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There is a large discrepancy in

proton form factor data.
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Two-photon exchange might be the cause.

?
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Recent σe+p/σe−p measurements

were not a slam dunk.
A. Afanasev et al. / Progress in Particle and Nuclear Physics 95 (2017) 245–278 273

Fig. 3.15. Difference between R2� and model predictions as a function of ". The blue diamonds are VEPP-3, the black boxes are from CLAS, and the red
circles are from OLYMPUS. Error bars reflect the quadrature sum of statistical and uncorrelated systematic uncertainties.

preformed two separate statistical analyses of the data. In the first we have added the normalization uncertainties of CLAS
and OLYMPUS in quadrature to the statistical and uncorrelated systematic uncertainties. This over inflates the error bars
on individual data points but provides an upper limit on the confidence-level agreement between the data and models. We
also took into account the fact that not all of the CLAS data presented in Figs. 3.9 and 3.10 are independent. As was done
in Ref. [20] we selected the 12 independent data points with the best discriminatory power. These are the ones shown in
Fig. 3.14. The VEPP-3 paper does not report a separate normalization uncertainty, rather the normalization depends upon
the model to which the data are being compared. A standard �2

⌫ has been calculated for each data set separately and as a
whole.

The results of this analysis are shown in the columns labeled ‘‘No normalization’’ of Table 3.4. With this treatment of the
normalization uncertainties, the data exclude the no-TPE hypothesis at the 98% confidence level, though the OLYMPUS data
alone verify this hypothesis at the 89% confidence level. There is excellent agreement between the collective data set and the
Bernauer parametrization, and both the hadronic models tested are excluded at greater than the 96% confidence level. We
stress that one should not read too much into these confidence levels because the error bars on the data points are inflated.

In our second treatment of the normalization uncertainties we have allowed the normalization of the CLAS and OLYMPUS
data to float independently but with a penalty determined by the normalization uncertainty of each data set. We select the
normalization, N , that minimizes a modified �2 defined by

�2 =
X

n

 

R2� N � Rcalc
2�

�Rtotal
2�

!2

+
 

N � 1
�Rnorm

2�

!2

, (3.19)

where R2� is the value reported by the experiments, �Rtotal
2� is the quadrature sum of the statistical and uncorrelated

systematic uncertainties, Rcalc
2� is the calculated value for a particular model, and �Rnorm

2� is the normalization uncertainty.
The number of degrees of freedom, ⌫, is then number of data points, n, in the set minus one. For CLAS ⌫ = 11, and for
OLYMPUS ⌫ = 19. The analysis for the VEPP-3 data does not change from the ‘‘No normalization’’ analysis.

The statistical results are shown in Table 3.4, and Fig. 3.17 shows the difference between the normalized data values
Rnorm
2� = R2� N and themodel predictions Rcalc

2� with total uncertainties also scaled by the normalization factor. The combined
data still excludes the no-TPE hypothesis but now at the 99.5% confidence level and there is good agreement with the
hadronic models of Refs. [54,58] with confidence levels of 53% and 48%, respectively. However, in both cases a large upward
normalization is required for the OLYMPUS data that is different from one by nearly 2�Rnorm

2� . The Bernauer parametrization
agrees with the data at the 79% confidence level.

TPE is there.

. . . but it’s small.

Higher Q2?

Afanasev, Blunden, Hasell, and Raue, Prog. Nucl. Part. Phys. (2017)
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The experimental goal should be to

validate theory from multiple angles.

A precise experimental determination of TPE will be a challenge.

We need to validate theories that allow interpolation/extrapolation.

Constraints should come from multiple channels.
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Constraining TPE using Polarization

1 Polarization transfer with e+

Systematically clean

Statistics prohibitive

2 Beam-normal single-spin asymmetry

Really statistics prohibitive

3 Target-normal single-spin asymmetry

Feasible
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Polarization transfer is a better way

to measure the proton form factor ratio.

Measurements are performed at one kinematic setting.

Radiative corrections are small.

Measure a ratio rather than a cross section.
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What polarization is transfered to the proton?

e
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Polarization can be measured with a

focal plane polarimeter.

