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We report on the first Q2-dependent measurement of the beam-normal single spin asymmetry An in the
elastic scattering of 570 MeV vertically polarized electrons off 12C. We cover the Q2 range between
0.02 and 0.05 GeV2=c2 and determine An at four different Q2 values. The experimental results are
compared to a theoretical calculation that relates An to the imaginary part of the two-photon exchange
amplitude. The result emphasizes that the Q2 behavior of An given by the ratio of the Compton to charge
form factors cannot be treated independently of the target nucleus.
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Over the last 60 years, electron scattering experiments
with ever increasing precision offer manifold opportunities
to study the structure of nuclei. The technological progress
nowadays allows us to perform parity-violating electron
scattering experiments [1] with statistical and systematic
errors better than 1 ppb. Such experiments at the precision
frontier enable measurements of the strangeness contribu-
tion to the vector form factors of the proton [2–4], the weak
charge of the proton and the weak mixing angle θW [5–7],
and the neutron-skin thickness of heavy nuclei [8].
Moreover, driven by recent theoretical predictions, new
experiments are planned to determine parity-violating
asymmetries as a portal to physics beyond the standard
model (Ref. [9], and references therein). Two boson
exchange corrections play a major role in interpreting
many experiments at the precision frontier but represent
a considerable difficulty theoretically. Such is the case with
the γZ box in parity-violating electron scattering [10], the
γW box in nuclear β decays [11], and the 2γ box in form-
factor measurements [12]. Dispersion relations have estab-
lished themselves as the main tool for such calculations.
The imaginary part of the two boson exchange diagram
serves as input in these calculations, so a direct measure-
ment of this imaginary part provides a valuable test of
theoretical calculations. Experimentally, the imaginary
(absorptive) part of the two-photon exchange amplitude
can be accessed through the beam-normal single spin
asymmetry (or the so-called transverse asymmetry) An in

elastic scattering of electrons polarized perpendicular to the
scattering plane off unpolarized nucleons. The transverse
asymmetry arises from the interference of the one-photon
and two-photon exchange amplitudes [13] and is defined as

An ¼
σ↑ − σ↓
σ↑ þ σ↓

; ð1Þ

where σ↑ (σ↓) represents the cross section for the elastic

scattering of electrons with spin vector P⃗e parallel (anti-

parallel) to the normal vector, defined by n̂ ¼ ðk⃗ × k⃗0Þ=
jk⃗ × k⃗0j. k⃗ and k⃗0 are the three-momenta of the incident and
scattered electrons, respectively. The experimentally mea-
sured asymmetry Aexp is related to An by

Aexp ¼ AnP⃗e · n̂: ð2Þ

The calculations for the theoretical treatment of two-photon
exchange processes in general kinematics are challenging
because they require an account of inclusive hadronic
intermediate states with arbitrary virtualities of the
exchanged photons. By considering only the very low
momentum transfer region (mec ≪ Q ≪ E=c), where the
leading order is ∼C0 logðQ2=m2

ec2Þ, this complication is
alleviated [14,15]. Since the coefficient C0 is obtained in a
model-independent way from the optical theorem as an
energy-weighted integral over the total photoabsorption
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cross section on the particular target, this expression can be
calculated exactly.
Calculations of An for the reaction pðe⃗; e0Þp using this

inclusive approach [14,15], as well as models with a partial
account of the excited hadronic spectrum [16,17], provide a
good description of forward scattering data [18] and a
reasonably good description of large scattering angle data
[19–22], with the exception of the backward scattering data
of Ref. [23]. Gorchtein and Horowitz [24] generalized the
forward inclusive model to nuclear targets:

An ∼ C0 log

�
Q2

m2
ec2

�
FComptonðQ2Þ
FchðQ2Þ : ð3Þ

For the Compton slope parameter, only data for the proton
and for 4He are available, suggesting that the relevant Q2

