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Beyond the Born approximation

• Many electron scattering experiments interpreted in 
the Born approximation (one-photon exchange) 

 clean separation of leptonic, hadronic vertex 

• Corrections for higher-order QED processes calculated 
theoretically 

• Hard two-photon exchange not included in standard 
“radiative corrections”  

• Treatment of off-shell intermediate hadron makes 
calculations difficult, model-dependent

→

TPE can be measured through an asymmetry

between e+p and e�p scattering.
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“Box diagrams” are a general challenge to precision 
measurements 
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γ, W, Z

p, A

• -box (TPE): 
• Background asymmetries in parity-violating 

electron scattering (PVES) 
• Correction to Rosenbluth separation of  

• -box:  
• Radiative correction to weak mixing angle 

extractions from PVES 

• -box: 
• Radiative correction to -decay measurements 

used to extract CKM matrix elements

γγ

Gp
E/Gp

M

γZ

γW
β

Increasing experimental 
precision demands better 

understanding of these effects
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TPE gives rise to an asymmetry in transversely polarized 
electron scattering

M =
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+ …
  

• Single-spin asymmetry (SSA) sensitive to interference with imaginary part of TPE diagram 
 vanishes in Born approximation due to time-reversal symmetry 

• Background asymmetry in PVES  
 many SSA measurements carried out as systematic check by PVES experiments 

• Understanding SSAs is fundamental to understanding two-photon interactions

→

→
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“PREX AT Puzzle” PREX/CREX, PRL 128, 142501 (2022)
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Esser, Thiel, et al., PRL 121, 022503 (2018)

The curve represents the leadingQ2 behavior, as calculated
in the model of Ref. [24] upon neglecting corrections
∼Q2=E2. The given uncertainty of the theoretical predic-
tion is obtained from two sources: the Compton slope
parameter for the 12C target and terms not enhanced by the
large logarithm (see Ref. [24] for details). The two are
expected to be independent and are added in quadrature.
The Compton slope parameter introduced in Eq. (4) was
allowed to vary within 10% and 20% of the central value,
corresponding to the inner and outer bands shown in Fig. 4.
The comparison of the data with the model indicates that
the assumption of the dominance of the logðQ2=m2

ec2Þ term
and the independence of FComptonðQ2Þ=FchðQ2Þ of the
target nucleus in Eq. (4), successfully describing 1H and
4He data, reproduces the 12C data only within a 20%
uncertainty. Even larger deviations could be expected for
heavier nuclei.
Future measurements at MAMI will investigate the

transverse asymmetry for heavier nuclei at the same Q2

values. This will serve, together with the current data set, as
an important input for future theoretical calculations to
achieve better control of the two-photon exchange mecha-
nism, and they might contribute to a deeper understanding
of the structure of nuclei.
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FIG. 4. Extracted transverse asymmetries An for the detectors
placed in spectrometer A (filled red circles) and spectrometer B
(open blue circles) versus Q2. The width of the given boxes
indicates the full width at half maximum of the Q2 distribution,
which is determined by the intersection of the angular acceptance
of the spectrometers and the geometry of the detectors. The
statistical and systematic uncertainties are given by the error bars
and the height of the boxes, respectively. The theoretical
calculation for Eb ¼ 0.570 GeV of Ref. [24] (black line) is
shown for comparison. The given bands belong to the uncertainty
of the Compton slope parameter of 10% (light grey) and 20%
(dark grey). In addition, the result of the PREX Collaboration
(black diamond) at Eb ¼ 1.063 GeV [18] is shown.
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Table 1
Measured beam-normal single spin asymmetries for each spectrometer and kine-
matical setting. The difference in scattering angle for similar Q 2 values is due 
to the much wider angular acceptance of spectrometer A. Statistical and system-
atic (individual and total) uncertainty contributions are given in units of parts per 
million (ppm). The first 5 entries are derived from the asymmetry corrections. 
!CurrentDrop denotes the error from dismissing events with short drops in the 
beam current. !AI and !AGL correspond to the errors originating in the asymme-
try of beam current and gate-length, respectively. !Gain corresponds to variations 
of the PMT gain, while !Tails accounts for possible nonlinearities for large asym-
metry corrections. !Inversion accounts for the different number of events in both 
states of the half-wave plate. !BeamProfile denotes the error associated with an 
asymmetric beam profile. !P corresponds to the error of the polarization mea-
surement.

Target 28Si 90Zr

Spectrometer A B A B
Scattering angle 23.51◦ 19.40◦ 23.51◦ 20.67◦

Q 2 (GeV2/c2) 0.038 0.036 0.042 0.042
An (ppm) −23.302 −21.807 −17.033 −16.787

!(∂σ /∂x) 0.007 0.003 0.003 0.010
!(∂σ /∂ y) 0.013 0.007 0.136 0.131
!(∂σ /∂x′) 0.003 0.009 0.054 0.120
!(∂σ /∂ y′) 0.013 0.014 0.343 0.189
!(∂σ /∂E) 0.099 0.053 0.321 0.259
!CurrentDrop 0.006 0.029 0.015 0.031
!AI 0.010 0.010 0.013 0.013
!AGL 0.005 0.005 0.008 0.008
!Gain 0.067 0.036 0.041 0.018
!Tails −0.070 −0.189 +0.108 +0.405
!Inversion +0.092 −0.039 −0.406 −0.500
!BeamProfile 0.028 0.023 - -
!P 0.210 0.197 0.348 0.343

Total systematic error +0.553 +0.386 +1.390 +1.527
−0.531 −0.614 −1.688 −1.622

Statistical error 1.366 1.389 3.524 5.466

comprises contributions related to the Compton slope parameter 
and terms not enhanced by the large logarithm (see Ref. [20] for 
details). Both are added in quadrature, since it is expected that 
they are independent of each other. Since the latter one represents 
the limitation of the approximation used, 100% uncertainty is as-
signed to it. The impact on the transverse asymmetry due to the 
contamination caused by the small fraction of inelastic events in 
the detector acceptance is considered to be covered by this conser-
vative uncertainty assessment. The error bands in Fig. 3 are then 
computed by varying the Compton slope parameter by 10% and 
20%. For identical kinematics, the theoretical calculation depends 
only on the mass to charge ratio of the nucleus. Thus, the same 
asymmetry is expected for both 12C and 28Si.

