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We have measured the beam-normal single-spin asymmetries in elastic scattering of transversely
polarized electrons from the proton, and performed the first measurement in quasielastic scattering on the
deuteron, at backward angles (lab scattering angle of 108 ) for Q2 ¼ 0:22 GeV2 =c2 and 0:63 GeV2 =c2 at
beam energies of 362 and 687 MeV, respectively. The asymmetry arises due to the imaginary part of the
interference of the two-photon exchange amplitude with that of single-photon exchange. Results for the
proton are consistent with a model calculation which includes inelastic intermediate hadronic (N) states.
An estimate of the beam-normal single-spin asymmetry for the scattering from the neutron is made using a
quasistatic deuterium approximation, and is also in agreement with theory.
DOI: 10.1103/PhysRevLett.107.022501

PACS numbers: 25.30.Bf, 13.40.f, 14.20.Dh, 24.70.+s

Two-photon exchange (TPE) is a higher-order radiative
effect that may explain the discrepancy between different
methods of measuring the ratio of the electric and magnetic
0031-9007=11=107(2)=022501(5)

form factors of the proton (GE and GM ) [1]. Model calculations have shown that including the real part of TPE
effects brings the unpolarized cross-section measurements
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into closer agreement with polarization transfer measurements [2]. The contribution of higher-order processes, such
as TPE effects, must be understood as the precision of
electron scattering experiments continues to improve [3].
The single-spin asymmetry in electron-nucleon scattering
~ eÞp
(the left-right analyzing power measured in the pðe;
reaction, with the sign chosen as in the Madison convention [4]) as measured in this work is a parity-conserving
asymmetry which gives access to the imaginary part of
TPE, providing a valuable test of the theoretical framework
for such higher-order processes. It can be measured with
either the target or the beam polarized perpendicular
(transverse) to the scattering plane [5].
The asymmetry arises due to the imaginary part of the
interference of the two-photon exchange amplitude with
that of single-photon exchange. The beam-normal singlespin (BNSSA) asymmetry Bn can be written
Bn ¼

"  # 2ImðM  jM jÞ
¼
;
" þ #
jM j2

(1)