behavior for An given by the ratio of the Compton to charge
form factors

FComptonðQ2Þ
FchðQ2Þ ≈ exp ½−4Q2=ðGeV2=c2Þ� ð4Þ

is roughly independent of the target. The calculation was
compared to forward scattering data (θ ≤ 6°) taken at the
Jefferson Laboratory on 1H (Q2 ≈ 0.10 GeV2=c2), 4He
(Q2≈0.08GeV2=c2), 12C, and 208Pb (Q2≈0.01GeV2=c2)
[18]: while the calculation is in good agreement with the
observed asymmetries for lighter targets, it fails completely
to reproduce the 208Pb data. This has a major impact on
parity-violating electron scattering experiments since the
transverse asymmetry, arising from a nonzero vertical
component of the beam polarization, produces false asym-
metries that contribute substantially to the total systematic
error. This contribution will become even more crucial for
future experiments [9,25] aiming at a precision much
higher than ever attained before. Systematic studies of
An dependencies on the momentum transfer, the nuclear
charge, and the energy are absolutely mandatory to bench-
mark the current theoretical description of An, thus also
providing new insight into the structure of nuclei. The aim
of our measurement is to perform the first systematic study
of the Q2 dependence of the beam-normal single spin
asymmetry for light nuclei.
The experiment was performed at the spectrometer setup

of the A1 Collaboration at the Mainz Microtron MAMI
[26]. The polarized 570 MeV electrons were produced
using a strained GaAs=GaAsP super lattice photocathode
that was irradiated with circularly polarized laser light
[27,28]. The longitudinal spin of the electrons leaving the
photocathode was rotated to transverse orientation (in the
horizontal plane) using a Wien filter which was positioned
between the 100 keV polarized electron source and the
injector linac of the accelerator. The polarization vector was
finally rotated to vertical orientation using a pair of
solenoids, located shortly behind the Wien filter. The

orientation of the electron beam polarization vector was
alternating between up and down by setting the high
voltage of a fast Pockels cell in the optical system of
the polarized electron source. The orientation as well as the
degree of polarization were determined and monitored
during the whole measuring campaign [29]. This was
accomplished using a Mott polarimeter [30] downstream
of the 3.5 MeV injector linac and a Møller polarimeter [31]
close to the interaction point in the spectrometer hall.
The degree of vertical polarization was deduced by
subtracting the horizontal polarization components from
the total polarization and was, on average, Pe ¼ 82.7%�
0.3%ðstatÞ � 1.1%ðsystÞ.
For the measurement of the beam-normal single spin

asymmetry An, a 20 μA continuous-wave beam of verti-
cally polarized electrons was impinging on a 2.27 g=cm2

carbon target. Elastically scattered electrons were focused
onto two fused-silica detectors positioned in the focal plane
of the two high-resolution spectrometers A and B of the A1
setup [32], located to the left and right sides of the
incoming beam, respectively. The fused-silica detectors
were oriented at 45° with respect to the direction of the
electrons in the spectrometer. The sizes of the two fused-
silica bars [ð300×70×10Þmm3 and ð100×70×10Þmm3]
were chosen according to the different focal plane geom-
etries of the two spectrometers. The produced Cherenkov
light was detected by 25 mm fused-silica–window photo-
multipliers directly attached to the fused-silica bars: five for
the detector in spectrometer A and three for the detector in
spectrometer B.
To reach a sufficiently high count rate, the detectors had to

be placed in the most forward direction. Limited by the
distance between the exit beam line and its quadrupole,
spectrometer A was placed at its minimum angle of 23.50°,
which corresponds to Q2 ¼ 0.04 GeV2=c2, at a beam
energy of 570 MeV. In accordance with its smaller focal
plane, spectrometer B was placed at 20.61° to cover the
same momentum range. This measurement allowed for
identification of possible false asymmetries due to helic-
ity-correlated changes of the beam parameters. With this
configuration, the extracted asymmetries for each spectrom-
eter were equal within the experimental uncertainties (see
Fig. 3), thus confirming a negligible contribution to beam-
related false asymmetries. Therefore, three more Q2 mea-
surements were performed during the same experiment by
changing the kinematical configuration of the spectrometers:
one measurement at Q2 ¼ 0.05 GeV2=c2 by placing spec-
trometer A at 25.90°, and two more measurements at Q2 ¼
0.03 GeV2=c2 and Q2 ¼ 0.02 GeV2=c2 made by placing
spectrometer B at 17.65° and 15.11°, respectively.
During the experiment, the fused-silica detectors were