Within the estimated theoretical uncertainty, the measurements 
are in agreement with the theoretical prediction. A dramatic dis-
agreement, as it was obtained for 208Pb [21], has not been ob-
served for 90Zr. Though our result is affected by a large statisti-
cal uncertainty, its value is not compatible with zero, unlike for 
the 208Pb measurement. While the mean value of the asymmetry 
for the zirconium target slightly deviates from the values for the 
lighter nuclei, the experimental statistical error and the theoreti-
cal uncertainty on the Compton slope parameter do not allow for 
a quantitative statement concerning a clear dependence of An on 
the nuclear charge. The discrepancy to the theoretical prediction 
seems to be approximately independent on the target nucleus.

The experimental results for the beam-normal single spin 
asymmetry on 28Si and 90Zr presented in this work contribute sig-
nificantly to the study of this observable across the nuclear chart 
from hydrogen to lead. Our results are in agreement with all pre-
vious measurements on light and intermediate nuclei confirming 
that the theoretical model of Ref. [20] correctly grasps the relevant 
physics. Several explanations for the disagreement with the 208Pb 
result [21] are conceivable.

Fig. 3. Extracted transverse asymmetries An for 12C (from Ref. [22]), 28Si and 90Zr. 
The error bars mark the statistical uncertainty and the boxes show the system-
atic error. The theoretical calculation for Eb = 0.570 GeV and Q 2 = 0.04 GeV/c2 of 
Ref. [20] (black line) is shown for comparison. The given bands indicate the theo-
retical error for uncertainties of the Compton slope parameter of 10% (light grey) 
and 20% (dark grey).

The coefficient C0 - Eq. (3) - in front of the logarithmically 
enhanced term could be suppressed for 208Pb. However, this coef-
ficient is fixed by the total photoabsorption cross section, which, to 
a good approximation, is known to scale with the mass of the nu-
cleus [33] in the relevant energy range. Contributions from nuclear 
excitations are suppressed as ENucl/Ebeam, with ENucl a character-
istic scale of nuclear excitations (of the order of several MeV).

A possible underestimation of the systematic uncertainty of the 
theoretical calculation could also explain the observed disagree-
ment. This uncertainty arises from two sources: the term that is 
not enhanced by the large logarithm was assigned a conservative 
100% uncertainty; the Compton form factor has the exponential 
form, and the respective slope parameter was allowed to vary by 
10% - 20%. Given the agreement of the model and the data for all 
nuclei up to 90Zr, an abrupt change in at least one of these terms 
is needed to reconcile the calculation with 208Pb.

Eventually, the two-photon approximation used in [20], while 
appropriate for light and intermediate mass nuclei might be inad-
equate for heavy nuclei. However, the reasonable agreement of the 
theory with the 90Zr data (see Fig. 3) as well as a preliminary re-
sult of new calculations accounting for Coulomb distortion effects 
(thus summing corrections ∼ Zα to all orders) [34] seem to dis-
prove this explanation.

A new experimental program on Compton scattering at MAMI 
will permit to reduce the uncertainty of the Compton parame-
ter for intermediate mass nuclei. In addition, measurements of 
An with a 12C target at different beam energies will allow to 
benchmark the energy dependence of the beam-normal single spin 
asymmetry in the theoretical treatment. Furthermore, a new mea-
surement of An for 208Pb by the PREX-II experiment [35] might 
provide additional clues to the solution of the current tension.
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measurements taken before and after the transverse polar-
ization data taking. A solenoid was used to control the
orientation of the polarization between the longitudinal
and transverse (vertical) directions. The polarization was
verified to be purely vertical to within !2" with a Mott
polarimeter located in an injector 5 MeV extraction line.
The vertical component of the polarization set at the
injector is conserved after passing through the
Continuous Electron Beam Accelerator Facility accelera-
tor, a result of accelerating and transporting the polarized
beam in planes flat with respect to one another. The extent
to which the beam-spin tune degrades the vertical polar-
ization orientation in the Continuous Electron Beam
Accelerator Facility has been studied and determined to
be !1" [29]. A small longitudinal component of the elec-
tron spin introduces a negligible parity-violating contribu-
tion to the measured asymmetry.

For 12C and 208Pb, the longitudinal polarization measure-
ments included data taken with a Compton polarimeter,
yielding Pe # 0:8820! 0:012! 0:012. An independent
Møller polarimeter gave Pe # 0:9049! 0:001! 0:011 for
12C and 208Pb. We used the average of these two measure-
ments. For the 1H and 4He data, only the Møller polarimeter
was used. For 1H data Pe # 75:1! 1:7%, and for the 4He
data Pe # 84:2! 1:7%.

A summary of the systematic and statistical uncertain-
ties is shown in Table II. The central values of An for each
nucleus and the total combined statistical and systematic
uncertainties added in quadrature are displayed in the first
two rows of Table III. For 1H, our result is consistent with a
previously reported measurement [12] for the same Q2 but
at a lower beam energy (0.85 GeV).