where Im denotes the imaginary part, " and # are the
cross sections for the beam polarized parallel or antipar~ k~0
k
allel to the normal to the scattering plane, n^ ¼ jk
~ k~0 j where
k~ and k~0 are the momenta of the incoming and outgoing
electron, and M and jM j are the amplitudes for singleand two-photon exchange. The BNSSA is linear in EM ,
the electromagnetic (EM) coupling constant, because the
single-spin asymmetry is zero in the Born approximation.
In addition, the BNSSA has an order me =E suppression
relative to a target-normal single-spin asymmetry, where
me is the mass of the electron and E is the energy, because
the polarized electron is ultrarelativistic. The BNSSA are
expected to be on the order of 106  105 [5].
The techniques developed for measuring the small
parity-violating (PV) asymmetries ( 105 ), using an electron beam spin polarized in the same direction as the
momentum (longitudinal), are also useful for measuring
the BNSSA. Precision electroweak electron scattering experiments, such as HAPPEx [6], PVA4 [7], E158 [8], and
G0 [9] have measured the BNSSA at various kinematic
settings at forward angles, and backward-angle measurements have been made in PVA4 [10,11] (preliminary),
SAMPLE [12], and this work. These experiments deliberately polarize the beam in the transverse direction in order
to estimate the systematic uncertainty on the PV asymmetries that could be caused by a residual transverse component of the beam and also directly provide access to the
imaginary part of the TPE amplitude.
Calculations of the BNSSA are sensitive to the treatment
of the intermediate hadronic state in the two-photon exchange amplitude, and different models have been used in
the different kinematic regimes. The cross section  can be
parametrized using six complex invariant amplitudes
~ E ð; Q2 Þ, G
~ M ð; Q2 Þ, and F~i ð; Q2 Þ where i ¼ 3–6]
[G
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which are functions of the four-momentum transfer Q2
and the Lorentz-invariant,  ¼ ðs  uÞ=4, where s and u
are the standard Mandelstam variables [13]. In the Born
approximation, two of the complex form factors reduce to
~E ð; Q2 Þ !
the familiar electric and magnetic form factors G
2
2
2
~
GE ðQ Þ, GM ð; Q Þ ! GM ðQ Þ while the remaining form
factors, which originate from processes involving the exchange of at least two photons, vanish [F~i ð; Q2 Þ ! 0].
The most relevant models for the backward-angle measurements, including this work, are those which model the
nucleon intermediate states X, including elastic (X ¼ N) and
inelastic (X ¼ N) states.
The results presented here are from backward-angle
(lab ¼ 108 ) measurements of the BNSSA in elastic electron scattering on hydrogen and quasielastic electron scattering on deuterium, taken as part of the G0 experiment
[14,15]. Two incident beam energies, 362 and 687 MeV,
were used for each target, corresponding to Q2 
0:22 GeV2 =c2 and 0:63 GeV2 =c2 , respectively. Beam currents ranged from 20 to 60 A, for a total of about 50 h of
beam. The experimental apparatus consisted of a 20 cm
aluminum target cell which was used to hold either liquid
hydrogen or deuterium, and a toroidal-field magnetic spectrometer which was used to separate the (quasi-)elastically
and inelastically scattered electrons. The apparatus had
eightfold azimuthal symmetry around the beam line, with
three sets of main detectors in each octant. Focal plane
detectors (FPDs), consisting of 14 scintillator arcs in each
octant, and cryostat exit detectors (CEDs), an array of nine
scintillator paddles, were used for kinematic separation by
looking at the coincidence of individual CED and FPD
pairs. An aerogel Čerenkov detector in each octant was
used to distinguish electrons and pions. A set of synthetic
quartz Čerenkov luminosity (LUMI) monitors placed
symmetrically around the beam line at low angles (high
incident rate) was used as a beam diagnostic, as will be
discussed below.
The polarized electrons were produced from circularly
polarized light incident on a strained GaAs photocathode
[16]. Rapid helicity reversal, at 30 Hz using a Pockels
cell, ensured that the conditions for which an asymmetry
is measured do not change. A slow helicity reversal
( several days), using an insertable half-wave plate, was
also employed to reduce helicity-correlated effects. A
Wien filter was used to produce a transversely polarized
electron beam. The electron polarization vector was rotated
by 90 to beam left from what it would be for longitudinal
polarization (as determined by Moller polarimeter measurements at various Wien angle settings). The magnitude
of the polarization of the beam was 85.8% with uncertainties of 2:0% and 1:4% for the 362 and 687 MeV
energies, respectively.
The direction of the beam polarization was flipped
in a quartet pattern ( þ   þ or  þ þ  ) with plus
(minus) corresponding to beam left (right) looking
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downstream. The measured asymmetry in each octant was
formed from the difference in normalized yields Y for the
plus and minus states in each quartet over the sum
Yþ  Y
A?
¼ Bn p~ e  n^ ¼ Bn jp~ e jsinð þ o Þ;
meas ¼
Yþ þ Y

(2)

a)

100
0
-100

Asymmetry (ppm)

Asymmetry (ppm)

where p~ e is the beam polarization. The normal to the
scattering plane n^ is transverse to the beam and to the
scattered electron momentum; thus, the measured asymmetry varies as a function of octant. To extract the value of
the transverse asymmetry, we fit the data as a sinusoidal
function of azimuthal scattering angle  and obtained the
amplitude Bn , corrected for the magnitude of the beam
polarization jp~ e j.
As the beam passes through the magnetic elements of
the accelerator, the electron spin precesses in the horizontal
plane. The out-of-plane component of the polarization
induced by these elements is small and thus is not expected
to contribute significantly to the phase of the asymmetry.
The phases as determined from the main detectors are
consistent from data set to data set, though with large
uncertainties, especially in the high energy data. To confirm the stability of the out-of-plane phase from data set to
data set, we used the high precision LUMI data, which are
dominated by Møller (electron-electron) scattering. We
discovered that although the LUMI phases are consistent
from data set to data set, they were not consistent with the
phases determined from the main detector data, indicating
that there was a geometrical offset between the two sets of
detectors [17]. In the final fits to the main detector data (see
Fig. 1) only the amplitude was allowed to vary and the
phases were fixed to the weighted average of the phases of
the main detectors at 362 MeV, or 2:3  1:6 , where the
data are more precise. The results are summarized in
Table I. The uncertainties in the 362 MeV data are small
200
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TABLE I. Summary of the fit parameters for each data set.
2