operated in two different modes. The position of the
Cherenkov detectors within the elastic line was optimized
during the low current mode (I ¼ 50 nA). For this purpose
the fused-silica detectors were read out in coincidence with
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the vertical drift chambers of the spectrometers. The
obtained excitation energy spectrum shown in Fig. 1 dem-
onstrates the clear separation between elastic and inelastic
events from the first excited state of carbon at 4.4 MeV.
In the high current (or integrating) mode, the amplifi-

cation of the photomultiplier tubes (PMTs) was reduced
from nominal to avoid a nonlinear behavior. While all other
detector components of the spectrometers were switched
off to prevent additional noise, the fused-silica detectors
were read out with parts of the former A4 experiment data
acquisition system [2]. The response of each PMT was
recorded with an analog-to-digital converter, integrating the
charge over periods of 20 ms. A gate generator provided the
integration windows where the polarization is reversed in
patterns like ↑↓↓↑ or ↓↑↑↓ in a pseudorandom sequence.
Moreover, an additional λ=2-wave plate was periodically
inserted into the laser system of the source to identify
possible false asymmetries and to suppress many system-
atic effects.
In order to minimize helicity-correlated beam fluctua-

tions, four dedicated stabilization systems [beam current,
beam energy, slow position (dc), and fast position (ac)]
were used at MAMI. The beam parameters were measured
by several monitors, placed in the A1 beam line, which
were read out together with the detector signals. As an
example, Fig. 2 (top panel) shows the impact of the beam-
current stabilization system on the current asymmetry.
Moreover, calibration runs over the full beam-current

range as well as in a narrow region around 20 μA were
performed regularly to monitor the functioning and the
linearity of the PMTs.
We calculate the raw detector asymmetry Araw as

Araw ¼ N↑
e − N↓

e

N↑
e þ N↓

e

; ð5Þ

where N↑ð↓Þ
e denotes the integrated detector signal which is

proportional to the detected number of elastically scattered
electrons for each polarization state. Even though with our
dedicated stabilization systems helicity-correlated changes
of the beam parameters were suppressed as well as
possible, tiny remnants can always lead to false asymme-
tries. Therefore, correction factors ciði ¼ 1;…; 6Þ were
applied to the beam-current asymmetry AI, the horizontal
and vertical beam position differences Δx and Δy, the
horizontal and vertical beam angle differences Δx0 and Δy0,
and the beam energy difference ΔE to determine the
experimental asymmetry

Aexp ¼ Araw − c1AI − c2Δx − c3Δy − c4Δx0

− c5Δy0 − c6ΔE: ð6Þ

Typically, the correction factors would be derived from a
multidimensional regression of the measured asymmetry
versus the corresponding parameters. However, because of
the extraordinarily high-quality beam during the experi-
mental campaign, the variation of the parameters was too
narrow compared to the width of the asymmetry to apply
this method. Instead, analytical calculations as well as
simulations were used to determine the individual correc-
tion factors. The factor c1 in Eq. (6) must be equal to 1 since
the luminosity changes linearly with the beam current. This
correlation has been verified in runs taken without the
beam-current stabilization system, as illustrated in Fig. 2
(bottom panel). The factors c2 and c3 for position-related
false asymmetries were estimated by using Monte Carlo
simulations. In addition, a small data sample acquired
without beam stabilizations was used as a cross-check, and
both results were in good agreement. Concerning the beam

FIG. 1. The excitation energy spectrum shows the acceptance
of the spectrometer without Cherenkov cut (black line) and of the
Cherenkov detector only (shaded area). By changing the mag-
netic field of the spectrometer, the elastic peak was moved until it
matched the position of the Cherenkov detector.