We now discuss the observed trends of the first ever
measurements of An for target nuclei with A > 2. In our
kinematic range, the calculations in Ref. [19] scale ap-

proximately with Z, A, and
ffiffiffiffiffiffi
Q2

p
as

An # Ân
QA

Z
; (2)

where Ân is approximately constant, with a small addi-
tional dependence on the incident beam energy Ebeam:
$% 25 ppm=GeV for Ebeam $ 3 GeV (for 1H and 4He)
and $% 30 ppm=GeV for Ebeam $ 1 GeV (for 12C and
208Pb). In the last two rows of Table III, we see that the
extracted Ân from the three lower Z nuclei are consistent
with this empirical trend, while the 208Pb result is con-
sistent with zero. The 208Pb result is in strong disagree-
ment with the theoretical prediction as shown in Fig. 2, which
plots the measurement results and their predictions [19].
Motivated by this large observed disagreement, we ini-

tiate a discussion of the potential dynamics by first noting
that the scattering angle for all four measurements was
roughly the same (Table I). If dispersion corrections play a
bigger role than predicted, one might expect larger dis-
agreements for An measurements taken at lower beam
energy, as is the case for 12C and 208Pb. However, the
measured An for 12C is quite consistent with theoretical
expectations. In Fig. 3, we plot the fractional difference
between the measured values and the predictions of
Ref. [19] as a function of Z. The trend suggests that
Coulomb distortions are playing a very significant role at
large Z, underscoring the potential interest in additional An

measurements with intermediate Z nuclei.
In conclusion, we have measured the beam-normal

single-spin asymmetry An for 1H, 4He, 12C, and 208Pb
and find good agreement for 1H, 4He, and 12C with the
calculations in Ref. [19], which include a dispersion
integral over intermediate excited states. However, they

TABLE II. APV uncertainty contributions in units of 10%6 or
parts per million.

Target 1H 4He 12C 208Pb

False asymmetry 0.14 0.11 0.02 0.12
Beam polarization 0.21 0.33 0.08 0.003
Linearity 0.07 0.15 0.06 0.004
Target windows 0.06 0.12 0.00 0.062
Total systematic 0.27 0.41 0.10 0.14
Statistical 1.52 1.39 0.36 0.21

TABLE III. The measured An and derived Ân values [Eq. (2)]
for the four nuclei along with the corresponding total uncertain-
ties A=Z and Q.

Target H 4He 12C 208Pb

AnðppmÞ %6:80 %13:97 %6:49 0.28
!ðAnÞðppmÞ !1:54 !1:45 !0:38 !0:25ffiffiffiffiffiffi
Q2

p
ðGeVÞ 0.31 0.28 0.099 0.094

A=Z 1.0 2.0 2.0 2.53
Ânðppm=GeVÞ %21:9 %24:9 %32:8 þ1:2
!ðÂnÞðppm=GeVÞ !5:0 !2:6 !1:9 !1:1
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FIG. 2 (color). Extracted physics asymmetries An vs Q. Each
curve, specific to a particular nucleus as indicated, is a theoreti-
cal calculation from Ref. [19].
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Esser, Thiel, et al., PRB 808, 135664 (2020)

HAPPEX/PREX, PRL 109, 192501 (2012)

• For 40 (90Zr):  
• Little to no nuclear 

dependence 
• Reasonable agreement 

with theory 
• 208Pb in striking 

disagreement with 
model prediction 
• Measurements at 

three , all consistent 
with zero

Z ≤

Q2

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.142501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.022503
https://www.sciencedirect.com/science/article/pii/S0370269320304676?via=ihub
https://doi.org/10.1103/PhysRevLett.109.192501
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“PREX AT Puzzle” PREX/CREX, PRL 128, 142501 (2022)
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• For 40 (90Zr):  
• Little to no nuclear 

dependence 
• Reasonable agreement 

with theory 
• 208Pb in striking 

disagreement with 
model prediction 
• Measurements at 

three , all consistent 
with zero

Z ≤

Q2

• Calculations by Koshchii, et al. PRC 103, 064316 (2021) 
include Coulomb distortion + inelastic states 

• Persistent disagreement suggests nuclear dependence 
not accounted for in existing theoretical models

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.142501
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.103.064316
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Towards a resolution:  
E12-24-007

• Proposal to measure the nuclear 
dependence of  
• Novel measurements of seven  

nuclei heavier than 90Zr 

• Proposed kinematics similar to PREX:  
 = 1 GeV,  = 5.5°  

• Test -vertex radiative correction 
hypothesis (“ -scaling”): 

 

• E12-24-007 approved by PAC52  
in 2024, planned to run 2027

An

E θ

Z
Z2

An ≈ A0(Q2)(1 − C ⋅ αZ2)

Target
Proton
number

Thickness
(mg/cm2)

Beam current
(µA)

Rate (MHz)
Beam time
(hours)

Position scan
(hours)

12C 6 1280.9 30 494 1.76 20
40Ca 20 483.13 30 411 2.11 -
90Zr 40 301.6 30 306 2.84 -
124Sn 50 276.1 30 261 3.32 20
140Ce 58 238.3 30 247 3.51 -
142Nd 60 227.5 30 246 3.52 -
144Sm 62 217.7 30 245 3.54 -
182W 74 200.8 30 216 4.02 -
197Au 79 193.8 30 207 4.20 20
208Pb 82 191.1 30 200 4.34 20
232Th 90 182.2 30 189 4.60 -

Total production beam time 5.1 days

Table 4: Production targets and estimated elastic rates

Figure 7: Simulated results for a 3% radiation length gold target with the SHMS. Panel a: Distribution of
SHMS dP/P . The red line is for the elastic yield, the blue line is for the quasi-elastic and inelastic yield, and
the black line is the total yield. The vertical orange line shows the 0.2% cut used for rate estimation. Panel
b: positional distribution of events in the focal plane. The vertical axis is the dispersive direction. The red
and blue rectangles depict a potential arrangement of the two detectors.

detectors would separate the elastic peak with 60%:40% and 40%:60% (scan along the vertical axis in Figure 7
- x at the focal plane). This would allow the primary detector to have a progressively cleaner sample of
elastic events. Moreover, the 3 di!erent measurements where the primary detector sees 100%, 60%, 40% of
the elastic peak would allow for a deconvolution of the inelastic and elastic asymmetries in the data analysis
if one indeed is present. To obtain comparable statistics to the main measurement we estimate that each of
these additional runs will require 10h of beam time, totaling 20h of beam time for each target.

