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CEBAF is a great source of (virtual) photons.
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Positrons add new information beyond

what electrons can provide.

1 Multi-photon interferences

Two-photon exchange

DVCS / Bethe-Heitler

Coulomb effects

2 Our world is made of matter

Annihilation search for dark matter

Axial form factors

Strangeness via charm tagging

5



Positrons add new information beyond

what electrons can provide.

1 Multi-photon interferences

Two-photon exchange

DVCS / Bethe-Heitler

Coulomb effects

2 Our world is made of matter

Annihilation search for dark matter

Axial form factors

Strangeness via charm tagging

6



Jefferson Lab Positron Working Group

2024 Positron Working Group Meeting
George Washington University

March 18–20, 2024

Read our white paper: EPJA 2022

Join our mailing list:

pwg-request@jlab.org
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Plan: build new positron source

in the LERF vault.

Minimize civil construction, reduce cost

Pre-cursor to 22 GeV upgrade
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This will not be soon.

We are working to produce pre-CDR document.
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The PAC has solicited positron proposals.

Positron experiments / concepts:

Multi-photon Exchange

PR12+23-003: Coulomb Effects in DIS

PR12+23-008: Two-Photon Exchange

at CLAS

PR12+23-012: Two-Photon Exchange

in Hall C

LOI12+24-008: Two-Photon Exchange

in neutrons

Dark Photon Searches

PR12+24-005: Annihilation Search

LOI12+23-005: Bhabha Search

Other BSM

WP: charged-lepton flavor violation

search

Virtual Compton Scattering

PR12+23-002: DVCS asymmetries at

CLAS12

PR12+23-006: DVCS cross section in

Hall C

LOI12+23-001: Generalized

Polarizabilities

WP: DVCS on neutrons, He-4

DDVCS at SOLID

Charged-Current Physics

LOI12+23-002: Axial Form Factor

WP: Strangeness via Charm Tag
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Positrons can disentangle DVCS

from the Bethe-Heitler process.
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Kinematics of DVCS

φ-dependence contains 5 observables:

∼ 1, cosφ, sinφ, cos 2φ, sin 2φ

M. Duferne et al., PRC 92, 055202

(2015)
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Proposed DVCS Experiments

Precision Measurements in Select Kinematics (Hall C)

PR12+23-006

High Momentum Spectrometer (HMS) + Neutral Particle Spec.

(NPS)

Survey over a Wide Phase Space (CLAS12, Hall B)

PR12+23-002

CLAS12
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E12+23-006 in Hall C

Goal: high-precision cross sections overlapping electron data

Match xB = 0.36 settings from E12-13-010

6 kinematic settings over three beam energies

135 days, 1 µA of unpolarized e+

High Momentum Spectrometer

Neutral Particle
Spectrometer

Spokespeople: C. Munoz-Camacho, M. Mazouz
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Neutral Particle Spectrometer
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Positrons will greatly improve

Compton Form Factor extraction.
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E12+23-002 in Hall B

Goal: determination of helicity and charge asymmetries over a wide

phase space.

E12+23-002 in Hall B

• Goal: determination of helicity and charge asymmetries over a wide 
phase space.

Cherenkov
Time-of-Flight

BAND

Calorimeter

e– beam

Target

Tracker
CLAS12

E. Voutier

Kinematic Coverage

Experimental configuration

From a subset of out-bending RGA data

July 24th- 28th, 2023
14/19

Spokespeople:
E. Voutier, V. Burkert, S. Niccolai, R. Paremuzyan

Spokespeople: C. Munoz-Camacho, M. Mazouz
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Magnetic field reversals are critical for suppressing

systematics.

Positron

Photon

Proton
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Magnetic field reversals are critical for suppressing
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Electron

Photon

Proton
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Positrons significantly improve constraints on

GPDs.

H. Dutrieux, V. Bertone, H. Moutarde, P. Sznajder, EPJ A 57:250 (2021)
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Positrons add new information beyond

what electrons can provide.
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Measurements of the proton’s form factors

are discrepant.
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The one “missing” radiative correction

is hard two-photon exchange (TPE).

The standard set

Soft TPE (included)

Hard TPE (not included!)
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The current status is uncomfortable.

