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But they disagree!
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TPE can be measured through an asymmetry

between e+p and e�p scattering.
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The one “missing” radiative correction

is hard two-photon exchange.
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exchange is neglected!



5

Calculation of hard TPE highly model-dependent



5

Calculation of hard TPE highly model-dependent

Calculations of two-photon exchange come with

model dependency.

Hadronic Approaches

Treat o↵-shell propagator as collection of hadronic states.
e.g. Ahmed, Blunden, Melnitchouk, PRC 102, 045205 (2020)

N, �, N*, ...

Partonic

Approaches

Treat interaction of �� with quarks, distributed by GPDs.
e.g. A. Afanasev et al., PRD 72, 013008 (2005)

Phenomenology

Assume the discrepancy is caused by TPE, estimate the e↵ect.
e.g. A. Schmidt, JPG 47, 055109 (2020)

Alternate Approaches

e.g., E. A. Kuraev et al., Phys. Rev. C 78, 015205 (2008)

5

• Sum over intermediate hadronic states 
e.g. Ahmed, Blunden, Melnitchouk  
PRC 102, 045205 (2020) 

• 3 GeV2. Q2 ≲

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.045205
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.045205
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.045205


5

Calculation of hard TPE highly model-dependent

Calculations of two-photon exchange come with

model dependency.

Hadronic Approaches

Treat o↵-shell propagator as collection of hadronic states.
e.g. Ahmed, Blunden, Melnitchouk, PRC 102, 045205 (2020)

N, �, N*, ...

Partonic

Approaches

Treat interaction of �� with quarks, distributed by GPDs.
e.g. A. Afanasev et al., PRD 72, 013008 (2005)

Phenomenology

Assume the discrepancy is caused by TPE, estimate the e↵ect.
e.g. A. Schmidt, JPG 47, 055109 (2020)

Alternate Approaches

e.g., E. A. Kuraev et al., Phys. Rev. C 78, 015205 (2008)

5

• Sum over intermediate hadronic states 
e.g. Ahmed, Blunden, Melnitchouk  
PRC 102, 045205 (2020) 

• 3 GeV2. Q2 ≲

Calculations of two-photon exchange come with

model dependency.
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Treat o↵-shell propagator as collection of hadronic states.
e.g. Ahmed, Blunden, Melnitchouk, PRC 102, 045205 (2020)

Partonic Approaches

Treat interaction of �� with quarks, distributed by GPDs.
e.g. A. Afanasev et al., PRD 72, 013008 (2005)

GPDs

Phenomenology

Assume the discrepancy is caused by TPE, estimate the e↵ect.
e.g. A. Schmidt, JPG 47, 055109 (2020)

Alternate Approaches

e.g., E. A. Kuraev et al., Phys. Rev. C 78, 015205 (2008)
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• Treat as  interaction with quarks, 
distributed by GPDs 
e.g. Afanasev et al. PRD 72, 013008 (2005) 

• 5 GeV2. 

γγ

Q2 ≳

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.045205
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.045205
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.045205
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.72.013008


6

TPE could resolve  discrepancyμGE /GM



6

TPE could resolve  discrepancyμGE /GM

attempt to represent the effect of the error bars which can
be postponed to a more complete reanalysis of the data.
The solution of Eqs. (17) and (18) for the ratio Yexp

2! is
shown in Fig. 3 where we can see that, as expected, it is
essentially flat as a function of " and small, of the order of
a few percent. Thus, a tiny correction allows the Rosen-
bluth and the polarization method to give the same value
for j ~GGEj=j ~GGMj. It is reasonable to think that "GE ! ~GGE "
GE and "GM ! ~GGM "GM are comparable to Yexp

2! , and
therefore j ~GGEj=j ~GGMj should not be very different from the
actual value of GE=GM. So it makes sense to compare the
value we get for Rexp

1!#2! ! j ~GGEj=j ~GGMj with the starting
experimental ratios Rexp

Rosenbluth and Rexp
polarization. This is

shown in Fig. 4, from which we see that Rexp
1!#2! is close

to Rexp
polarization. The difference between the two curves can

be attributed either to Yexp
2! or to $"GM;"GE%. Insofar as

$"GM;"GE% are of the same order of magnitude as Yexp
2! ,

which is small according to our analysis, our interpreta-
tion of this small difference is that the polarization
method is little affected by the two-photon correction.