These scans will be performed for four of the production targets: the theoretically well-understood carbon,
the medium-Z tin nucleus, and two high-Z nuclei. The first high-Z target would be the lead-208 target for
a calibration of the analysis method since it has a large separation between the elastic peak and the first
inelastic state. The gold-197 target would be the secondary high-Z target since the first inelastic state sits
at only 77 keV away from the elastic peak.

11

Page number for Appendix A (E12-24-007 proposal)
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Update 2025: New results from A1 (MAMI)
Esser, Kozyrev, et al., PRL 135, 232502 (2025)

• Lower energy (  = 0.57 GeV) and 
larger angle (  = 20°) than JLab 
measurements 

• Large (negative) asymmetry: 
 = -9.1 ± 2.1 (stat.) ± 0.7 (syst.) ppm

E
θ

An

MAMI measurement suggests kinematic dependence 
not accounted for in existing theoretical models

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.142501
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Status

Experiment Ebeam 
(GeV)

Angle 
(deg) Q2 (GeV2) An (ppm)

PREX-I 1.063 6 0.00984 0.28 ± 0.25
PREX-II 0.95 4.69 0.0062 0.4 ± 0.2
CREX 2.18 4.60 0.031 0.6 ± 3.2

A1 0.57 20.14 0.04 -9.1 ± 2.2

JLab experiments: 
Vanishing An at 5°, 
0.95 < E < 2.18 GeV

Kinematics of existing 
An(208Pb) measurements

PREX/PREX-II CREX

Angular 
dependence?

A1: large An
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Proposal PR12-26-002
• Measure  on 208Pb at scattering 

angle in between JLab and MAMI 
measurements 

• Must balance larger desired angle 
and decreasing cross section

An
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acceptance was defined by an edge 2 MeV below the elastic peak. With 60 µA beam current and a 3%
radiation length target, the expected rate is 911 kHz. Assuming a beam polarization of 80%, it would take
9 days to reach the statistical precision goal. These parameters and results are summarized in Table 2.

We expect a systematic control of 0.2 ppm or better, which should be comfortably achievable based on
the recent PREX-2 and CREX results. As the systematic uncertainties will be the same as E12-24-007,
please see Appendix A, Section 4 for a discussion of sources of systematics. The expected uncertainties
from these e!ects are summarized below in Table 1 (copied from Appendix A, Table 5).

E!ect Uncertainty (ppb) PREX-2 An acheived (ppb)
Inelastic contributions 130 →10
Afalse 100 →80
Polarization 70 →60
Detector non-linearity 50 →30
Target impurities 50 →40
Total systematic 192 →113

Table 1: Expected source and size of systematic uncertainties, compared to the uncertainties achieved by
the PREX-2 An measurement.

5 Beamtime Request

To reach the desired statistical precision, we request 9 days of transversely polarized beam at an energy
of 1.162 GeV and a current of 60 µA. If this experiment is run in tandem with E12-24-007, it would take
advantage of some of the commissioning and auxiliary measurements described in Appendix A, Section
3.3. Note that since the scattering angle for this proposal is di!erent than for E12-24-007, the pointing
measurement and Q2 measurement would need to be repeated. We estimate that these will take 8 hours
and 16 hours, respectively, adding 1 day of commissioning to the required beamtime.

The beam requirements and beamtime request are summarized below in Table 2.

Beam energy 1.162 GeV
Beam current 60 µA
Beam polarization 80% (transverse)
Target material 208Pb
Target thickness 191.1 mg/cm2

Scattering angle 9.45→

Rate 911 kHz
Beamtime (production) 9 days
Beamtime (commissioning) 1 day
Beamtime (total) 10 days

Table 2: Proposed experimental parameters and resulting rate and beamtime request.

6 Summary

We propose a measurement of the beam-normal single-spin asymmetry An in the scattering of transversely
polarized electrons from 208Pb, at a beam energy of 1.162 GeV and momentum transfer of Q2 = 0.037
GeV2. This measurement would provide critical input on the possible kinematic dependence of An

suggested by recent JLab and MAMI measurements. The proposal is highly complementary to experiment
E12-24-007, which seeks to investigate the nuclear dependence of An. Should this measurement be run

6

9.45°

PREX/
PREX-II

CREX

A1

Proposed 
kinematics
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Update #1:  Beam current of 25 A (originally proposed 60 A) 

• Target ladder will not be cryogenically cooled, limiting beam current

μ μ

Update #2:  Scattering angle of 
10.74° (originally proposed 9.45°) 

• Allows use of both spectrometers in 
Hall C, recovering rate lost by 
lowering beam current 

• Improved systematics with 
symmetric  measurementsϕ

Proposed 
kinematics

High-momentum 
spectrometer minimum

10.74°
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How big could the asymmetry be?OLEKSANDR KOSHCHII et al. PHYSICAL REVIEW C 103, 064316 (2021)

FIG. 5. BNSSA versus momentum transfer squared |t | in the kinematical range where measurements are available. (a) Predictions for 4He
obtained with Eb = 2.750 GeV and for 12C and 208Pb with Eb = 1.063 GeV. Experimental data points are from the PREX-I and HAPPEX
experiments [34]. (b) Predictions for 12C, 28Si, and 90Zr obtained with Eb = 570 MeV. Experimental data points are from the experiments of
Refs. [37,38] at MAMI.

of the minimum. For heavy nuclei, Coulomb distortions are
stronger, and the asymmetry experiences a less drastic change
around the minimum. The predictions for Bn presented in
Fig. 4 are in good agreement with those reported in Ref. [21].

