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Measurements of the proton’s form factors

are discrepant.
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The current status of two-photon exchange

is uncomfortable.

Difficulties in calculations

Recent experiments inconclusive

Positron facilities world-wide are turning off

Field is embarking on 3d imaging campaign of

the nucleon.
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Goal of producing a PAC proposal to measure

two-photon exchange at CLAS12 with positrons

Spokespeople: J. C. Bernauer, V. D. Burkert, E. Cline, A. Schmidt,

N. Santiesteban, T. Kutz

Based on Positron Working Group white paper article:

“Determination of two-photon exchange via e+p/e−p scattering with CLAS12”

J. C. Bernauer et al., EPJA 57:144 (2021)

Experimental details:

e+, e− beams at 2.2., 3.3, 4.4, 6.6 GeV, unpolarized, ≈ 60 nA

Unpolarized H2 target

Compare σe+p and σe−p in elastic scattering

≈ 55 PAC days
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Jefferson Lab Positron Working Group

Web: https://wiki.jlab.org/pwgwiki/index.php/Main˙Page

Join the mailing list: mailto:pwg-request@jlab.org

Link to our recent White Paper
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The one “missing” radiative correction

is hard two-photon exchange.

The standard set

Hard two-photon exchange

Soft two-photon exchange
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Calculations of two-photon exchange come with

model dependency.
Hadronic Approaches

Treat off-shell propagator as collection of hadronic states.

e.g. Ahmed, Blunden, Melnitchouk, PRC 102, 045205 (2020)

N, ∆, N*, ...

Partonic

Approaches

Treat interaction of γγ 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 effect.

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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TPE produces an asymmetry between

electron and positron scattering.

M = + +O(α3)

σ ≈ |M|2 =

∣∣∣∣∣∣∣
∣∣∣∣∣∣∣
2

± 2Re


+O(α4)
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Elastic scattering is a 2D space
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Theory predictions for σe+p/σe−p
are not in agreement.
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The polarization transfer results are not

necessarily correct.

σe+p
σe−p

= 1− 4GMRe
(
δG̃M +

εν

M2
F̃3

)
− 4ε

τ
GERe

(
δG̃E +

ν

M2
F̃3

)
+O(α4)

Pt
Pl

=

√
2ε

τ(1 + ε)

GE
GM
× [1 + . . .

+Re

(
δG̃M
GM

)
+

1

GE
Re
(
δG̃E +

ν

m2
F̃3

)
− 2

GM
Re

(
δG̃M +

εν

(1 + ε)m2
F̃3

)
+O(α4) + . . .]

Formalism of Carlson, Vanderhaeghen, Annu. Rev. Nucl. Part. Sci., 2007
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Three recent experiments measured hard TPE.
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Three new experiments have measured R2γ.

OLYMPUS

CLAS VEPP-3
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Three new experiments have measured R2γ.
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Ring
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Three new experiments have measured R2γ.

OLYMPUS
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Magnetic
Spectrometer
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VEPP-3, Novosibirsk, Russia

Configuration 1 Configuration 2

e–/e+ beam e–/e+ beam

1 m

drift
chambers

NaI 
CsI

scintillator
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CLAS, Jefferson Lab, USA

TPE/eg5 run period

primary
e– beam

dump

triple magnet chicane

CLAS spectrometer

photon
beam

e+/e– pair beam
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OLYMPUS, DESY, Germany

Beam
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OLYMPUS, DESY, Germany

Beam
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OLYMPUS, DESY, Germany
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OLYMPUS observed a small TPE effect.
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Recent measurements lacked the kinematic reach

to be decisive.
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CLAS12 TPE experiment, as drawn up in the

white paper

60 nA (unpolarized) e+ beam

2.2, 3.3, 4.4, 6.6 GeV

1035 cm−2 s−1 luminosity

Standard CLAS liquid H2 target

55 PAC days

Collect data with both e− and e+ to reduce systematics.

Coincident detection of e± and p

Over-constrainted kinematics

Need to modify trigger
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CLAS12 holds several key advantages over

OLYMPUS

OLYMPUS CLAS12

Azimuthal acceptance π/4 2π

Luminosity 2 · 1033 1035

Beam energy 2 GeV 10 GeV
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CLAS12 is ideal for mapping TPE

over a wide phase space.

J. C. Bernauer et al., Eur.Phys.J.A 57, p. 144 (2021)
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CLAS12 is ideal for mapping TPE

over a wide phase space.Eur. Phys. J. A           (2021) 57:144 Page 5 of 6   144 

Fig. 7 Predicted effect size and estimated errors for the proposed
measurement program at CLAS12. We assume bins of constant
!Q2=0.25 GeV2. The prediction is based on [19]

nomenological extraction from [19]) are shown in Fig. 7. The
quality of the measured data will quantify hard two-photon-
exchange over the whole region of precisely measured and
to-be-measured cross section data, enabling a model-free
extraction of the form factors from those. It will test if TPE
can reconcile the form factor ratio data where the discrep-
ancy is most significantly seen, and test, for the first time,
GPD-based calculations.