Data set

Bpn or Bdn (ppm)

ndf

H362
D362
H687
D687

176:5  9:4
108:6  7:2
21:0  24
55:7  78

1.6
1.4
0.4
0.4

compared to the size of the asymmetries and the quality of
the data is apparent in the plots. The hydrogen data at
362 MeV were missing an electronics channel in octant 2,
so that octant has been omitted from the final results. At
687 MeV both the expected values of the asymmetries and
the rates were smaller, and there were very few data taken
with a deuterium target, resulting in much larger relative
uncertainties. Both the hydrogen and deuterium asymmetry at 687 MeV are consistent with zero.
The transverse data have been fully corrected for electronics effects (e.g., dead time), background asymmetries
and helicity-correlated beam parameters. The corrections
to the data are performed on an octant-by-octant basis in
the same way as in the longitudinal data [15]. The uncertainties associated with each correction (see Table II) are
calculated as the quadrature difference in the uncertainties
on the amplitudes of the fits before and after a given
correction, except in the case of the linear regression
correction in the 687 MeV data, which resulted in a smaller
fit uncertainty after the correction. In this case, the uncertainty is approximated by scaling the uncertainties for the
362 MeV data by the square root of the ratios of the number
of quartets in each data set. As there is yet no prescription
to calculate the radiative effects for the beam-normal
single-spin asymmetry, we have not made any corrections
for standard radiative (real photon) effects [18].
Our two measurements of the BNSSA for scattering
from the proton are shown on a plot with the preliminary
PVA4 [10,11] and the SAMPLE [12] backward-angle
measurements (see Fig. 2). The data are shown in comparison to the theoretical prediction [5]. For the first time
we have extracted values for the BNSSA of the neutron.
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TABLE II. Estimates of the various contributions (statistics
and corrections for electronics effects, helicity-corellated beam
properties, backgrounds and polarization) to the uncertainties in
each data set. If a source of systematic uncertainty has a contribution that is global, it is listed in parentheses.
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FIG. 1. Measured asymmetries as a function of  for 362 MeV
from hydrogen (a) and deuterium (b) and 687 MeV from
hydrogen (c) and deuterium (d). Error bars include statistical
and systematic uncertainties. Data are corrected for the magnitude of the polarization.

Contribution
Statistics
Electronics
Beam properties
Backgrounds
Polarization

022501-3

D687
57.8
42.0
6.0
30.7
0.6 (0.6)

Uncertainty (ppm)
H687
D362
17.0
4.6
2.4
15.2 (2.5)
0.2 (0.2)

5.6
3.5
1.6
0.7
2.1 (1.3)

H362
5.4
1.2
2.0
3.7 (5.1)
3.4 (2.0)

TABLE III. Estimate of the proton and neutron cross sections
and asymmetries for each energy, assuming a 5% uncertainty on
the cross sections. The theory prediction [5] is given in the last
column, where for the neutron it is a calculation at the exact
kinematics; for the proton it is an estimate based on the curves
shown in Fig. 2.
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FIG. 2 (color online). World data on the BNSSA at backward
angles for different center-of-mass angles as a function of beam
energy. Theory curves include both the elastic and N intermediate state contributions to the asymmetry [5]. For comparison, the purely elastic contributions are also shown (overlapping
curves at approximately zero for the entire range) to check the
reference numbers in the plot.

In the static approximation, the asymmetry for deuterium is
simply the cross-section-weighted average asymmetry for
the proton and the neutron
Bdn

p Bpn þ n Bnn
¼
;
p þ n

(3)