Next we discuss results of the distorted-wave calcula-
tion of the beam-normal SSA for the case when inelastic
intermediate-state contributions in the scattering process are
taken into account by including the absorptive potential into
the Coulomb problem. We calculate a theoretical uncertainty
in several steps. First, we evaluate a relative uncertainty ε1 of
the asymmetry due to the uncertainty of B. The uncertainty
of B receives itself two contributions: (i) the first component
is the uncertainty from the fit to the Compton data and is
provided in Table I; (ii) the second component is associated
with neglecting the effect of the real part of the amplitude
F3 in the fit of the Compton data and was estimated to be
2.2 GeV−2, as discussed in Sec. III B. These two parts are
combined in quadrature. Second, we evaluate a contribution
ε2 to the relative uncertainty of the asymmetry due to the
specific choice of an ansatz for the t-dependence of the coeffi-
cient A(1)

1 (t ). ε2 is obtained as the relative difference between
predictions for Bn computed with and without the contribution
from A(1)

1 (t ) to Vabs, while the parameter B is kept fixed at its
central value. This prescription is equivalent to assigning a
100% uncertainty to the contribution from A(1)

1 . Finally, the
two components are added in quadrature, i.e., ε =

√
ε2

1 + ε2
2

is used to calculate uncertainty bands shown in the following
figures.

In Figs. 5 and 6, we display results for the BNSSA in the
distorted-wave calculation including inelastic intermediate-
states. Each curve in these figures belongs to a specific energy
of the incoming beam as specified in the figure captions and
a specific target nucleus as indicated on the plots. The central
dashed lines correspond to the absorptive potential given by
Eq. (38) and the parameter B fixed at its central value as
provided in Table I (5 GeV data). The solid bands around
the central lines indicate the estimated theoretical uncertainty
as described in the previous paragraph. By comparing the

results presented in Fig. 4 with those displayed on the left
panel of Fig. 6 (both figures correspond to Eb = 953 MeV),
we conclude that the inelastic excitations of the intermediate
state provide the dominant contribution to Bn at GeV beam en-
ergies. This is consistent with the results of Ref. [24], in which
only the leading-order inelastic intermediate-state excitations
were considered.

In Fig. 5, we compare our prediction for Bn with the
measurements by the PREX-I and HAPPEX collaborations at
JLab [34] (left plot) and a series of experiments performed
at MAMI [37,38] (right plot). We note that our framework
has been designed for high-energy electron scattering; apart
from lacking contributions from the nuclear range, it op-
erates with a phenomenological t-dependence motivated by
the high-energy Compton scattering data. While the high-
energy measurement on 4He by the HAPPEX collaboration at
2.75 GeV is well described, and so is a somewhat lower one
on 12C at 1.063 GeV, the agreement at lower MAMI energies
is worse even for light and intermediate nuclei. This fact
indicates that the t-dependence of the Compton cross section
in the resonance region is likely not to follow the exponential
fall-off as deduced from high-energy data.

The data point by the PREX-I collaboration on the 208Pb
target clearly stands out: the measured value of Bn ≈ +0.5
p.p.m. does not follow the pattern of either the theoretical
predictions, nor measurements on lighter nuclei, with large
negative asymmetries, hence the name “the PREX puzzle.”
Although the distorted-wave calculation of Bn reported here
and obtained with the updated value of the slope parameter B
reduces the disagreement between theory and experiment for
208Pb somewhat, it is still unable to explain the origin of the
sign difference between measurement and prediction.

We note that the predictions displayed in Fig. 5 are ob-
tained using different values of the parameter B (see Table I
for details) for different nuclei. These values were deduced
from the Compton scattering data on 8 nuclei [53,54]. In
contrast, theoretical predictions presented in Refs. [34,37,38]
were based on the calculation of Ref. [24] which assumed
a universal parameter B = 8 ± 1 GeV−2, independent of the

064316-8

Koshchii, et al. PRC 103, 064316 (2021)

E = 1 GeV,  θ = 10.74° 
 Q2 = 0.035 GeV2 →

• Recent theory calculations 
predict An ≈ -8 ppm 

• Interpolating between JLab and 
MAMI measurements gives  
An of a few ppm 

 	Aim to measure the asymmetry 
	 to a precision of 1.5 ppm
→

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.103.064316
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Experimental setup in Hall C 

• 1 GeV transversely polarized beam at 
25 A 

• Lead foil target sandwiched between 
graphite foils 

• Graphite facilities transfer of heat 
out of lead 

• Successfully implemented (at higher 
currents) for PREX/PREX-II  

• Both the SHMS and HMS positioned at 
central scattering angle of 10.74°

μ

FIG. 1. Hall C overview. The beam enters diagonally from lower left. In this example, the base

equipment focusing spectrometers HMS and SHMS are configured for a coincidence (e,e0 hadron)

experiment.

FIG. 2. Here the base equipment focusing spectrometers are temporarily parked at large angles,

making room for a proton Compton scattering experiment. Downstream of the standard pivot in

this example are located the Compact Photon Source (CPS), a polarized proton target, and the

large acceptance spectrometers Bigbite (BB) and the Neutral Particle Spectrometer (NPS).