Two-photon exchange

Proton FFs are ambiguous.

TPE is hard to calculate.

Recent experiments inconclusive

Field is embarking on 3d imaging

campaign of the nucleon.

30



The current status is uncomfortable.

Two-photon exchange

Proton FFs are ambiguous.

TPE is hard to calculate.

Recent experiments inconclusive

Field is embarking on 3d imaging

campaign of the nucleon.

31



Calculations of two-photon exchange

come with model dependency.

N, ∆, N*, ...

Hadronic Approaches

Treat off-shell propagator as collection of hadronic states.

e.g. Blunden, Melnitchouk, PRC ’17, Ahmed et al., PRC ’20, ’23

Partonic Approaches

Treat interaction of γγ with quarks, distributed by GPDs, e.g.

e.g. Afanasev et al., PRD ’05, Kivel, Vanderhaeghen, PRL ’09

Phenomenology

Assume the discrepancy is caused by TPE, estimate the effect.

e.g. Bernauer et al., PRC ’14 A. Schmidt, JPG ’20

Alternate Approaches

e.g., Kuraev et al., PRC ’08
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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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Predictions for R2γ = σe+p/σe−p
R
2
γ

ϵ
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Three recent experiments measured hard TPE.
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CLAS Two-Photon Exchange Experiment

TPE/eg5 run period (2010–11)

primary
e– beam

dump

triple magnet chicane

CLAS spectrometer

photon
beam

e+/e– pair beam
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CLAS Two-Photon Exchange Experiment

MEASUREMENT OF TWO-PHOTON EXCHANGE EFFECT BY . . . PHYSICAL REVIEW C 95, 065201 (2017)

FIG. 20. R2γ as a function of ε at Q2 ≈ 0.85 GeV2 (top) and
1.45 GeV2 (bottom) extracted from the measured ratio of e+p/e−p

cross sections corrected for both δe.p.brem and δeven. The filled black
squares show the results of this measurement. The inner error bars
are the statistical uncertainties and the outer error bars are the
statistical, systematic, and radiative-correction uncertainties added
in quadrature. The line at R2γ = 1 is the limit of no TPE. The
magenta solid and red dashed curves show the calculation by Zhou
and Yang [31], including N only and N + $ intermediate states,
respectively. The blue dotted curve shows the calculation by Blunden
et al. [21]. The black dot-dashed line shows the calculation of TPE
effects on a structureless point proton [20]. The open green circles
show the previous world data at 0.7 ! Q2 ! 1.0 GeV2 and 1.2 !
Q2 ! 1.53 GeV2 in the top and bottom plots, respectively [32]. The
filled blue diamonds are from VEPP-3 [55], showing the combined
statistical and systematic uncertainty. The solid black line in the lower
figure is a linear fit to the all of the data shown and was constrained
to go to R2γ = 1 at ε = 1.

of Refs. [20,21,31]. In both cases, our results are consistent
with little or no Q2 dependence, while the inclusion of the
VEPP-3 data at ε ≈ 0.45 indicates a gradual increase in R2γ

with Q2. As before, the results are largely consistent with the
calculations of Blunden et al. and Zhou and Yang but not for
a pointlike proton.

FIG. 21. Same as Fig. 20 except as a function of Q2 at ε ≈ 0.45
(top) and 0.88 (bottom). Also included is the CLAS 2013 [38] result
(black open square), which has been averaged to a single point at
ε = 0.893. The open green circles show the previous world data
at 0.2 ! ε ! 0.7 and 0.7 ! ε ! 0.95 in the top and bottom plots,
respectively [32].

