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New measurements of the beam normal single spin asymmetry in the electron elastic and quasielastic
scattering on the proton and deuteron, respectively, at large backward angles and at {Q?) = 0.22 (GeV/c)?

and (Q?) = 0.35 (GeV/c)? are reported. The experimentally observed asymmetries are compared with the
theoretical calculation of Pasquini and Vanderhaeghen [Phys. Rev. C 70, 045206 (2004).]. The agreement
of the measurements with the theoretical calculations shows a dominance of the inelastic intermediate
excited states of the nucleon, zN and the A resonance. The measurements explore a new, important
parameter region of the exchanged virtual photon virtualities.
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The exchange of two hard virtual photons in the elastic
electron-nucleon scattering beyond the one-photon
exchange Born approximation has been the subject of
recent investigation [1,2]. Two complementary methods, a
determination from a measurement of a differential cross
section using unpolarized electrons (Rosenbluth separa-
tion) and the measurement of the polarization transfer to the
proton final state, gave significantly different results for
#,G7/Gyy. The two-photon exchange has been addressed
as the explanation for such a discrepancy. Other observ-
ables in which the two-photon exchange physics plays a
role are: neutron form factors, resonance electroproduction,
the pion form factor and the elastic electron-nucleus cross
section, in particular deuteron and He [1]. The exchange of
two virtual photons implies the excitation of nucleon
intermediate states offering the possibility of testing models
of hadronic structure [3-22]. In contrast to previous
measurements at forward [23,24] and close to right angles
[25], the A4 measurements presented in this work have
been performed at large backward angles. The A4 mea-
surements explore a new important parameter region of the
virtualities of the exchanged virtual photons, involved in
the theoretical calculation of the nucleon intermediate
states, see Fig. 2 from Ref. [11]. Moreover, in contrast
to the SAMPLE measurement [26], at similar backward
scattering angle, the A4 measurements have improved the
precision by a factor ~4. The A4 measurements have been
performed at larger beam energies, probing the zN and A
resonance inelastic intermediate states.

The two-photon exchange physics affects the parity
violating asymmetry through the normalization to the
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electromagnetic amplitude [27] and it is of special rel-
evance in precision measurements of the weak charge of the
proton at low Q? like Qe [28] and P2 [29]. It is also
useful in the theoretical determination of the yZ box
diagrams which also takes part in the proton weak charge
radiative corrections [30-33].

Two-photon exchange effects can be observed in radi-
ative corrections to the cross section, the ratio in e~ p and
e'p elastic scattering cross sections, the depolarization
tensor, and the target and beam normal single spin
asymmetries [34-37]. Six generalized form factors
depending on two kinematic variables parametrize the
elastic electron-proton scattering Gy, (s, 02), Gg(s, 0?),
and Fl»(v, Q?); i=3,...,6 [34,38]. These form factors
reduce to Gy, (Q?), G(Q?) in the Born approximation. The
spin averaged elastic cross section depends on |G|, |Gyl
and ReF 3. Its calculation involves the off-shell form factors
of the nucleon and the off-shell transition form factors of
the intermediate excited states. There is a calculation of the
cross section, assuming only the on-shell ground inter-
mediate state of the nucleon, which is able to partially solve
the mentioned discrepancy in the extraction of u,G7/GY,
[10]. There are also partonic calculations which resort to
generalized parton distributions of the nucleon and are able
to resolve the discrepancy at large Q% [12,16].

The T-odd observables target and beam normal spin
asymmetries arise from the interference of the one-photon
and two-photon exchange amplitudes, see Fig. 1 in
Ref. [39]. The target normal spin asymmetry depends on
the imaginary part of GE, GM, and F 3 while the beam
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normal spin asymmetry depends on the imaginary part of
F5, Fy, and Fs [11,40]. These asymmetries are zero in the
Born approximation. They are proportional to the fine
structure constant . For the beam normal spin asymmetry
A, there is an additional suppression of the electron
polarization by a factor 1/y. It would be zero in the limit
of massless electrons. A | is therefore of the order 107 for a
beam energy less than 1 GeV. The measurement of A | is so
far the only measured observable to access the imaginary
part of F 4 and F 5. Moreover, it allows for a test of models
of the excitation of the intermediate state in the double
virtual Compton scattering on the nucleon.

The first measurement of the SAMPLE experiment of A |
in the elastic electron-proton scattering is at backward angles
at 0?> = 0.1 (GeV/c)? [26]. There are more recent mea-
surements of the A4 experiment at forward angles at Q> =
0.11,0.23 (GeV/c)? [39] with hydrogen, the GO experi-
mentat Q% = 0.15,0.25 (GeV/c)? at forward angles angles
with hydrogen [23], and at Q? = 0.22,0.63 (GeV/c)? a
backward angles with hydrogen and deuterium [25], the
measurements of Happex at GeV energies, which include
besides the hydrogen target heavier nuclei [24], and the
preliminary measurements of the Q.. experiment in the
elastic electron-proton scattering and in the inelastic scatter-
ing on hydrogen, aluminum, and carbon [41]. There is a very
recent measurement of the A1 experimentat MAMI of A | in
the reaction '2C(¢&, ¢’)'?C [42,43]. In this Letter we present
the measurements of the A4 experiment at backward angles
() = 145° and beam energies E = 315 and 420 MeV,
corresponding to Q2 = 0.22 and 0.35 (GeV/c)?, respec-
tively, with both hydrogen and deuterium targets.

