamical chiral symmetry breaking and quark confinement,
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the most recent calculation by Cloet et al. [46] confirmed the dramatic quenching of the Coulomb
Sum Rule for momentum transfers |q|≳2.5 fm−1 that lies in changes to the proton Dirac form factor
induced by the nuclear medium.

In quasi-elastic electron scattering, the nuclear response is affected by the fact that nucleons are not
free and carry a momentum distribution, the existence of nucleon-nucleon interactions and interactions
between the incoming and outgoing probe and recoils. Therefore, noting that RL probes ρnuc = ρprotons
while elastic scattering experiments probe ρch(r), any measured shift of Fch(q) results from a change
in Fnuc or Fp, or both. Even when considering the contribution from two-photon exchanges, the
discrepancy observed cannot explain the 30% quenching of RL [20, 21, 22].

Assuming that the contribution from dispersive effects found in ρch(r) translates entirely in a change
in ρprotons and hence in the CSR, our naive model described above gives (with nuc = p or n):

Gdisp
Enuc

(Q2) =
Gstat

Enuc
(Q2)

1 + βδ(Ee)
(19)

Hence:
Sdisp
L (|q|) = Sstat

L (|q|) × [1 + βδ(Ee)] (20)

Using Fig. 2 for a 600 MeV incident beam on 12C (same kinematic regime as [47]), one would
expect a 15% correction in the minimum of diffraction, which is a factor of 7.5 from the 2% prediction
from Friar and Rosen [24]. Above the minimum, their prediction indicates an almost linear increase of
the dispersion corrections up to about 3.3 fm−1 where it reaches a maximum of about 3%. Assuming
the same scaling, that is a 0.03× 7.5 ≃ 22% predicted effect for 12C at this energy [47].

Dispersive effects could have a non-negligible contribution to the CSR. Mapping
their contributions for various nuclei in quasi-elastic scattering could shed light
on the long standing quenching of the nuclear longitudinal response.

2.2.4 Rare isotopes and the nuclear structure

The understanding of the inner structure of nuclei is primary done through break-up and pick-up
reactions using heavy-ion collisions and fragmentation processes [48]. These experiments produce rare
isotopes at facilities such as the Facility for Antiproton and Ion Research (FAIR) [49], the Institute
of Physical and Chemical Research or Rikagaku Kenkyūsho (RIKEN) [50] and the Facility for Rare
Isotope Beams (FRIB) [51]. The theoretical description of these reactions is often based on mean field
nuclear interactions between the incoming ion and target nucleus. The understanding of peripheral
heavy ion collisions involve both elastic and inelastic scattering processes. The treatment of the
interaction requires knowledge of the relationship between the N-N interaction and the heavy ion
optical potentials. When applicable, the approach uses a double-folding model in which the optical
potential for the heavy ion scattering is obtained by averaging an appropriate N-N interaction over
the matter distributions within the two colliding ions in the same way that the Coulomb interaction
potential between two charge distributions is obtained by averaging the point-charge r−1 interaction
over the distributions. See Refs. [52, 53] for more details. The optical potentials contains real (Coulomb,
UC) and imaginary (nuclear, UI) parts: UC takes into account the charge distributions of the projectile
and target nuclei while UI includes the treatment of the nucleon-nucleon interaction.

The charge density (for both projectile and target) enters implicitly in UC and is usually taken
from electron scattering data when available. An average global parameterization is often used from
a two-Fermi parameter distribution [53]:

ρ(r) =
ρ0

1 + e(
r−R0

a )
(21)

with R0 = 1.76Z1/3 − 0.96 fm and the average diffuseness value a = 0.53 fm.
In Fig. 5, we compare the elastic angular distribution of 33Mg off a 1 mm thick 9Be at 88.8 MeV/u

using the MoNA-LISA-Sweeper setup at NSCL [55]. The reconstructed form factor was normalized
to 1 and uses the COSY optical matrix of the large gap sweeper magnet (see the experimental setup
in [55]) before (open blue circles) and after (filled red circles) adjusting the COSY matrix elements to
optimize the event reconstruction. The data are compared to a preliminary prediction from Capel [56]
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Figure 5: Preliminary angular distribution of
9Be(33Mg,33Mg) at 88.8 MeV/u using the MoNA-
LISA-Sweeper setup at NSCL [54]. See text for
details.

using an eikonal approach. The distribution shows up to the third diffraction minimum which can be
used to extract the matter radii of this nucleus.