C. TPE corrected Rosenbluth extraction at Q2 = 1.75 GeV2

From our results of R2γ at Q2 ≈ 1.45 GeV2 we determined
the correction factor δ2γ (ε). We did a linear fit of all of the R2γ

data shown in Fig. 20 that was constrained to go to R2γ = 1
at ε = 1. We then applied the resulting correction factor [see
Eq. (5)], including fit uncertainties, to the unpolarized reduced
cross section of Andivahis et al. [2] and did a Rosenbluth
separation to extract µpGE/GM at Q2 = 1.75 GeV2. Fig-
ure 22 shows the original reduced cross-section measurements
from Andivahis et al. and the CLAS TPE corrected values
as a function of ε. The TPE corrections change the proton
form factor ratio obtained from the unpolarized data from
µpGE/GM = 0.910 ± 0.060 to 0.829 ± 0.044, bringing it
into 1σ agreement with the polarization transfer result of
0.789 ± 0.042 at Q2 = 1.77 GeV2 by Punjabi et al. [7].
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D. Adikaram et al., PRL 114, 062003 (2015)

D. Rimal et al., PRC 95, 065201 (2017)
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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 holds several key advantages over

OLYMPUS

OLYMPUS CLAS12

Azimuthal acceptance π/4 2π

Luminosity 2 · 1033 1035

Beam energy 2 GeV 6.6 GeV
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E12+23-08: Measuring two-photon exchange at

CLAS12 with positrons.

Spokespeople: J. C. Bernauer, V. D. Burkert, E. Cline, I. Korover,

A. Schmidt, N. Santiesteban, T. Kutz

Experimental details:

55 days in Hall B with CLAS12

e+, e− beams at 2.2., 4.4, 6.6 GeV, unpolarized, ≈ 75 nA
Unpolarized H2 target

Measure e+p/e−p elastic cross section ratio: R2γ

Developed from LOI12-18-004

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

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

Conditionally approved by PAC51 (2023) with an ‘A’ rating.

50

https://doi.org/10.1140/epja/s10050-021-00462-3


Our proposed experiment

Positron Beam

e+

Proton

55 days at 1035 cm–2s–1

  •75 nA
  •5 cm liquid H2 target

2.2, 4.4, 6.6 GeV

CLAS12
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Our proposed experiment

Electron Beam

e–

Proton

55 days at 1035 cm–2s–1

  •75 nA
  •5 cm liquid H2 target

2.2, 4.4, 6.6 GeV

CLAS12
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CLAS12 is ideal for mapping TPE

over a wide phase space.
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CLAS12 is ideal for mapping TPE

over a wide phase space.
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CLAS12 is ideal for mapping TPE

over a wide phase space.
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CLAS12 is ideal for mapping TPE

over a wide phase space.
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Positron Super-Rosenbluth Experiment (Hall C)

E12+23-012

Spokespeople: M. Nycz, J. Arrington, N. Santiesteban, M. Yurov

Only detect recoiling proton

Fixed Q2 −→ fixed spectrometer setting

FIG. 11. The " values that can be measured as a function of Q2 for the available positron energies.

The dashed red lines indicate the Q2 values where we will make precise measurements of GE/GM .

The red circles and squares indicate the points where measurements will be taken, with the red

squares highlighting kinematics at which coincidence data can be taken. The minimum " value is

determined by the assumed minimum scattering angle of 11 degrees.

F. Beam time request

Data taking for the points shown in Fig. 11 is summarized in Table II. We request a

total of 13 PAC days, including the main data taking, calibration and checkout runs, and

overhead for beam energy and changes.

While the main data taking uses the hydrogen target, data taken on an aluminum

‘dummy’ target will be used to subtract the contributions from the target endcaps. We

will also take runs at at di↵erent beam currents to verify our measurement of the target

heating e↵ects, dead time, and other rate-dependent e↵ects in the spectrometers. Data will

be taken with a thin carbon target at all kinematics as a check on the target position and

beam o↵sets. Finally, coincidence data will be taken at some settings as a check of the

scattering kinematics and as a measure of proton detection e�ciency and absorption, even

though these corrections cancel in the " dependence. We can also use the coincidence data

to examine the elastic proton spectrum without the backgrounds, allowing us to check the

agreement between the data and the simulated elastic (and background) spectra. These

19

IV. PROJECTED RESULTS FOR THE PROPOSED MEASUREMENTS

Figure 11 shows the kinematics of the proposed measurements, with circles indicating

the proton-only kinematics, and squares indicating kinematics where we will also take coin-

cidence events. Table I summarizes the systematic uncertainties for the cross section mea-

surements. Separate entries are given for the total uncertainty in the absolute cross sections,

the uncertainties that enter into the extraction of GE/GM (neglecting "-independent uncer-

tainties), and the uncertainties that enter into the linearity tests (neglecting the portions of

the systematic uncertainties that vary linearly with ").