Dipole

Drift Chambers

Trigger
Scintillators

Rescatterer

Drift Chambers

Focal Plane
Polarimeter
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The FPP converts transverse polarization into an

azimuthal distribution. 17
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FIG. 9. Focal-plane helicity di↵erence-sum ratio asymmetry
(f+ � f�)/(f+ + f�), defined as in Eq. (20), for the GEp-2�
(Q2 = 2.5 GeV2) kinematics, for single-track events selected
according to the criteria discussed in Sec. III B 2. The left
(right) column shows the asymmetries for events scattering
in the first (second) analyzer. Asymmetries are shown for
✏ = 0.15 (top), ✏ = 0.64 (middle) and ✏ = 0.79 (bottom). Red
curves are fits using (f+�f�)/(f++f�) = c cos(')�s sin(').
Asymmetry fit results are shown in Table V.

metry magnitude is maximal at sin� = ±1. In contrast,
the central precession angle for Q2 = 5.2 GeV2 is close
to 180 degrees, such that the acceptance-averaged asym-
metry is close to zero. However, as shown in Fig. 12 and
discussed below, the � acceptance of the HMS for each Q2

point is wide enough to provide su�cient sensitivity to
P`, and the precision of the form factor ratio extraction
is not dramatically a↵ected by the unfavorable preces-
sion angle, since P` is quite large (58%-98%) in all the
kinematics of these experiments. Table V summarizes
the focal-plane helicity-di↵erence asymmetry fit results.
For each of the Q2 = 2.5 GeV2 kinematics, the FPP1
and FPP2 asymmetries are fitted separately, while the
results shown for the GEp-III kinematics are for FPP1
and FPP2 combined.

Figure 11 shows the raw ' distributions f+, f�, f++f�
and 2f±/(f+ + f�) for the GEp-2� kinematics. Similar
results with lower statistical precision are obtained for
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FIG. 10. Focal plane helicity-di↵erence/sum ratio (f+ �
f�)/(f++f�), defined as in Eq. (20), for the GEp-III kinemat-
ics, for FPP1 and FPP2 data combined, for single-track events
selected according to the criteria discussed in Sec. III B 2.
Asymmetry fit results are shown in Table V. The asymme-
try at Q2 = 5.2 GeV2 is also shown separately for events with
precession angles � < ⇡ and � � ⇡, illustrating the expected
sign change of the sin(') term.

the GEp-III kinematics. The normalized distributions
2f±/(f++f�) are consistent with the pure sinusoidal be-
havior predicted by Eq. 21 for all kinematics and for both
polarimeters separately. The helicity sum distribution
f+ + f�, which cancels the asymmetry due to the trans-
ferred polarization, exhibits a characteristic instrumen-
tal asymmetry with several notable features common to
all kinematics. The dominant feature of the false asym-
metry is a cos(2') term that is roughly independent of
kinematics, negative, and about 2-3% in magnitude when
averaged over the useful # acceptance at Q2 = 2.5 GeV2.
This asymmetry appears at small # as a consequence of
the x/y resolution asymmetry of the FPP drift chambers
and at large # due to acceptance/edge e↵ects, and is gen-
erally small at intermediate # values near the maximum
of the analyzing power distribution (see Sec. III B 7). Al-
though the “cone test” (see Section III B 2) is designed to
eliminate acceptance-related false asymmetries, it cannot
do so completely because it is applied based on the recon-
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History of PT measurements
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Polarization transfer is sensitive to TPE.

Pt
Pl

=

√
2ε
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GE
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× [1 + . . .
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)
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Different dependence from σ(e+p)/σ(e−p)!
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Without TPE, GEGM
should be constant with ε.

GE
GM

=

√
τ(1 + ε)

2ε

Pt
Pl
× [1 + . . .?

Any ε dependence is a signature of TPE.
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The GEp-2γ experiment looked for TPE.

40 days, data taken in 2007–08,

Hall C

Q2 = 2.5 GeV2/c2

Meziane et al., PRL 106, 132501

(2011)

A. J. R. Puckett et al.,

arXiv:1707.08587v1 [nucl-ex]

(2017)
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What do positrons get you?