In summary, the discrepancy between the Rosenbluth
and the polarization methods for GE=GM can be attrib-
uted to a failure of the one-photon approximation which
is amplified at large Q2 in the case of the Rosenbluth
method. The expression for the cross section also suggests
that the two-photon effect does not destroy the linearity
of the Rosenbluth plot provided the product R$# ~FF3% is
independent of #. It remains to be investigated if there is a
fundamental reason for this behavior or if it is fortuitous.
Using the existing data, we have extracted the essential
piece of the puzzle, that is the ratio Yexp

2! which measures
the relative size of the two-photon amplitude ~FF3. Within
our approximation scheme, we find that Yexp

2! is of the
order of a few percent. This is a very reassuring result
since this is the order of magnitude expected for two-
photon corrections. What is needed next is a realistic
evaluation of this particular amplitude. A first step in
this direction was performed very recently in Ref. [12],
where the contribution to the two-photon exchange am-
plitude was calculated for a nucleon intermediate state in
Fig. 2. The calculation of Ref. [12] found that the two-

photon exchange correction with intermediate nucleon
has the proper sign and magnitude to resolve a large
part of the discrepancy between the two experimental
techniques, confirming the finding of our general analy-
sis. As a next step, an estimate of the inelastic part is
needed to fully quantify the nucleon response in the two-
photon exchange process.

From our analysis, we extract the ratio j ~GGEj=j ~GGMj
which in the first approximation should not be very differ-
ent from GE=GM. We find that it is close to the value
obtained by the polarization method when one assumes
the one-photon exchange approximation. This compari-
son is meaningful if, as suggested by the smallness of
Yexp
2! , "GE and "GM are negligible. This could be checked

by a realistic calculation of the two-photon corrections.
However, we think that a definitive conclusion will wait
for the determination of "GE and "GM as we did for Yexp

2! .
The necessary experiments probably require the use of
positrons as well as electron beams.

This work was supported by the French Commissariat
à l’Energie Atomique (CEA), and by the Deutsche
Forschungsgemeinschaft (SFB443).
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• TPE would have enhanced impact on Rosenbluth separation vs. polarization transfer 
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142303-4 142303-4

• TPE would have enhanced impact on Rosenbluth separation vs. polarization transfer 
e.g. Guichon & Vanderhaeghen, PRL 91, 142303 (2003)

• Phenomenological approach: predict size of TPE needed to resolve discrepancy 
e.g. Schmidt, JPG 47, 055109 (2020)

predictions using the Bosted and Arrington fits, but are reasonably consistent with those using
the Bernauer fits when accounting for uncertainties.

The results from the OLYMPUS experiment [5], with exponentiated Mo and Tsai
radiative corrections, are presented in figure 4. The inner error bars show statistical uncer-
tainty, while the outer error bars show statistical and point-to-point systematic uncertainties
added in quadrature. Additional correlated uncertainty ranging from 0.0036 to 0.0045 is not
shown.

The OLYMPUS results have a non-zero slope, increasing with decreasing ò, indicating a
hard TPE contribution. However, at high epsilon, the data fall below R2γ=1. The
OLYMPUS results are closest to the prediction based on the Bernauer fit, but with less slope.
Meanwhile, the predictions based on the Bosted and Arrington are significantly above the
OLYMPUS data.

Figure 2. The results from the VEPP-3 TPE experiment [3] for a beam energy of
0.998 GeV (top panel) and 1.594 GeV (bottom panel) fall below predictions based the
Bosted and Arrington fits but above the prediction based on the Bernauer fit.

J. Phys. G: Nucl. Part. Phys. 47 (2020) 055109 A Schmidt
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.91.142303
https://iopscience.iop.org/article/10.1088/1361-6471/ab7ec1/meta
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• : background to PVES 

• : weak mixing angle extractions from PVES 

• : CKM matrix elements from -decay

□γγ

□γZ

□γW β
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Can observe interference between one- and two-photon 
exchange
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+ …

• Normal single-spin asymmetries 
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+ …

• Positron to electron ratio: 

• Leading TPE correction to unpolarized  
 scattering ep
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Existing SSA measurements suggest tension with theory
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this work

Gou et al. PRL 124, 122003 (2020)

• Calculations account for elastic and  inelastic intermediate states 
Gorchtein, PRC 73, 055201 (2006) 
Pasquini & Vanderhaeghen, PRC 70, 045206 (2004)

πN

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.122003
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.73.055201
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.70.045206
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Existing SSA measurements suggest tension with theory

PREX/CREX, PRL 128, 142501 (2022)

• Coulomb distortion + inelastic states included in recent calculation  
Koshchii, et al. PRC 103, 064316 (2021)
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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

Esser, Thiel, et al., PRL 121, 022503 (2018) 
Esser, Thiel, et al., PRB 808, 135664 (2020)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.142501
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.103.064316
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.022503
https://www.sciencedirect.com/science/article/pii/S0370269320304676?via=ihub
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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.
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we conclude that the inelastic excitations of the intermediate
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measurements by the PREX-I and HAPPEX collaborations at
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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
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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-
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for details) for different nuclei. These values were deduced
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Existing positron measurements inconclusive on 
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Existing positron measurements inconclusive on 
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SSA measurements at MAGIX