Fig. 5 illustrates the expectation for the " dependence of both electron and positron

measurements at two Q2 values. The uncertainties on the electron data come from E01-

001 [20], and we expect comparable uncertainties for both the positron and electron Super-

Rosenbluth measurements proposed here. Note that for larger Q2 values, the contribution

from GE, as determined from the polarization data, is very small, and even for Q2 ⇡ 2 GeV2

and above, the uncertainty on GE yields a very small uncertainty on the expected Rosenbluth

Slope (RS) in the OPE approximation, as illustrated in Fig. ??.

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 1 2 3 4 5 6 7

0.5�

0

0.5

1

1.5

2

2.5

0 1 2 3 4 5 6 7

2

2

2

FIG. 12. [Left] Form factor ratio as a function of Q2 for electron scattering [5] (magenta line), the

polarization data [22] (black line), and the projected results for positron scattering assuming that

the TPE contribution explains the full di↵erence between the electron Rosenbluth extractions and

recoil polarization. Note that for Q2 > 2.7 GeV2, (GE/GM )2 < 0 and the curve represents the

square rood of the absolute value of (GE/GM )2 [Right] Same, but showing the form factor ratio

squared, which directly corresponds to the observed slope in the Rosenbluth separation.

This can be converted to a prediction for the form factor ratio µpGE/GM as a function

of Q2 for positron and electron Rosenbluth separations and for polarization measurements.

The right hand of Figure 12 plot shows (µpGE/GM)2, which corresponds directly to the

observed slope in the Rosenbluth separations. Note that based on the parameterizations

used here, this slope becomes negative above Q2 ⇡ 2.7 GeV2. Since this corresponds to an

imaginary value for µpGE/GM , the left plot takes the absolute value of the slope. As such,

we show projected uncertainties only for the right hand plot.
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Super Big Bite nucleon form factor program

Rosenbluth separation of GnE ,G
n
M

E12-20-010 (E. Fuchey et al.)

2024 Positron LOI

Polarization transfer

LOI12+23-008, Puckett, Bernauer,

Schmidt

2024 Proposal: 2 days (e−) at
Q2 = 3.7
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FIG. 13. Projected contribution to the neutron Rosenbluth slope Sn from Gn
E
/Gn

M
(dashed blue

curve) with systematic uncertainty (blue dotted area), for Q2 =4.5 (GeV/c)2 (left) and Q2 =3.0

(GeV/c)2 (right); Total expected neutron Rosenbluth slope Sn including the expected two-photon

exchange for electrons (solid magenta) and positrons (solid green). The constraint that our mea-

surement will bring to the slope is represented in solid black with the solid red area for electrons and

cyan area for positron. The magenta and green dotted areas show the total projected uncertainty

for nTPE contribution for electrons and positrons.
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target. Other measurements using the ”self-calibrating” ep ! ep reaction allow various redundant and independent
cross checks of the spectrometer optics and spin transport calculations. Given the current level of understanding of
the SBS and BigBite magnet optics, we very conservatively estimate the systematic uncertainty associated with the
knowledge of the magnetic field to be 5 ⇥ 10�3 in the final form factor ratio Rp of Eq. (10). Even with the most
conservative possible estimate of the systematic uncertainty, the proposed measurement will be statistics-limited, and
one may reasonably argue that the proposed measurement, with its high statistical precision, serves an important
secondary purpose of controlling the systematic errors associated with the three approved higher-Q2 measurements
in E12-07-109. Generally speaking, the sensitivity of the form factor ratio to uncertainties a↵ecting the precession
calculation increases at large Q2.

VI. SUMMARY AND BEAM TIME REQUEST TO PAC52

In summary, we propose adding two PAC days to the 45 PAC days already scheduled for the upcoming SBS GEP
run. This small additional beam time would enable an opportunistic, high-precision measurement of µpG

p
E/Gp

M
at Q2 = 3.7 GeV2, needed for comparison to a future positron measurement as described in LOI12-23-008. This
measurement would improve the precision of the polarization transfer data at this Q2 by a factor of 4. It would also
significantly enhance the productivity of the GEP run, currently scheduled to begin this fall, by providing an ”anchor”
Q2 point of high statistical precision to control systematic uncertainties of the higher-Q2 measurements.