The ability to reconstruct the elastic angular distribution of rare isotopes at FRIB is part of a
new effort within the MoNA Collaboration [57]. Thanks to its segmented target [54, 58], there is
some sensitivity to possibly obtain information about nuclear matter radii of such isotopes even within
the small acceptance of the sweeper magnet (Θlab ≲ 8◦). The neutron distributions are a critical
ingredients for theoretical models in order to properly describe nucleus-nucleus interactions (coulomb
and nuclear): obtaining the charge distribution (from electron/positron elastic scattering) and matter
distribution (from elastic nucleus-nucleus scattering) would provide a pathway to gain some access to
the neutron distributions within stable and unstable nuclei.

As previously noted in section 2.2.1, accurate determination of the nuclear
charge distribution corrected for dispersive effects is vital for proper theoretical
descriptions of the nuclear matter.

2.2.5 Electron dipole moment

The electromagnetic current, taking into account spin coupling, can be expressed as [59]

ū(p1)Oµ(l, q)u(p2) = ū(p1)

{
F1(q

2)γµ +
iσµν

2m
qνF2(q

2)

+ iεµναβ
σαβ

4m
qνF3(q

2) +
1

2m

(
qµ − q2

2m
γµ

)
γ5F4(q

2)

}
u(p2)

The four form factors are related to the charge (F1), magnetic moment (F2), electron dipole moment
(F3) and anapole moment (F4). The first two have been extensively measured and the discrepancy
observed when comparing the GE/GM ratio from unpolarized and polarized experiments is at the
origin of the two-photon exchange relevancy in elastic electron scattering. The latter two are small:
the G0 and SAMPLE experiments [60] provided insights into F4. In order to probe these form factors,
polarized electrons and positron beams are required.

The proposed experiment will not measure these form factors and evaluate
the amplitude of dispersive corrections in spin-polarized observables as only
unpolarized beams is being requested here. However, using data from our
non-spin 0 targets will provide some sensitivity to the evolution of dispersive
corrections to spin observables, especially regarding F3.
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3 Experimental Details

The proposed experiment will provide information about the magnitude and energy dependence of
the dispersive effects through inclusive A(e±, e±) unpolarized elastic scattering around the first and
second diffraction minima of eight nuclei (12C, 27Al, 63Cu, 48Ca, 56Fe, 196Pt, 208Pb and 209Bi) at four
incident beam energies of 0.70, 1.06, 2.12 and 4.24 GeV. The non-spin 0 targets, aluminum (spin 5/2),
copper (spin 3/2) and bismuth (spin 5/2) will be used to extract some sensitivity to spin-observables
and an upper limit on EDM.

Figure 6: The projected A(e, e′) measurements
for 0.70, 1.06, 2.12 and 4.24 GeV incident elec-
tron/positron beam energies.

3.1 Required Equipment

The experiment will be performed in two phases in the experimental Hall C using the Super High
Momentum Spectrometer (SHMS) at Jefferson Lab in normal configuration with its standard detector
systems:

Phase 1: electron beams at high current will measure A(e−, e−) cross sections with currents of
0.1 − 100 µA to provide relative information about dispersive effects by comparing measured
cross sections to theoretical calculations.

Phase 2: electron and positron beams at low current will measure A(e±, e±) cross sections ac-
quired with beam currents of 0.1− 1 µA to extract the absolute magnitude of dispersive effects.

3.2 Statistics and Systematics

The in-house SIMC Monte Carlo simulation was used to estimate the beam time needed to acquire
106 events (phase 1) and 104 events (phase 2) at each kinematic setting. The simulation includes the
SHMS momentum and acceptance resolution, radiative corrections and utilizes the deForest elastic
cross section formalism.

Phase 1 Phase 2
(%) (%)

Statistics 0.1 1.0
Acceptance 1.0 1.0
Tracking Efficiency 0.5 0.5
Radiative corr. 1.2 1.2
Target Thickness 0.5 0.5

Total 1.7 2.0

Table 1: The estimated dominating statistical and systematic errors.
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The kinematics were calculated using a phase shift analysis code and Bessel parameterizations of the
charge distributions from deVries [27]. The thickness for each target was taken to be 225 mg/cm2,
similar to prior measurements performed in the first minimum of 12C [5, 6]. The error budget on the
measured cross sections is listed in Table 1: the estimated errors are around 1.7% for A(e−, e−) and
2.0% for A(e±, e±), respectively.