The beam normal spin asymmetry is defined as
A, = (6" =o' /ot +6'), where 6T(}) refers to the cross
section with the spin of the electron parallel (antiparallel) to
the vector § = (E x K/ |l€ x K |) in the direction per-
pendicular to the scattering plane.

In the experimental configuration the polarization vector

Pis perpendicular to the beam direction and it is contained
in the horizontal plane, see Fig. 2 in Ref. [39]. A | reaches a

maximum when the scattering plane is perpendicular to P
(¢ = n/2) and it is zero when the scattering plane contains

P(p =0). A, is azimuthally modulated, see Fig. 1:

kx K
W = _AL.O COS @. (1)

The cosine modulation on the azimuthal angle and the
minus sign are determined by the coordinate system of the
detector and the direction of the polarization of the electron
beam, see Fig. 2 in Ref. [39].

The A4 experiment [39,44-53] at the MAMI microtron
facility uses a transversely polarized electron beam of
20 uA to measure A . Details of the experimental setup
can be found in Ref. [39]. The electron beam source

AL =ALoP-

FIG. 1. The polarization vector P of the electron is
perpendicular to the momentum of the incoming electron beam
k and it is contained in the horizontal plane. K is the momentum
of the scattered electron and S is the vector normal to the
scattering plane. A | is modulated by the azimuthal angle ¢ by the
projection P-S

generates longitudinally polarized electrons from a super-
lattice photocathode illuminated by a circularly polarized
laser beam. A Mott and a Mg ller polarimeter are used once
a week to measure the polarization of about 80%. The spin
direction is adjusted using a Wien Filter. The spin direction
is flipped using a Pockel cell with a frequency of 50 Hz.
The spin flip is produced randomly according to the
patterns +——+ and —+-+—. A 1/2 wave plate is inserted
and removed every week of data taking, in order to
suppress systematic effects and to check the correct change
of sign of the experimentally observed asymmetry.

The target cell contains liquid H, or D,. The length of
the target cell is 23.3 cm. The luminosity amounts to
1.23x 1073 ecm™?s7! and 1.41 x 1073 cm™2 57! for the
H, and the D, target, respectively. The detector consists of
a segmented, totally absorbing electromagnetic calorimeter
of 1022 PbF, crystals arranged in 146 slices and 7 rings. It
possesses axial symmetry covering a 2z azimuthal angle.
The energy resolution allows us to separate elastically from
inelastically scattered electrons. It covers the polar angle
interval [140°, 150°] in the backward angles configuration.
In front of the calorimeter 72 plastic scintillators are
installed to discriminate neutral and charged particles. At
backward angles the energy of the scattered electrons is
smaller than at forward angles so that the (quasi)elastic
peak is hidden by the background of neutral particles. The
detector has a dead time of 20 ns. The events are registered
by fast electronics and four histograms are generated: the
energy spectra of neutral and charged particles for each
polarization state.

The number of counts for each polarization state are
obtained integrating under the elastic and quasielastic peak,
for the H, and D, target, respectively, between a lower cut
value and an upper cut value. The asymmetry in the number
of counts (N'—NV/NT + NV) is extracted from each
module (crystal) for every run of five minutes from the
spectrum of charged particles. The amount of the neutral
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background and its asymmetry have been determined from
the measured spectrum of neutral particles with high
precision. The method for the neutral background correc-
tion has been described in detail in Refs. [51,53].

The extracted asymmetries are cross section weighted
averaged over the five inner rings (polar angle). Then they
are averaged over the whole sample of five-minute runs for
each A/2-wave plate data set. And finally, they are error
weighted and averaged for each 1/2-wave plate data set,
changing the sign of the asymmetry for the “in” sets. The
result is A, ; as a function of the slice (azimuthal angle ¢).

A, ; exhibits the expected sinusoidal modulation, see
Fig. 2. The function —Acos(p + &) + p is fitted to the
sample of A, ;. The phase 6 and the offset p yield values
compatible with zero. The final value of the asymmetry is
obtained averaging the amplitude of the asymmetry for
each slice (A; o) = (A, ;/cosg;). The average over the
cosine modulation increases the errors by a factor ~\/§.