• Existing and planned SSA measurements use traditional 
liquid/solid targets 

• Opportunity to measure SSAs in uniquely clean 
environment with MAGIX 

• Challenges: 
• Beam dump limitations (extracted beam) vs.  

source lifetime (ERL) 
• Beam/polarization monitoring 

• Working on rate estimates for proton, heavier nuclei  
• Long term: polarized target possible?
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SSAs at JLab 
Nuclear SSA scan (PR12-24-007) 

• Measure 7 nuclei, ranging from 12C to 208Pb 
• Carry out measurement with Hall C  

HMS/SHMS, PREX detectors 
• Proposal for 9 days approved with A rating 

by JLab PAC 52

5 Projected results

Figure 8 shows the projected An results with 0.5 ppm uncertainty for selected targets together with the
existing data from [15, 19] and theoretical predictions. As shown in the figure, the theoretical calculations
based on two-photon exchange suggest no dependence of the asymmetry on Z at the same time as the
calculation is in disagreement with the data for 208Pb. We also compare the projected results with the
calculations assuming a Z2 correction with the following form

An ⇡ A0(Q)(1� C · Z2↵), (5)

as suggested in [15]. A0(Q) is the TPE theoretical prediction (the blue lines in the figure), and C ⇡ 0.2 is
an empirical constant that was determined based on the existing data from Je↵erson Lab and Mainz. One
can clearly see that the importance of the heavy nuclei with Z � 40 for testing the hypotheses suggested in
Sec. 2.3.

Figure 8: Projected results for An (blue points) along with calculations and experimental data (black points)
for 12C, 40Ca, 208Pb from PREX [15, 19] taken at similar kinematic regions. The data for 12C and 208Pb
were taken at Q2 of 0.00984 GeV2 and 0.00881 GeV2, respectively while 40Ca data was taken at Q2 = 0.0065
GeV2. The blue line represents the calculated asymmetries by M. Gorchtein [25] as described in 2.4. The
red line is for the calculations including the radiative corrections suggested from [19].

6 Summary

We propose the measurements of beam normal single spin asymmetries in elastic scattering of the transversely
polarized electron from target nuclei with 12  Z  90 to study the nuclear dependence of the asymmetry.
In particular, this experiment will allow us to investigate if the proposed Z2 scaling will hold, but more

14
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Potential proton target-normal SSA  

• CLAS12 Run Group H plans to run with 
transversely polarized proton target  

• Propose run group addition at lower beam 
energy for SSA (LOI next year)

Errorbars with background and systematics at 1 week

A. Friebolin (GWU) 
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Jefferson Lab positron working group
• “Explore and develop the capabilities for positron beam physics at Jefferson Lab” 

• Website: 
https://wiki.jlab.org/pwgwiki/index.php/Main_Page 

• 2022 White Paper: 
https://epja.epj.org/component/toc/?task=topic&id=1430

https://wiki.jlab.org/pwgwiki/index.php/Main_Page
https://epja.epj.org/component/toc/?task=topic&id=1430
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Proposed measurement with CLAS12 at JLab

Beam

Lepton

Proton

Forward 
detector

Central 
detector

• Measure  ratio in Hall B  

• 55 days at 1035 cm-2 s-1: 
• 75 nA 
• 5 cm LH2 target 
• Ideally switch lepton species 

weekly  

•  = 2.2, 4.4, 6.6 GeV  

• Accessing high , low  requires 
forward proton, central lepton

e+p/e−p

Ebeam

Q2 ϵ
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CLAS12 well-suited for mapping TPE over wide 
phase space
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Definitive answer to whether TPE causes discrepancy
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In-progress CRC1660 follow-up application 

• Focus primarily on SSA measurements at MAGIX 
• Identify reasonable deliverables for FP1 

• Maintain participation in near-term experiments at JLab  
(good opportunity for PhD thesis data) 

• Mention long term aspirations for positrons at JLab 
(unfortunately, likely beyond FP3)
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Summary
• TPE (and hadronic box diagrams) are a significant source 

radiative corrections in electromagnetic (and electroweak) 
measurements… 

• …however, the effect remains largely unconstrained both 
theoretically and experimentally 

• Additional lepton scattering measurements can: 
• Provide additional benchmarks for theory 

• Definitively test TPE hypothesis for  discrepancy 

• In-progress CRC1660 follow-up application will focus on SSA 
measurements at MAGIX

μGE /GM

The one “missing” radiative correction

is hard two-photon exchange.
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