3.3 Kinematics

The corresponding kinematics are listed in Table 2 (phase 1) and Table 3 (phase 2). The four-
momentum transfer (q) and location of the 1st(q1min) and 2nd(q2min) minima of diffraction are also
provided. The rates for phase 1 range from 8.4× 1010 Hz at small angles to 2.8 Hz at large angles. To
accommodate these high rates, the beam current will be adjusted from 100 µA to 10 µA and sometimes
100 nA for some kinematics. For phase 2, the maximum current is expected to be around 1 µA: we
will restrict our statistics to 104 events for both beams, thus increasing our statistical error from 0.1%
to 1.0%, as well as lowered the current for some of the small angles to 100 nA as the rates are still
above the 1 MHz detectors limit.

Phase 1: A(e−, e−) for 100 µA

Target Ee θe′ q-range q1
min/q

2
min Rates

(GeV) (Deg.) (fm−1) (fm−1) (Hz)
12C

0.700

20,25,30,35,40 1.2-2.4 1.8 2.8− 1.3× 106
27Al 15,20,22.5,25,30 0.9-1.8 1.2 2.6× 103 − 3.6× 107
48Ca 5.5,7.5,10,12.5,15 0.3-0.9 0.4/0.8 2.6× 107 − 3.6× 1010
56Fe 5.5,10,15,25 0.3-1.5 1.1 6.8× 104 − 5.6× 1010
63Cu 5.5,10,15,20,25 0.6-1.5 0.95 4.8× 104 − 1.2× 109
196Pt 5.5,10,15,20 0.3-1.5 0.4/0.9 8.4× 105 − 8.2× 1010
208Pb 5.5,10,15,20 0.3-1.2 0.4/0.8 8.1× 105 − 8.3× 1010
209Bi 5.5,7.5,10,12.5 0.3-0.8 0.3/0.5 1.6× 108 − 8.4× 1010

12C

1.060

10,15,20,25,30 0.9-2.8 1.8 20.8− 5.2× 107
13Al 5.5,10,15,20 0.5-1.9 1.2 19.9− 7.0× 109
48Ca 5.5,10 0.5-0.9 0.4/0.8 4.2× 106 − 6.6× 109
56Fe 5.5,10,15 0.5-1.4 1.1 6.1× 105 − 1.0× 1010
63Cu 5.5,10,15,20,25 0.5-2.3 0.95 12.3− 9.3× 109
196Pt 5.5,10,15 0.5-1.4 0.4/0.9 3.5× 106 − 1.0× 1010
208Pb 5.5,10,15 0.5-1.4 0.4/0.8 3.4× 106 − 1.0× 1010
209Bi 5.5,10 0.5-0.9 0.3/0.5 4.7× 107 − 1.0× 1010

12C 2.120 5.5,7.5,10 1.0-1.9 1.8 1.4× 104 − 7.8× 107

12C 4.240 5.5 2.1 1.8 6.5× 103

Table 2: The proposed phase 1 elastic kinematics in A(e−, e−) for each target.

4 Beamtime Request

The requested beam time for the proposed measurements amounts to 18.24 days for A(e−, e−) in
phase 1 and 29.24 days for A(e±, e±) in phase 2, respectively. The details are listed in Table 4. We
assumed 30 mins for magnetic field changes, 15 mins for spectrometer changes and 5 mins for target
changes. For phase 2, we also assumed 2 hrs to switch between the lepton probes (e± to e∓) and
the numbers provided are doubled to account for measurements during each beam. Furthermore, the
beam current adjustments noted above for some kinematics due to the rate limitation required for the
tracking detectors, 0.1 − 100 µA (Table 2) and 0.1 − 1.0 µA (Table 3), have been taken into account
in our estimates. Prescales will also be used to keep the data acquisition rate within a reasonable

11



Phase 2: A(e±, e±) for 1 µA

Target Ee θe′ q-range q1
min/q

2
min

(GeV) (Deg.) (fm−1) (fm−1)
12C

0.700

20,25,30,35 1.2-2.1 1.8
27Al 20,25,30 1.2-1.8 1.2
56Fe 15,20 0.9-1.2 1.1
63Cu 20,25,30 1.2-1.8 0.95/1.8
12C