0 5 10 15
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1.5

p M
/Gp EG p

µ

SBS projected SBS low-Q add-on

Global fit (Ye 2018) Diehl 2005 (GPD)

Segovia 2014 (DSE)

FIG. 11. Projected results of ”enhanced” E12-07-109 with the proposed additional Q2 point, compared to existing data
and selected theoretical models. The global fit curve is from Ref. [46]. The two theoretical curves shown are the GPD-based
calculation of Ref. [47] and the Dyson-Schwinger Equation calculation of Ref. [48].

TABLE III. Kinematics, projected accuracy and beam time allocations for ”GEP+”. The projected statistical uncertainties in
the form factor ratio include the assumption of 70% overall event reconstruction e�ciency due to the combined e�ciencies of
the individual detectors, including DAQ dead-time.

Status Ebeam, Q2 range,
⌦
Q2

↵
✓ECAL hE0

ei, ✓SBS hPpi hsin�i Event rate Days � (µGE/GM )
GeV GeV2 GeV2 degrees GeV degrees GeV Hz (PAC) (statistical)

Proposed 4.3 3.1-4.4 3.7 35.0 2.35 28.5 2.73 0.55 882 2 0.011
Approved/scheduled 6.4 4.5-7.0 5.5 29.8 3.66 25.7 3.77 0.72 291 2 0.029
Approved/scheduled 8.5 6.5-10.0 7.8 27.5 4.64 22.1 5.01 0.84 72 11 0.038
Approved/scheduled 10.6 10.0-14.5 11.7 30.0 4.79 16.9 7.08 0.99 13 32 0.081
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Positrons add new information beyond

what electrons can provide.

1 Multi-photon interferences

Two-photon exchange

DVCS / Bethe-Heitler

Coulomb effects

2 Our world is made of matter

Annihilation search for dark matter

Axial form factors

Strangeness via charm tagging
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PR12+24-005: Search for Dark Photons

with Positron Annihilation

PRAD set-up to search for e+e− → γA′

Spokespersons: A. Gasparian, N. Liyanage, B. Raydo, B. Wojtsekhowski
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PR12+24-005: Search for Dark Photons

with Positron Annihilation

PRAD set-up to search for e+e− → γA′

Spokespersons: A. Gasparian, N. Liyanage, B. Raydo, B. Wojtsekhowski
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Recap

Positrons add new information!

Isolating DVCS

Measuring TPE

Dark Photons

Much much more!

Let’s make positrons happen!
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Jefferson Lab Positron Working Group

2024 Positron Working Group Meeting
George Washington University

March 18–20, 2024

Read our white paper: EPJA 2022

Join our mailing list:

pwg-request@jlab.org
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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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VEPP-3, Novosibirsk, Russia

Table II provides the experimental results: the values of
R2γ with the total statistical and systematic uncertainties.
These results are obtained assuming that R2γ is equal to
unity at the normalization points (RLNP

2γ ¼ 1). Also listed
are the kinematic parameters of the measurement, the Δϕ,
Δθ, and ΔE cuts, the raw ratios R, and the quantities
Nþ

sim=N
0
sim and N−

sim=N
0
sim obtained in the GEANT4 simu-

lation and needed to extract R2γ [19].
Figure 2 compares our results with some of the existing

experimental data [23–25,27] and several theoretical or
phenomenological predictions [37–42]. Only those of the
old data points which approximately correspond to our
kinematics, defined in Fig. 2 by the beam energy and ε
values, are shown. It can be seen that our results are in
agreement with the previous measurements, but signifi-
cantly more precise. The figure also shows that the
hadronic calculations, Refs. [37,38], are in good agreement
with the data of run I, but overestimate the values of R2γ

obtained in run II. In contrast, the phenomenological fit
[39] underestimates R2γ at all the measured points. Note
that this fit has been corrected by us to switch from the
Maximon–Tjon prescription [21] for the soft TPE terms,
used in Ref. [39], to the Mo–Tsai prescription [20], used by
us (see Ref. [19] for details). It should be emphasized that
the models [37–39] resolve the form factor discrepancy at
high Q2 values by taking into account the hard TPE effect.
The other three predictions [40–42] are worse in overall
agreement with our data.
Our results can also be renormalized according to the

tested model. In this case, the values of R2γ at the points
No.1–No.4 should be multiplied by the corresponding
values of RLNP