6

SHMS HMS

Scattering angle (deg) 5.5 - 40 10.5 - 80

Acceptance (msr) ≈ 4 ≈ 6

Central momentum (GeV) 1 - 11 0.5 - 7 Use both spectrometers
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Synergies with E12-24-007

• PR12-26-002 (this proposal) is identical in approach and methodology to E12-24-007, 
only with a different spectrometer setting 

• If the proposed measurement were carried out in tandem with E12-24-007, it could 
take advantage of common requirements: 

1. Establishing parity-quality beam 
2. Spin-dance procedure for measuring transverse polarization in Hall C 
3. Target and detector setup (E12-24-007 will only use the SHMS…installation 

of detector in HMS could be done in parallel) 
4. Certain auxiliary runs for calibration and systematic studies  

• While advantageous, running in tandem with E12-24-007 is not critical to this 
measurement
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Detecting elastic electrons

• Detect electrons with integrating 
quartz Cherenkov detector 

• Make use of setup, experience  
from PREX/CREX experiments 

• First excited state of 208Pb is 2.6 MeV 
below elastic peak 

• Well-separated by spectrometers 

• Motion stage to optimize detector 
position 

• Adjust edge of quartz to  
maximize elastic acceptance, 
cut out inelastic events
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SIMC simulations for 208Pb (E = 1.0 GeV, θ = 10.74°)

Optimization for elastic electrons

7/10/2024 PR12-24-007 12

• The quartz is 
coupled directly to 
the PMT
• The detectors 

would be placed 
with the long edge 
perpendicular to 
the dispersive 
direction 

PREX-2/CREX setup

• We plan to make use of most 
of the detector setup used for 
the PREX-2 and CREX 
experiments
• The detectors would sample 

different portions of the 
elastic peak
• each is 3.5cm in width

• The motion stage would allow 
for mm precision positioning 
to facility a scan of the elastic 
peak
• If the experiment is approved a 

possible enhancement would 
be the addition of a position 
sensitive detector

SIMC simulations for Au
The integrated QE 
contribution <0.2%

Detector 
acceptance

Detector 
acceptance
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Polarized source and beam modulation

• Hall A polarized source (which will be set up for MOLLER) will 
be used by E12-24-007 in 2027 

 alternatively, Hall C source is capable of providing required 
beam quality 

• Beam fluctuations (intensity, position, angle) induce noise in 
measured asymmetry 

 modulate beam to extract correction parameters

→

→

Beam Corrections

Regression

Position, angle and
energy information
taken from position
monitors
Trajectories correlated
with changes in
measured Araw

Modulation

Magnetic coils alter
beam trajectory
periodically, in
sequence
Correlation slopes
extracted from beam
changes

Lagrangian Multipliers

Create set of
Lagrangian multipliers
to minimize regression
correction
Constraints come
from modulation
slopes

Allison J. Zec (she/her) (Univ. of New Hampshire) Neutral Weak Form Factor Measurements from the PREX-II and CREX Experiments2022-09-02 12 / 21

Electron beam, hall C beam line instrumentation

• We plan to take advantage of recent updates to the polarized source setup 
to reduce the helicity correlated beam asymmetries starting from the 
injector
• We would like to have one slow helicity reversal per target: the insertable half wave 

plate
• Exiting beamline instrumentation (BPMs, BCMs) used previously for Qweak 

will be more than sufficient to monitor and determine beam properties 

7/10/2024 PR12-24-007 13

**courtesy of D. GaskellBCMs

Harps, BPMsFast raster

Target
• Existing beam line 

instrumentation in Hall C 
(BPMs, BCMs) will be more 
than sufficient to measure 
beam properties



17

Systematic uncertainties

• Take advantage of systematic control developed for recent/upcoming 
parity experiments (detectors, beam, analysis techniques) 

• Uncertainty budget more conservative than what was achieved on 
  measurements from PREX/CREX 

• Sources, size of systematics the same as E12-24-007

An

acceptance was defined by an edge 2 MeV below the elastic peak. With 60 µA beam current and a 3%
radiation length target, the expected rate is 911 kHz. Assuming a beam polarization of 80%, it would take
9 days to reach the statistical precision goal. These parameters and results are summarized in Table 2.

We expect a systematic control of 0.2 ppm or better, which should be comfortably achievable based on
the recent PREX-2 and CREX results. As the systematic uncertainties will be the same as E12-24-007,
please see Appendix A, Section 4 for a discussion of sources of systematics. The expected uncertainties
from these e!ects are summarized below in Table 1 (copied from Appendix A, Table 5).

E!ect Uncertainty (ppb) PREX-2 An acheived (ppb)
Inelastic contributions 130 →10
Afalse 100 →80
Polarization 70 →60
Detector non-linearity 50 →30
Target impurities 50 →40
Total systematic 192 →113

Table 1: Expected source and size of systematic uncertainties, compared to the uncertainties achieved by
the PREX-2 An measurement.

5 Beamtime Request

To reach the desired statistical precision, we request 9 days of transversely polarized beam at an energy
of 1.162 GeV and a current of 60 µA. If this experiment is run in tandem with E12-24-007, it would take
advantage of some of the commissioning and auxiliary measurements described in Appendix A, Section
3.3. Note that since the scattering angle for this proposal is di!erent than for E12-24-007, the pointing
measurement and Q2 measurement would need to be repeated. We estimate that these will take 8 hours
and 16 hours, respectively, adding 1 day of commissioning to the required beamtime.

The beam requirements and beamtime request are summarized below in Table 2.

Beam energy 1.162 GeV
Beam current 60 µA
Beam polarization 80% (transverse)
Target material 208Pb
Target thickness 191.1 mg/cm2

Scattering angle 9.45→

Rate 911 kHz
Beamtime (production) 9 days
Beamtime (commissioning) 1 day
Beamtime (total) 10 days

Table 2: Proposed experimental parameters and resulting rate and beamtime request.

6 Summary

We propose a measurement of the beam-normal single-spin asymmetry An in the scattering of transversely
polarized electrons from 208Pb, at a beam energy of 1.162 GeV and momentum transfer of Q2 = 0.037
GeV2. This measurement would provide critical input on the possible kinematic dependence of An

suggested by recent JLab and MAMI measurements. The proposal is highly complementary to experiment
E12-24-007, which seeks to investigate the nuclear dependence of An. Should this measurement be run

6
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Projected results

PREX/PREX-II/CREX

E12-24-007 
This proposal 

A1

Projected uncertainties;  
central value set to 0
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Beam time request

acceptance was defined by an edge 2 MeV below the elastic peak. With 60 µA beam current and a 3%
radiation length target, the expected rate is 911 kHz. Assuming a beam polarization of 80%, it would take
9 days to reach the statistical precision goal. These parameters and results are summarized in Table 2.