where p;n is the proton (p) or neutron (n) cross section,
is the measured BNSSA for a neutron (n), proton
and Bn;p;d
n
(p), or deuteron (d) target. Estimates of the proton and
neutron cross sections and the extracted BNSSA for the
neutron are given in Table III and compared to the theory
[19]. The cross sections were calculated using estimates
of the nucleon EM form factors with a relative uncertainty
of 5%.
The estimate for the neutron asymmetry for each energy
is made by solving for Bnn in Eq. (3). The estimate of the
neutron BNSSA at 687 MeV has very large uncertainties
which prevent us from drawing any conclusions. At
362 MeV, the resulting neutron asymmetry is smaller in
magnitude than the proton asymmetry and opposite in sign
(positive). In the resonance region the elastic contribution
is calculated using the electromagnetic form factors at the
vertices, while the contribution from N intermediate
states depends on both resonant and nonresonant invariant
amplitudes for N intermediate states, which are taken
from phenomenological analysis fitted to available experimental data [5,20]. The asymmetry at the measured values
of Q2 is dominated by the term proportional to GM which
changes sign between proton and neutron. Furthermore,
the larger magnitude of the neutron asymmetry for smaller
energies follows from the dominance of the quasireal
Compton contribution. It corresponds to the two exchanged photons being quasireal and the invariant mass
of the hadronic intermediate state approaching the value of
the e-N center-of-mass energy. In Fig. 2, the behavior of

8
23
1.1
2.6

Bn;p
n (ppm)

Bn;p
n;theory (ppm)

86:6  41
176:5  9:4
138  268
21:0  24

72
158
20
35

the proton asymmetry is driven by the increasing contribution of the quasireal Compton scattering up to energy
Ee  0:360 GeV. At higher energy the resonant structure
of the pion electroproduction amplitudes comes into play
with a contribution of opposite sign, which leads to a
smaller asymmetry in absolute value. In order to make a
better estimate of the neutron asymmetry it will be necessary to use a more sophisticated deuterium model, similar
to the calculation of Schiavilla [21,22] for the estimate of
the longitudinal asymmetries.
Measurements of the BNSSA in the resonance region
are valuable tests of the theoretical framework which calculates the radiative corrections for precision electron
scattering experiments. This work doubles the world data
set for the BNSSA in elastic electron-proton scattering at
backward angles. More importantly, the addition of these
data allows us to span the range of energies up to 1 GeV,
including the value at 362 MeV which is at the estimated
peak of the theoretical prediction. In addition, asymmetries
from quasielastic deuteron scattering have been used to
provide the first estimate of the BNSSA for the neutron,
which is in agreement with the predicted value at 362 MeV.
The agreement between the theoretical predictions and the
measured values clearly shows that it is necessary to take
into account the N intermediate state contributions in the
calculation of the hadronic intermediate state when estimating the effects of the TPE contributions.
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Illinois, LPSC-Grenoble, IPN-Orsay, TRIUMF, and particularly the Accelerator and Hall C groups at Jefferson
Lab. CNRS (France), DOE (U.S.), NSERC (Canada), and
NSF (U.S.) supported this work in part.

*Deceased.
[1] P. A. M. Guichon and M. Vanderhaeghen, Phys. Rev. Lett.
91, 142303 (2003).
[2] J. Arrington, W. Melnitchouk, and J. A. Tjon, Phys. Rev. C
76, 035205 (2007).

022501-4

PRL 107, 022501 (2011)

PHYSICAL REVIEW LETTERS

[3] J. A. Tjon, P. G. Blunden, and W. Melnitchouk, Phys. Rev.
C 79, 055201 (2009).
[4] H. H. Barschall and W. Haeberli, Polarization Phenomena
in Nuclear Reactions, Proceedings of the Third
International Symposium (University of Wisconsin,
Madison, 1970).
[5] B. Pasquini and M. Vanderhaeghen, Phys. Rev. C 70,
045206 (2004).
[6] L. Kaufman, Eur. Phys. J. A 32, 501 (2007).
[7] F. E. Maas et al., Phys. Rev. Lett. 94, 082001 (2005).
[8] M. Vanderhaeghen, Few-Body Syst. 41, 103 (2007).
[9] D. S. Armstrong et al., Phys. Rev. Lett. 99, 092301
(2007).
[10] L. Capozza, Eur. Phys. J. A 32, 497 (2007).
[11] S. Baunack (private communication).
[12] S. P. Wells et al., Phys. Rev. C 63, 064001 (2001).

week ending
8 JULY 2011

[13] M. Vanderhaeghen, M. Gorchtein, and P. Guichon, Nucl.
Phys. A741, 234 (2004).
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