2.3 Systematics of the comparison between electron and
positron measurements

The main benefit to measure both lepton species in the same
setup closely together in time is the cancellation of many
systematics which would affect the result if data of a new
positron scattering measurement is compared to existing
electron scattering data. For example, one can put tighter
limits on the change of detector efficiency and acceptance
changes between the two measurements if they are close in
time, or optimally, interleaved.
For the ratio, only relative effects between the species types
are relevant; the absolute luminosity, detector efficiency, etc.
cancel. Compared to classic small acceptance spectrometers,
even the requirements on the relative luminosity determina-
tion are somewhat relaxed, as all data points of one species
share the same luminosity, that is, even without any knowl-
edge of the relative normalization between species, the evo-
lution of TPE as a function of ε for constant beam momenta
could be extracted. To achieve then an absolute normalization
of the ratio, the relative luminosity must be controlled.

The primary means of normalization for low current
experiments in Hall B is the totally absorbing Faraday cup
(FC) in the Hall B beam line. The absolute accuracy of the FC
is better than 0.5% for currents of 5 nA or greater. The FC can

be used in e+/e− beams with up to 500 W, which should not
be a limitation for experiments in Hall B with CLAS12. The
relative accuracy for the ratio of electrons to positrons should
be at least as good as the absolute accuracy. The only known
difference between electrons and positrons is the interaction
of e+ and e− with the vacuum window at the entrance to the
FC, which is a source of Møller scattering for electrons and
a source of Bhabha scattering for positrons. The FC design
contains a strong permanent magnet inside the vacuum vol-
ume and just after the window. This magnet is meant to trap
(most of) the low-energy Møller electrons to avoid over-
counting the electric charge. It will also trap (most of) the
Bhabha scattered electrons from the positron beam to avoid
under-counting (for positrons) the electric charge. However,
there may be a remaining, likely small charge asymmetry
for Møller and Bhabha scattered electrons in the response
of the FC to the different charged beams. This effect will be
studied in detail with a GEANT4 simulation. In any case,
they relative efficiency of the FC can be calibrated with a
measurement of R at small scattering angles, i.e. ε → 1,
where TPE effects become negligible. This calibration could
be performed with the Forward Tagger Calorimeter which
covers down to 2.5◦. The high counting rates make this a
simple and fast calibration.

2.4 Radiative corrections

For an extraction of the hard part of the two-photon exchange,
the measured raw ratio has to be corrected for radiative
effects, including other charge-odd contributions. These
include the soft two-photon exchange, but also the interfer-
ence terms from radiation off the lepton and proton. Current
radiative generators, for example ESEPP [28], or those from
the A1 [19] and OLYMPUS experiments [26] allow us to
include the radiative corrections as part of a full simulation,
instead of a post-hoc correction factor.

The absolute size of the correction depend strongly on the
cuts applied to select elastic reactions. Here, wider cuts lead
to smaller corrections, however, not necessarily to smaller
uncertainties, as the wider cuts accept kinematics further
away from the elastic case captured in the theoretical cal-
culations.

Figure 8 show an estimate of the radiative corrections (as
corrections to a a Born level calculation) for the four beam
energies and both species. Here, selection cuts are chosen to
accept missing energies (i.e., energies of the radiated pho-
ton) up to 20% of the outgoing lepton energy. Further, a
50 mrad-wide cut is applied on the lepton-angle vs. proton-
angle correlation. For positrons, the charge-odd corrections
reduce the size of the overall correction, however, the correc-
tion will have the same uncertainty as for the electron case,
in which the charge-odd corrections have the same sign as
the charge-even part.

123

J. C. Bernauer et al., Eur.Phys.J.A 57, p. 144 (2021)
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An elastic scattering event in CLAS12
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An elastic scattering event in CLAS12
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Current CLAS12 equipment lack the means to

trigger on a central e±.
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Possible solutions to the triggering problem

Modified trigger based on elastic kinematics

Trigger based on angular correlations between hits

Possibility of adding forward and central “roads”

Feasibility being studied using clock trigger data

High-luminosity upgrade is a major asset.

Streaming read-out

If CLAS12 were streamed, this would be a non-issue

Streaming test of forward tagger

F. Ameli et al., EPJ Web of Conferences (2021)
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Work underway

Analyzing CLAS12 data on tape

Run Group M, 6 GeV on H2
Study backgrounds, rates, resolutions

Simulations

How do our events look outside of normal “triggered” kinematics?

Developing read-out plan

Clock trigger data can tell us about expected data rates

What will be needed to reduce data to manageable rate?