The asymmetry has also been corrected from the back-
ground of quasielastic scattering in the nuclei of the
aluminum windows, whose asymmetry has been calculated
from the theoretical Ai and A’l, assuming the static
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approximation [11,14,54] and from the background of
random coincidence events, whose amount and asymmetry
are estimated from the spectrum of neutral particles. There
is a background from the elastic scattering on the deuteron
for the deuterium data. Its amount is 0.3% and 0.1% for the
beam energies 315 MeV and 420 MeV, respectively. Its
effect has been neglected. A, has also been corrected for
the false asymmetry from helicity correlated differences in
the energy, position, angle, and current of the electron beam
as well as for the target density fluctuations. Table I shows
an example of the budget of systematic corrections and
errors for the data with H, target and energy 315 MeV.

As a systematic test it is verified that A | changes sign for
the samples, where the /2 wave plate has been inserted.

The measured A, at the mean angle () = 145° for the
hydrogen target and deuterium are as follows.

At the beam energy 315 MeV, corresponding to
(0%) =0.22 (GeV/c)*:

Al = (=94.83 £ 6.024, £ 4.07) x 107
A{ = (=56.42 £4.53, +2.84,) x 107°.
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FIG. 2. The figures show the extracted beam normal spin asymmetries for H, and D, target and beam energies 315 MeV and 420 MeV
as a function of the azimuthal angle ¢. The function —A | cos(¢ + §) + p with a phase § and an offset p is fitted to the data. The phase
and offset of the fits are in all cases compatible with zero, demonstrating the cosine dependence of the asymmetry on ¢.
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TABLE I. Systematic corrections to the asymmetry and their
contribution to the systematic uncertainty for the data corre-
sponding to the H, target and energy 315 MeV.

Error
Scaling factor  (ppm)
Polarization 0.77 3.72
Correction Error
(ppm) (ppm)
Dilution of y background —4.00 1.54
Helicity correlated beam differences 0.00 0.00
Al windows —1.96 0.51
Random coincidence events —0.82 0.15
Target density 1.06 0.20
Spin angle deviation —0.07 0.13
Sum systematic errors 4.07

At the beam energy 420 MeV, corresponding to
(0*) =035 (GeV/c)*:

Al = (=99.55 £ 6.73, + 4.63) x 107
A4 = (=53.40 £ 6.95, +2.98,) x 107°.

Figure 3 shows the comparison of the measurements
with the theoretical expectations [11,54]. The theoretical
calculation involves the absorptive part of the doubly
virtual Compton scattering tensor of the nucleon. The
intermediate state has been calculated using the phenom-
enological pion electroproduction amplitudes y*N — X,
where X = zN, A, using the isobar model MAID [55]. The
theoretical calculation has been done for the proton and
neutron. We have combined the calculations of A} and A’

40 0
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FIG. 3.

assuming the static approximation, with a cross section
weighted average, to compare directly with the experimen-
tally observed A¢. The calculated A7 and A" exhibit
opposite sign since at backward angles the asymmetry is
approximately proportional to the nucleon magnetic mag-
netic moment [11]. The agreement of the theoretical
calculation A7 with the measurement confirms the pre-
dominance of the inelastic intermediate states of the
nucleon, which include the zN and the A resonance
intermediate states. The calculation for the deuteron is
slightly smaller than the measurements. Since the calcu-
lation for the proton agrees with the measurements, it is
reasonable to expect that the calculation for the neutron is
also valid. Under this assumption, the small deviation of the
deuteron calculation and the deuteron measurements could
be interpreted as a hint of the reliability of the static
approximation. The measured A7 by SAMPLE [26] at a
beam energy 200 MeV is larger (more negative) than the
theoretical calculation. At this energy the elastic and
inelatic contribution are of opposite sign and the inelastic
contribution is small, since it incorporates only intermedi-
ate states at the pion production threshold [11]. At beam
energies of 315 MeV and 420 MeV, the A4 measured
asymmetries are much larger. At these beam energies the
elastic contribution is negligible and the magnitude of
the asymmetry is driven by the inelastic intermediate
states [11].

In conclusion the A4 measurements of A at backward
angles demonstrate the reliability of the theoretical calcu-
lations of Pasquini et al. [11]. They are the first at large
backward angles and at high beam energies and Q2,
allowing access to zN and to the A resonance intermediate
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The figures show the comparison of the measured A | by the A4 and SAMPLE experiments on the proton and the deuteron

with the theoretical calculations of Pasquini et al. The dotted line represents the contribution to A | of the ground state of the nucleon
(elastic). The dashed line corresponds to the excited intermediate states (inelastic). The solid line is the sum of both contributions. The
figure on the left corresponds to a proton target and the one on the right to a deuteron target, where the static approximation has been
used to calculate the asymmetries on the deuteron from those ones on the proton and neutron.

012501-4



PRL 119, 012501 (2017)

PHYSICAL REVIEW LETTERS

week ending
7 JULY 2017

states and extending the parameter region of the exchanged
photon virtualities, see Fig. 2 from Ref. [11]. Further
measurements of the A4 experiment at forward angles
and different Q? are under analysis and will provide more
data for the comparison at different kinematics.
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