FIG. 2. (Top panel) Comparison between the asymmetry in the
integrated signal from a beam-current monitor observed in a run
with beam stabilization off (red) and with beam stabilization on
(black). (Bottom panel) Raw asymmetry determined for one PMT
of the Cherenkov detector in spectrometer B as a function of the
current asymmetry for a run without beam stabilization.
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angle differences, an analytical derivation of a parametri-
zation of the Mott cross section was used to determine
the correction factor c4 for the horizontal scattering angle.
The correction factor c5 for the vertical scattering angle
vanishes since the angular acceptance of both spectrome-
ters is symmetric with respect to their bending planes.
Nevertheless, variations of the vertical scattering angle will
cause changes of the effective degree of polarization by up
to 1%. This effect could be corrected by using the position
information from the vertical drift chambers obtained
during the low current mode. Since the sign of the energy
fluctuation variation is unknown, no corrections could be
applied in this case. Therefore, it has been treated as a
contribution to the systematic error. Besides the beam-
related systematic uncertainties, the major contribution to
the total systematic error comes from the aging of the
PMTs, which results in a reduction of gain, especially
when running at high count rates. The relationship between
a given PMT’s gain reduction and its corresponding
nonlinearity was studied with frequently performed cali-
bration runs, postexperiment. Retroactive corrections
(0.064 ppm < cPMT < 0.588 ppm) were applied to the
data based on gain degradation. The larger corrections
for the setups B1 and B3 are due to malfunctioning voltage
dividers and the high count rate, respectively. Furthermore,
current unstabilized runs were taken intermittently during
the run period. These runs were used to estimate the dA=dI
deviation from unity (Fig. 2, bottom panel) and to char-
acterize the degree of nonlinearity which had developed in
each PMT. The individual contributions to the total
systematic uncertainty are summarized in Table I.
To confirm the feasibility of the experimental method

and the analysis procedure as well, the experimental
asymmetry Aexp was first extracted for setup 1 (see
Table I), where both spectrometers covered the same

momentum range. Figure 3 shows the measured Aexp in
each spectrometer and for each PMT. The asymmetries
obtained with both detector systems were, as expected,
similar in magnitude but of opposite sign since n̂ in Eq. (2)
reverses sign. In addition, it can be seen that the sign of the
asymmetry also consistently changed when the additional
λ=2-wave plate was moved into the laser beam of the
polarized electron source.
Finally, the experimental asymmetry Aexp was normal-

ized to the electron beam polarization to extract the physics
asymmetry An. The experimentally determined values for
all four kinematic configurations, and the corresponding
statistical and systematic uncertainties are summarized
in Table I. For illustration, the data are shown in Fig. 4.

TABLE I. Measured beam-normal single spin asymmetries for each spectrometer and kinematical setting, with the
corresponding statistical and systematic uncertainty contributions in ppm.

Spectrometer B B B A A

Setup 3 2 1 1 2 and 3
Q2 (GeV2=c2) 0.023 0.030 0.041 0.039 0.049
An −15.984 −20.672 −21.933 −23.877 −28.296

Energy fluctuation δE 0.007 0.006 0.009 0.009 0.001
Current asymmetry δI 0.013 0.015 0.011 0.011 0.010
Vertical beam position δy 0.003 0.001 0.005 0.005 0.002
Horizontal beam position δx 0.001 0.003 0.005 0.023 0.012
Vertical angle δy0 0 0 0 0 0
Horizontal angle δx0 0.003 0.001 0.001 0.001 0.001
Gate length 0.013 0.010 0.010 0.010 0.008
Pe measurement 0.245 0.385 0.480 0.523 0.491
PMT gain variation 0.380 0.130 1.100 0.170 0.030

Total systematic error 0.664 0.551 1.621 0.752 0.555
Statistical error 1.061 0.959 1.515 0.967 1.372

FIG. 3. The transverse asymmetry Aexp for each PMT of the
detectors placed in spectrometer A (filled red circles) and
spectrometer B (open blue circles) at Q2 ¼ 0.04 GeV2=c2. By
inserting an additional λ=2-wave plate into the laser beam of the
polarized electron source, the general sign changed.
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The curve represents the leadingQ2 behavior, as calculated
in the model of Ref. [24] upon neglecting corrections
∼Q2=E2. The given uncertainty of the theoretical predic-
tion is obtained from two sources: the Compton slope
parameter for the 12C target and terms not enhanced by the
large logarithm (see Ref. [24] for details). The two are
expected to be independent and are added in quadrature.
The Compton slope parameter introduced in Eq. (4) was
allowed to vary within 10% and 20% of the central value,
corresponding to the inner and outer bands shown in Fig. 4.
The comparison of the data with the model indicates that
the assumption of the dominance of the logðQ2=m2

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

transverse asymmetry for heavier nuclei at the same Q2

values. This will serve, together with the current data set, as
an important input for future theoretical calculations to
achieve better control of the two-photon exchange mecha-
nism, and they might contribute to a deeper understanding
of the structure of nuclei.
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