Largest systematics in PT:

Proton polarimetry

Spin precession in spectrometer fields

Alignment of the polarimeter (Pl ↔ Pt)

By taking the ratio: (Pt(e
+)/Pl(e

+))/(Pt(e
−)/Pl(e

−))

Proton polarimetry offsets cancel.

Point-to-point biases eliminated

ε-dependence at fixed Q2 is a signature.

Statistics limited measurements!

Positrons can’t help you get the form factors (biases have the same sign).
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Figure-of-merit

F.o.M. ∝ APe
√
dσ

dΩ
ΩLTε

A: polarimeter analyzing power −→ same

Pe : beam polarization ≈ 80% −→ ≈ 60%

L: luminosity ≈ 80 µA −→≈ 100 nA

T : run time ???

ε: polarimeter efficiency −→ same

Factor 38 increase in uncertainty!
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Imagined set-up

SHMS

HMSBig Cal

Big Cal II

e+/e– beam

10

Yerevan, Armenia, used previously in a Compton scat-
tering measurement in Hall A [55]. The 45-cm (40-cm)
depth of the Protvino (Yerevan) blocks corresponds to
16.4 (14.6) radiation lengths, su�cient to absorb the total
energy of elastically scattered electrons. The Cherenkov
light created in the glass by relativistic particles from
the electromagnetic cascade was registered by photomul-
tiplier tubes (PMTs) of type FEU-84, coupled optically
to the end of each block with a 5 mm-thick transparent
silicon ”cookie” to compensate for a possible misalign-
ment between the two elements. The blocks were opti-
cally isolated from each other via an aluminized mylar
wrapping. For each kinematic setting, the calorimeter
was positioned at an angle corresponding to the central
Q2 value and beam energy. The distance from the ori-
gin to the surface of BigCal was chosen to be as large
as possible, consistent with matching between the solid
angle acceptance of BigCal for elastically scattered elec-
trons and the fixed solid angle of the HMS for elastically
scattered protons. For the kinematics at Ee = 3.548 GeV
and 3.680 GeV (see Tab. I), BigCal was placed closer to
the target than the acceptance-matching distance due to
limitations imposed by the signal cable length and the
location of the BigCal readout electronics, as well as the
available space in Hall C. At Q2 = 8.5 GeV2, the elec-
tron solid angle for acceptance matching was 143 msr,
or about twenty times the solid angle acceptance of the
HMS. Fig. 5 shows BigCal with the front shielding plates
removed, revealing the array of lead-glass blocks.

The analog signals from the PMTs were sent to spe-
cialized NIM modules for amplification and summing,
with eight input channels each. The outputs included
copies of the individual input signals amplified by a fac-
tor of 4.2, and several copies of the analog sum of the
eight input signals. The amplified analog signals from
the individual PMTs were sent to LeCroy model 1881M
charge-integrating Fastbus ADCs for readout. One copy
of each “first level” sum of eight blocks was sent to a
fixed-threshold discriminator, the output of which was
then sent to a TDC for timing readout. Additional copies
of each sum of eight were combined with other sums-
of-eight into “second-level” sums of up to 64 blocks us-
ing identical analog summing modules. These “level 2”
sums, of which there are a total of 38, were also sent
to fixed-threshold discriminators, and a global “OR” of
all the second-level discriminator outputs was used to
define the trigger for BigCal. The groupings of blocks
for the “level 2” sums were organized with partial over-
lap to avoid regions of trigger ine�ciency, as detailed in
Ref. [49]. Because there was no overlap in the trigger
logic between the left and right halves of the calorime-
ter, the trigger threshold was limited to slightly less than
half of the average elastically scattered electron energy.
A higher threshold would have resulted in significant ef-
ficiency losses at the boundary between the left and right
halves of the calorimeter.