We expect a systematic control of 0.2 ppm or better, which should be comfortably achievable based on
the recent PREX-2 and CREX results. As the systematic uncertainties will be the same as E12-24-007,
please see Appendix A, Section 4 for a discussion of sources of systematics. The expected uncertainties
from these e!ects are summarized below in Table 1 (copied from Appendix A, Table 5).

E!ect Uncertainty (ppb) PREX-2 An acheived (ppb)
Inelastic contributions 130 →10
Afalse 100 →80
Polarization 70 →60
Detector non-linearity 50 →30
Target impurities 50 →40
Total systematic 192 →113

Table 1: Expected source and size of systematic uncertainties, compared to the uncertainties achieved by
the PREX-2 An measurement.

5 Beamtime Request

To reach the desired statistical precision, we request 9 days of transversely polarized beam at an energy
of 1.162 GeV and a current of 60 µA. If this experiment is run in tandem with E12-24-007, it would take
advantage of some of the commissioning and auxiliary measurements described in Appendix A, Section
3.3. Note that since the scattering angle for this proposal is di!erent than for E12-24-007, the pointing
measurement and Q2 measurement would need to be repeated. We estimate that these will take 8 hours
and 16 hours, respectively, adding 1 day of commissioning to the required beamtime.

The beam requirements and beamtime request are summarized below in Table 2.

Beam energy 1.0 GeV
Beam current 25 µA
Beam polarization 80% (transverse)
Target material 208Pb
Target thickness 191.1 mg/cm2

Scattering angle 10.74→

Rate (SHMS + HMS) 664 kHz
Beamtime (production) 9 days
Beamtime (commissioning) 1 day
Beamtime (total) 10 days

Table 2: Proposed experimental parameters and resulting rate and beamtime request.

6 Summary

We propose a measurement of the beam-normal single-spin asymmetry An in the scattering of transversely
polarized electrons from 208Pb, at a beam energy of 1.162 GeV and momentum transfer of Q2 = 0.037
GeV2. This measurement would provide critical input on the possible kinematic dependence of An

suggested by recent JLab and MAMI measurements. The proposal is highly complementary to experiment
E12-24-007, which seeks to investigate the nuclear dependence of An. Should this measurement be run

6

• For this measurement, we request 10 
days of total beamtime (if run in tandem 
with E12-24-007) 

• 9 days of production data to reach a 
statistical precision of 1.5 ppm 

• 1 day of spectrometer measurements 
(after change to 10.74°)

• If run independently, this experiment would require additional commissioning for: 
• Establishing parity-quality beam (24 hours) 
• Measuring beam polarization (24 hours) 
• Spectrometer/detector commissioning  

(36 hours)

Beamtime (production)	 	 	 9 days 
Beamtime (commissioning)	 	 4.5 days 
Beamtime (total)	 	 	 	 13.5 days                                   
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Summary 

• Vanishing An on 208Pb (in contrast to theoretical 
predictions) has been a puzzle since first JLab 
measurement in 2012  E12-24-007 will study 
the nuclear dependence of the asymmetry 

• The puzzle deepened in 2025 with the 
observation of a large An on 208Pb at MAMI 
(at lower energy, larger angle than JLab) 

• The JLab and MAMI measurements suggest an 
additional kinematic dependence not included in 
current models  

• The proposed measurement would test this 
kinematic dependence and provide an 
important benchmark for theory calculations

→
This proposal 

A1

PREX  
PREX-II 
CREX
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Backup
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208Pb target
Targets

One target ladder for both experiments
10 208Pb targets, 1 48Ca target

Multiple 208Pb targets to account for cumulative
damage from beam

Above Left: Detector hit distribution from a new 208Pb target
Above Right: Detector hit distribution from a damaged 208Pb
target
Right: The target ladder used during PREX-II and CREX, with
target positions labeled

Allison J. Zec (she/her) (Univ. of New Hampshire) Neutral Weak Form Factor Measurements from the PREX-II and CREX Experiments2022-09-02 8 / 21

• From PREX-II experience, expect 208Pb target 
to survive 17 C of beam on target 

• At 25 A, this corresponds to (almost) 8 days 

• Considering proposed beamtime of 10 days, 
we plan to have a backup 208Pb foil in the 
target ladder

μ

New 208Pb target After 1 week at 70 Aμ

PREX-II 
target

Total 
charge (C)

Pb2 17.0

Pb10 16.6

Pb9 22.3

Pb8 17.4

Pb5 12.4

Pb7 21.9

Pb6 8.2

End of 
run



Measuring elastic events during PREX

Integrating quartz detector installed 
during PREX/CREX

• High Resolution Spectrometer (HRS) in Hall A separates 
elastic electrons from inelastic events

• Detector position was adjusted (remotely controlled) for 
optimizing the acceptance for elastic events.

• Blue line is elastic tail – inelastic excited states are not 
visible
• lines are just for guiding the eye and have arbitrary 

height

7/10/2024 PR12-24-007 523

Separating inelastic states (slide from C. Gal)
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Theory report
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Response to TAC comments

Physics goals explicitly note systematic errors caused by an "asymmetric beam profile.” 
Proponents need to explicitly define their required beam size, shape, convergence/divergence, 
and profile symmetry, as these parameters directly dictate target survival and error budgets. 