2γ predicted by the model. This is illustrated
in Table III, where the normalization coefficients for each
of the predictions [37–42] are given. Also shown are the

chi-square values per degree of freedom, χ2=nd:f., character-
izing the agreement between the prediction and the data.
The second and the third columns correspond to the
normalization to unity, while the next three columns
correspond to the normalization in accordance with the
predictions. The last row of Table III refers to the case of
the hard TPE contribution being zero. It can be seen that
this case is not consistent with our data. Note also that the
fit [39] has a large change in the chi-square value with the
change in normalization, showing a very good agreement in
the case of normalization to the predicted values of RLNP

2γ .
The conclusion that the predictions [37–39] seem the

most plausible remains valid regardless of the normaliza-
tion used. Nevertheless, an accurate normalization of our
data is desired and can be achieved later if new precise
measurements or reliable calculations of the hard TPE
effect at Q2 ≈ 0.1 GeV2 become available.

FIG. 2 (color online). Experimental data (points) and some predictions (curves) for the ratio R2γ as a function of ε or Q2. The left and
right panels correspond, respectively, to run I and run II. Data points: open square [23], closed inverted triangle [24], closed diamond
[25], closed triangle [27], and closed circle—this experiment. Error bars of our points (closed circles) are related to the statistical
uncertainties; the shaded bands show the total systematic uncertainty and the bin size for each data point. The curves are from Ref. [37]
(cyan dash-dotted line), [38] (red thin solid line), [39] (blue thick solid line), [40] (gray long-dashed line), [41] (magenta short-dashed
line), and [42] (black dotted line).

TABLE III. Comparison of our results with predictions.

RLNP
2γ

RLNP
2γ ðχ2=nd:f.Þ Run I Run II ðχ2=nd:f.Þ

Borisyuk and
Kobushkin [37]

1 2.14 0.9979 0.9972 3.80

Blunden et al. [38] 1 2.94 0.9980 0.9974 4.75
Bernauer et al. [39] 1 4.19 0.9969 0.9946 1.00
Tomasi-Gustafsson
et al. [40]

1 5.09 1.0007 1.0014 5.97

Arrington and
Sick [41]

1 7.72 0.9995 0.9996 8.18

Qattan et al. [42] 1 25.0 1.0005 1.0018 22.0
No hard TPE
(R2γ ≡ 1)

1 7.97 1 1 7.97

PRL 114, 062005 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

13 FEBRUARY 2015

062005-4

I. A. Rachek et al., PRL 114, 062005 (2015)
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OLYMPUS, DESY, Germany

Beam
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OLYMPUS, DESY, Germany

Beam
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The polarization transfer results are not

necessarily correct.

σe+p
σe−p

= 1− 4GMRe
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Formalism of Carlson, Vanderhaeghen, Annu. Rev. Nucl. Part. Sci., 2007
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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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FIG. 2. Direct Rosenbluth separation results for
ffiffiffiffiffiffi
RS

p

(¼μpGE=GM in OPE). The black solid (red dashed) curve shows
the results of our fit to the cross section data with (without) the new
GMp12 data. The blue dot-dashed curve shows μpGE=GM from a
fit to the polarization data [53]. The shaded bands show the
68%confidence intervals of the respective fits.Weplot−

ffiffiffiffiffiffiffiffiffi
jRSj

p
for

the highest Q2 point (an open circle), where RS < 0.

PHYSICAL REVIEW LETTERS 128, 102002 (2022)

102002-5

M. E. Christy et al., PRL 128, 102002 (2022)
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GEP-2γ finds ϵ-dependence in Pl .

29

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
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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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Kinematics: Lepton Angle vs. Proton Angle
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Kinematics: Angles at 2.2 GeV
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Kinematics: Angles at 4.4 GeV
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Kinematics: Angles at 6.6 GeV
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Kinematics: Momenta vs. Angles
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