42



Limiting Systematics

Over-all Scale: Relative e+/e− luminosity

Typical absolute accuracy of 2–5% in Hall B

Relative luminosity should be better, ≈ 1%
Compare to OLYMPUS, high-ε data as a cross check

Point-to-Point: Local efficiency
Magnetic fields bend e+, e− to different parts of the detector for
equivalent Q2, ε.

Polarity switching of solenoid and torus

Need heavy-duty Monte Carlo

OLYMPUS had efficiency, gain, resolution mapped for individual drift

chamber wires

Fast-switching of e+ ↔ e− can reduce time-dependent effects.

43



Radiative corrections will be critical.
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OLYMPUS tested several RC prescriptions, built custom radiative

event generator.

Significant charge-odd corrections that are not hard TPE

See recent (2022) ECT Workshop, as well as 2020 CFNS Workshop

White Paper.
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Recap:

TPE is still a problem.

Key region is 3 < Q2 < 5

CLAS12 e+ proposal in

preparation
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Key region is 3 < Q2 < 5
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Recap:

TPE is still a problem.

Key region is 3 < Q2 < 5

CLAS12 e+ proposal in

preparation
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Outlook

Positron proposal for CLAS12

Map out TPE over wide phase space

Provide valuable constraints to theory

Make definitive statement about FF discrepancy

Longer term: consider a CLAS12 positron run group

Obvious reactions: SIDIS, DVCS, π electroproduction

Need to consider within triggering/streaming plan

Polarized e+ can’t hurt, given luminosity
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Back Up
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Hall A G pM Experiment confirms FF discrepancy

to Q2 = 10.

self-consistently implement the RC modification [38]. The
normalizations of the data for the individual experiments
were allowed to vary based on their quoted normalization
uncertainties, except for the data of Ref. [23], which cover a
wide range ofQ2 with the best accuracy. The cross sections
were fit in terms of GM and RS with the following simple
parametrization:

GM ¼ μpð1þ a1τÞ=ð1þ b1τ þ b2τ2 þ b3τ3Þ;
RS ¼ 1þ c1τ þ c2τ2: ð3Þ

The fit gives χ2 ¼ 88.7 for 107 degrees of freedom; the
parameters and uncertainties are given in Table II. The
cross section database and the full covariance matrix of the
fit parameters are given in the Supplemental Material [53].
Figure 1 shows the global fit to GM along with the values

extracted from individual cross section measurements using

the fit to RSðQ2Þ to extrapolate to ε ¼ 0. Our new data
reduce the high-Q2 uncertainties on GM in the global fit
by > 30%.
We also performed direct Rosenbluth separations by

grouping together points with similar Q2 values, as
indicated by the boxes in the top panel of Fig. 1. The
normalization resulting from the global fit was applied to
each dataset, modifying the cross sections from Table I, and
the data in each Q2 bin were interpolated to a common Q2

c
value using the global fit [53]. GE and GM were then
extracted from a linear fit to the ε dependence of σR for each
of the sevenQ2 bins. The results of this extraction are given
in Table III. Figure 2 shows

ffiffiffiffiffiffi
RS

p
(yielding μpGE=GM in

TABLE II. Fit parameters and uncertainties [Eq. (3)].

a1 b1 b2 b3 c1 c2

0.072(22) 10.73(11) 19.81(17) 4.75(65) −0.46ð12Þ 0.12(10)
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FIG. 1. (Top)Kinematics of elastice-p data,Refs. [9–11,23,39,43]
and this work, used in the global fit and Rosenbluth separations;
boxes (1–7) indicate the groupings of points for the Rosenbluth
separations. (Bottom) Effective proton magnetic form factor,
normalized by the standard dipole μpGD, obtained from the cross
section measurements. The curve shows the result of our global
fit, with the gray shaded area indicating the 68% confidence
interval.

TABLE III. Rosenbluth separation results for the data group-
ings shown in the top panel of Fig. 1, after centering to the
averageQ2

c. The quoted values of σL and σT as defined in Eq. (2),
and GM=ðμpGDÞ and μpGE=GM are obtained assuming validity
of the OPE approximation. For the largest Q2, where σL < 0, we
quote −

ffiffiffiffiffiffiffiffiffi
jRSj

p
.

Q2
c

ðGeV=cÞ2 σT × 105 σL × 105
GM=ðμpGDÞ

(OPE)
μpGE=GM

(OPE)

5.994 167%4 7.1%4.6 1.000%0.011 0.75%0.25
7.020 104%3 9.3%5.3 0.967%0.015 1.18%0.35
7.943 71.0%2.7 4.1%3.9 0.943%0.018 1.0%0.5
8.994 49.8%1.7 0.7%3.0 0.934%0.016 0.5%1.2
9.840 36.9%2.4 1.9%3.5 0.909%0.029 1.1%1.0
12.249 18.0%0.8 1.2%1.8 0.858%0.019 1.3%1.1
15.721 8.6%0.5 −0.2% 1.2 0.840%0.025 (−0.9% 2.8)
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tically scattered protons, including the momentum de-
pendence of the analyzing power, “bin centering” e↵ects,
and the quality of the reconstruction of the proton kine-
matics and the calculation of the spin transport matrix
elements.