We will require similar beam conditions as for the CREX measurement in Hall A. It should be 
noted that for the E12-24-007 run in 2027, the plan is to use the Hall A laser (which will be set 
up in preparation for MOLLER) for Hall C. The beam requirements for MOLLER are far more 
stringent than those for this experiment, and therefore we foresee no issues achieving 
adequate beam performance. We would rely on the same expertise should this experiment be 
run independently (without E12-24-007) at a later time.
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Response to TAC comments

This experiment proposes running high beam currents (60 µA) on a sensitive lead solid target 
without providing the maximum temperature tolerances needed to prevent target melting, 
sublimation, or excessive gas boiling. This proposal provides good beam profile details in its 
appendix: they explicitly list a requirement for a 3x3 mm raster. It should be confirmed that the 
thermal calculations guarantee the lead target won't melt at 60 µA specifically using this 3x3 
mm symmetric raster.

Due to developing details of the planned target ladder, it will indeed not be feasible to run at 60 
A. Instead, the current will be limited to 25 A. However, the proposed measurement at 

10° will be able to run with both Hall C spectrometers, unlike E12-24-007. This was not 
accounted for in the proposal, and therefore even with the reduced current we would be able to 
achieve nearly the same statistical precision in the same beamtime.            
     

μ μ θ ≈
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Response to PAC comments

The proponents set out to solve the decade+ old PREX puzzle which only deepened with the 
recent measurement of a significantly non-zero An for 208Pb at MAMI. Can you please explain 
how the result of the proposed measurement would be used to solve the puzzle. Specifically:


a. One could envision two outcomes, (i) yet another surprising An=0 result, perhaps 
consistent with PREX/CREX, or (ii) a large negative An consistent with expectations based 
on extrapolation from the MAMI data. Please comment on the argumentation that will be 
used to solve the puzzle based on the possible outcomes one may envision.


b. Given the theoretical complexity of describing the inelastic excitations of a high-Z 
nucleus, and the scarcity of calculations or models tackling the issue, what is the 
information that theorists can potentially get out from the experimental results to advance 
the theoretical description of this very challenging scattering scenario involving 208Pb? In 
other words, how will the measurement make a difference for the development of a 
corresponding theory or model?


(Reply on following slide)        
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Response to PAC comments
If the proposed experiment measured a non-zero , this would strengthen the hypothesis of an unknown 
kinematic dependence, and also suggest that the effect depends more strongly on scattering angle than on 
energy. Another measurement of  = 0, while surprising, would further constrain the phase space where 
kinematic dependence could explain the observed difference   between JLab and MAMI experiments.


Current measurements suggest two behaviors that are not accurately described by theory: dependence on  
and dependence on kinematics. Theory unfortunately provides little guidance on which measurements could 
best resolve these puzzles. Conversely, experimental data to benchmark calculations is also relatively scarce. 
Existing measurements cover only a handful of nuclei between 4He and 208Pb, and at very few kinematic 
points. More thorough coverage of data will more effectively constrain theory than isolated clusters of 
measurements, and could provide better insight on the region of applicability of certain theoretical 
approaches used in calculating these observables.


E12-24-007 will provide benchmarks for possible -dependent effects not currently included in calculations. 
This proposal would provide a similar benchmark on the kinematic dependence. The fact that both PREX/
PREX-II and CREX measured vanishing asymmetries restrict the possible energy dependence, at least above 
1 GeV.  However, there is a rather large gap between the scattering angles of the experiments at JLab and 
MAMI. This measurement would provide complementary constraints on the kinematic dependence by 
measuring a scattering angle approximately twice as large as PREX/CREX, and approximately half as large as 
MAMI.     

An

An

Z

Z
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Response to PAC comments

Would the proponents dare to speculate about the potential driving mechanisms which could 
cause the kinematical and nuclear dependence as indicated by past measurements and used 
as motivation for the present proposal?


As described in the E12-24-007 proposal and DOI:10.1103/PhysRevLett.128.142501, one 
(empirical) hypothesis for the nuclear dependence is contributions from radiative nuclear 
vertex diagrams that scale with . The underlying asymmetry  already contains 
kinematic dependence that should be accounted for in existing calculations, but one could 
also speculate that the hypothetical radiative effect also depends on kinematics.

Z2 A0(Q2)
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Response to PAC comments

In the proposal PAC52 E12-24-007, which is given as appendix to your work, please clarify for 
the empirical correction factor the inconsistency of the quoted C with respect to the 
reference DOI: 10.1103/PhysRevLett.128.142501 and the power of alpha which appears as 
alpha (section 5) and alpha^2 (section 2.3)


The correction term should be , with the empirical constant 0.02. In the 
E12-24-007 proposal, the power  (Section 2.3) and value 0.2 (Section 5) are typos.

C ⋅ Z2α C ≈
α2 C ≈
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Response to PAC comments

It is indeed very efficient to suggest running the proposed measurement together with the 
approved E12-24-007 from PAC52. However, if for some reason the runs would have to 
proceed separately, how much additional overhead on top of the 10 days would be needed, if 
any?


If run separately from E12-24-007, additional beamtime would be required for:

-Establishing parity-quality beam (24 hours)

-Measuring beam polarization (24 hours)

-Spectrometer commissioning (36 hours)


Beamtime for pointing measurements and  determination has already been included, as 
this would anyways be necessary due to the different spectrometer angle. 


Therefore, if run separately, this proposal would need an additional 3.5 days of beamtime.

Q2
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Response to PAC comments

What are the biggest experimental risks to achieving the needed uncertainty goal, if any, and 
what are the plans to mitigate these?  


The biggest risk to achieving the uncertainty goal is the lifetime of the 208Pb target. The first 
plan to mitigate this is by limiting the beam current (as mentioned in the response to [the TAC 
comments]) Based on experience with similar targets from PREX-II, we expect the target to 
survive for approximately 17 C of beam on target. At 25 A, this corresponds to almost 8 
days, compared to the requested beamtime of 10 days. Therefore, the second strategy would 
be to include backup 208Pb foils in the target ladder.   

μ