Four one-inch thick aluminum plates (for a total of
about one radiation length) were installed in front of the

FIG. 5. BigCal calorimeter with its front removed exposing
the stack of 1744 lead glass blocks.

glass to absorb low-energy photons and mitigate radia-
tion damage to the glass. This additional material de-
grades the energy resolution, but does not significantly
a↵ect the position resolution. All four aluminum plates
were used for all kinematics except the lowest ✏ point
of the GEp-2� experiment, for which only one plate was
used. For this setting, the calorimeter was placed at the
backward angle of ✓e ⇡ 105�, for which the elastically
scattered electron energy was only E0

e ⇡ 0.54 GeV, the
radiation dose rate in the lead-glass was low enough that
the additional shielding was not needed, and the better
energy resolution a↵orded by removing three of the four
plates was needed to maintain high trigger e�ciency at
the operating threshold.

The glass transparency gradually deteriorated
throughout the experiment due to accumulated radia-
tion damage. The e↵ective gain/signal strength in the
BigCal blocks was monitored in situ throughout the ex-
periment using the known energy of elastically scattered
electrons, reconstructed precisely from the measured
proton kinematics. The PMT high voltages were period-
ically increased to compensate for the gradual decrease
in light yield and maintain a roughly constant absolute
signal size, in order to avoid drifts in the e↵ective trigger
threshold and other deleterious e↵ects. However, as
discussed in Ref. [52], the reduced photoelectron yield
caused the energy resolution to deteriorate. With the

BigCal from GEp-III, GEp-2γ

Protons in SHMS/HMS

Non-magnetic lepton detector (BigCal)

SHMS for low-ε, in parallel with other kinematics in HMS
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Kinematics
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Q2 = 1.15 GeV2
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Q2 = 1.15 GeV2
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Q2 = 1.15 GeV2
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To summarize:

TPE can show up in polarization transfer.

e+/e− is a clean way to measure it.

Systematics are on the proton side.

Non-magnetic lepton detection

Getting enough stats is the hard part.
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Single-spin transverse asymmetries are sensitive

to the imaginary part of TPE.

Target-normal:

An =

√
2ε(1 + ε)√

τ
(
G2M + ε

τG
2
E

)×[
−GM Im

(
δG̃E +

ν

M2
F̃3

)
+ GE Im

(
δG̃M +

2εν

M2(1 + ε)
F̃3

)]
+O(α4)

Beam Normal:

Bn =
4mM

√
2ε(1− ε)(1 + τ)

Q2
(
G2M + ε

τG
2
E

) ×[
−τGM Im

(
F̃3 +

ν

M2(1 + τ)
F̃5

)
− GE Im

(
F̃4 +

ν

M2(1 + τ)
F̃5

)]
+O(α4)
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Transverse asymmetries do not violate parity.

e
e'

e

e'
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Transverse asymmetries do not violate parity.

Beam-normal Target-normal

Suppressed by me/Q

≈ 10−4–10−6

False asym. in PV

Previously measured by:

SAMPLE

G0

Mainz A4

HAPPEX/PREX

QWeak (prelim)

≈ 10−3

Previously measured

1970’s, looking for

T-violation

HERMES (including with e+)
3He, Hall A

F.o.M = P
√
dσ
dΩ ΩLT
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Previous beam-normal asymmetry data
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Low-ε beam-normal asymmetry data
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High-ε beam-normal asymmetry data
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Challenges with beam-normal asymmetries

and positrons

Making transversely polarized beam

Need high luminosity

Resolve ppm asymmetries

Positrons don’t help with systematics

Beam polarimetry

False asymmetries
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Target-Normal Asymmetry Estimate

Assumptions

L = 1035 cm−2s−1

Limited by target

≈ 100 nA

12% target polarization (including NH3 dilution factor)

Both Hall A HRSs at 17◦

50% live time
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Target-Normal Asymmetry Estimate
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Target-Normal Asymmetry Estimate

e+ measurement is feasible

Adequate statistics

Problems are systematic

Luminosity

e+/e− switching time

Target polarization

Target flip time

Positrons do not help.
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Summary

Polarization transfer is clean, but statistics limited.

Beam-normal asymmetries are statistics limited.

Target-normal asymmetries might be feasible

Getting TPE data in multiple channels is important for validating theory!
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