The acceptance-matching and � cuts applied in the
original analysis [48] reduced the total number of events
by a factor of approximately 2.5(3.4) at ✏ = 0.638(0.790)
relative to the full-acceptance dataset. Subsequent anal-
ysis has shown that the momentum dependence of the an-
alyzing power is adequately accounted for by the global
p�1

p scaling of Eq. (34), and that the HMS optics and
spin transport are well-calibrated within the wider phase
space regions populated by the two higher-✏ settings (see
Fig. 13 and additional discussion in Ref. [52]). As a
result, the statistical uncertainties in R and P`/PBorn

`
are significantly reduced relative to Ref. [48], without in-
creasing the systematic uncertainty. Other changes in the
final analysis common to both experiments are mainly re-
lated to event reconstruction and elastic event selection.
Details of the improvements in event reconstruction and
elastic event selection, and the final evaluation of system-
atic uncertainties can be found in Ref. [52].

Fig. 19 shows the final results for the ✏-dependence of
R and P`/PBorn

` . The data collected at Ee = 3.548 GeV
(h✏i = 0.779) and Ee = 3.680 GeV (h✏i = 0.796) were also
analyzed separately and found to be consistent. The sta-
tistical compatibility of the separately analyzed results,
the similarity of the average kinematics of the two set-
tings, and the near-total overlap of their Q2 and ✏ ranges
justifies combining these two measurements into the sin-
gle result reported in Tab. XI and shown in Fig. 19. For
both observables, the final results are consistent with the
originally published results, but with significantly smaller
statistical uncertainties at the two highest ✏ values. No-
tably, the enhancement of P`/PBorn

` at h✏i = 0.790 rel-
ative to h✏i = 0.153 persists in the full-acceptance anal-
ysis and is consistent with the ⇠ 2% enhancement seen
in the original publication. The deviation from unity of
the final result is 6.2 times the statistical uncertainty, 2.7
times the point-to-point systematic uncertainty, and 2.2
times the “total” uncertainty defined as the quadrature
sum of the statistical and total systematic uncertainties.
The ⇠ 0.6% enhancement at ✏ = 0.638 is roughly a 2�
e↵ect statistically, but also consistent with no enhance-
ment within the point-to-point systematic uncertainty.
The total and point-to-point systematic uncertainties in
P`/PBorn

` are dominated by the point-to-point uncer-
tainty �Pe/Pe = ±0.5% in the beam polarization. It
is worth noting that the global ±1% uncertainty of the
Møller measurement of the beam polarization is irrele-
vant to the determination of the relative ✏ dependence of
P`/PBorn

` , because a global overestimation (underesti-
mation) of the beam polarization is exactly compensated
by an equal and opposite underestimation (overestima-
tion) of the analyzing power at h✏i = 0.153.
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FIG. 19. (color online) Final, acceptance-averaged results
of the GEp-2� experiment, without bin-centering corrections,

as a function of ✏, for the ratio R ⌘ �µp
Pt
P`

q
⌧(1+✏)

2✏
(top

panel), and the ratio P`/P Born
` (bottom panel), compared

to the originally published results [48] (Meziane11), and the
GEp-I result [29] (Punjabi05) at Q2 = 2.47 GeV2. Error
bars on the data points are statistical only. For R, the (one-
sided) total and point-to-point (relative to ✏ = 0.79) system-
atic uncertainty bands are shown, while only the point-to-
point (relative to h✏i = 0.153) systematic errors are shown for
P`/P Born

` (also one-sided). The originally published points
from Ref. [48] have been o↵set by -0.03 in ✏ for clarity. Note
that P`/P Born

` ⌘ 1 at h✏i = 0.153.

B. “Bin centering” e↵ects in R at Q2 = 2.5 GeV2

In contrast with the original publication [48], the
acceptance-averaged results of the full-acceptance anal-
ysis of the GEp-2� data are quoted at significantly dif-
ferent average Q2 values (see Tab. XI), such that the
expected variation of R with Q2 can noticeably a↵ect
its apparent ✏-dependence, even in the absence of sig-
nificant two-photon-exchange e↵ects in this observable.
The expected variation of R with Q2 within the accep-
tance of each point is much larger than its expected ✏ de-
pendence, which is zero in the Born approximation and
small in most model calculations of the hard TPEX cor-
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