1.060

15,20,25 1.4-2.3 1.8
13Al 15,20,25 1.4-2.3 1.2
56Fe 15 1.4 1.1
63Cu 15,17.5,20 1.4-1.9 0.95/1.8
196Pt 10,12.5,15 0.9-1.4 0.4/0.9
208Pb 12.5 1.2 0.4/0.8
12C 2.120 7.5,10,12.5 1.4-2.3 1.8
12C 4.240 5.5 2.1 1.8

Table 3: The proposed phase 2 elastic kinematics in A(e±, e±) for each target.

range. This experiment is also self-calibrating through the data on the 12C target. Finally, we are
investigating using the HMS spectrometer running in parallel to optimize/minimize the requested
times. For example, the HMS could not only be used for large angle measurements but also serve as
a cross-calibrating device at specific momentum transfers. These were not taken into account for the
current estimates.

Energy
Description

A(e−, e−) A(e±, e±)
(GeV) (days) (days)

0.70

Production 6.19 1.60
Spectrometer Rotation 0.38 0.13
Spectrometer Settings 0.75 0.25
Target Change 0.03 0.01
Beam switch (e± ↔ e∓) - 0.16

1.06

Production 8.21 24.0
Spectrometer Rotation 0.30 0.15
Spectrometer Settings 0.60 0.29
Target Change 0.03 0.02
Beam switch (e± ↔ e∓) - 0.16

2.12

Production 0.60 2.04
Spectrometer Rotation 0.03 0.03
Spectrometer Settings 0.06 0.06
Target Change 0.003 0.003
Beam switch (e± ↔ e∓) - 0.16

4.24

Production 1.02 0.02
Spectrometer Rotation 0.01 0.01
Spectrometer Settings 0.02 0.02
Target Change 0.003 0.003
Beam switch (e± ↔ e∓) - 0.16

Total 18.24 days 29.24 days

Table 4: Beam time request.
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5 Summary

We propose to map out the magnitude of dispersive effects, e.g., measure both their real and imaginary
parts that enter into the scattering amplitude, through unpolarized inclusive A(e, e′) electron and
positron elastic scattering around the first and second diffraction minima of eight nuclei (12C, 27Al,
63Cu, 48Ca, 56Fe, 196Pt, 208Pb and 209Bi) for four incident beam energies (0.70, 1.06, 2.12, and
4.24 GeV) in the experimental Hall C at Jefferson Lab. This will be accomplished in two phases: the
first phase will provide qualitative information about these effects from A(e−, e−) by comparing the
measured cross sections to theoretical calculations while the second phase will measure the absolute
magnitude of these effects by comparing the cross sections from A(e−, e−) and A(e+, e+). We request
18 days (phase 1) and 29 days (phase 2) to perform these measurements that will consist
of the first ever comprehensive study and energy dependence of dispersive effects.
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G. Rosner, U. Schneekloth, B. Seitz, M. Statera, A. Thiel, H. Vardanyan, D. Veretennikov, C. Vi-
dal, A. Winnebeck, and V. Yeganov. Hard two-photon contribution to elastic lepton-proton
scattering determined by the olympus experiment. Phys. Rev. Lett., 118:092501, Mar 2017.

[19] D. Rimal, D. Adikaram, B. A. Raue, L. B. Weinstein, J. Arrington, W. K. Brooks, M. Ungaro,
K. P. Adhikari, A. V. Afanasev, Z. Akbar, S. Anefalos Pereira, R. A. Badui, J. Ball, N. A. Baltzell,
M. Battaglieri, V. Batourine, I. Bedlinskiy, A. S. Biselli, S. Boiarinov, W. J. Briscoe, S. Bültmann,
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DeYoung, J. E. Finck, N. Frank, P. Guèye, H. Karrick, H. Liu, J. McDonaugh, T. Mix, B. Mon-
teagudo, T. H. Redpath, W. F. Rogers, R. Seaton-Todd, A. Spyrou, K. Stiefel, M. Thoennessen,
J. A. Tostevin, and D. Votaw. Neutron-unbound states in 31Ne. Phys. Rev. C, 104:034313, Sep
2021.

17



[55] Dayah Chrisman. Neutron-unbound states in the nucleus of 31Ne. PhD thesis, Michigan State
University, 2022.

[56] P. Capel. private communication, 2023.

[57] The Modular Neutron Array (MoNA) Collaboation. https://www.monacollaboration.org.

[58] T. Redpath, T. Baumann, J. Brown, D. Chrisman, P.A. DeYoung, N. Frank, P. Guèye, A.N.
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