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a7 A beam-normal single-spin asymmetry generated in the scattering of transversely polarized elec-
48 trons from unpolarized nucleons is an observable related to the imaginary part of the two-photon
49 exchange process. We report a 2% precision measurement of beam-normal single-spin asymmetry
50 in elastic electron-proton scattering with a mean scattering angle of 6 = 7.9° and a mean energy of
51 1.149 GeV. The asymmetry result is B,, = —5.194 + 0.067 (stat) + 0.082 (syst) ppm. This is the
52 most precise measurement of this quantity available to date and therefore provides a stringent test
53 of two-photon exchange models at § — 0 where they should be most reliable.
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ss  The high intensities of electron beams at facilities like s Jefferson Lab, MAMI, and the future EIC make them
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ideal for studying the charge and magnetization distribu-
tions inside nuclear matter in the single-photon exchange
approximation. However, measurements with high pre-
cision can be affected by two-photon exchange (TPE).
Depending on the observable, either the real or imagi-
nary part of the TPE amplitude can play a role.

There has been significant effort to study the real part
of the TPE amplitude because it affects cross sections.
However, the uncertainties in the theoretical calculations
are large, and constraints on models remain weak even af-
ter a decade-long program of targeted measurements [1].
An alternative approach is to study observables propor-
tional to the imaginary part of the TPE amplitude such
as the beam-normal single-spin asymmetry (BNSSA, or
just By) .

B,, is a parity- and CP-conserving asymmetry typically
at the few part-per-million (ppm) level for forward angles
and GeV-scale incident energies in ép elastic scattering.
Required by time-reversal invariance to vanish in the one-
photon exchange (Born) approximation, a non-zero B,
can only arise with the exchange of two or more photons
between the scattered electron and the target nucleon [2].

Experimentally, B,, manifests itself as the amplitude of
an azimuthal variation in the asymmetry measured when
the beam is polarized transverse to its incident momen-
tum.

Theoretically, two complementary approaches have
been pursued. One [3, 4] is expected to be valid at all
angles, but should work best at lower energies because
it only includes the wN intermediate state as well as
the (smaller) elastic contribution. The other approach
[1, 2, 5-10] is expected to work at all energies because it
includes contributions from multi-particle intermediate
states (e.g. 77N, nN, KA, ...), but works best at for-
ward angles because it uses the optical theorem to relate
the measured total photoproduction cross-section to the
imaginary part of the TPE forward scattering amplitude
Im(TPE).

TPE was generally treated as small (percent-level) cor-
rections to the unpolarized scattering cross-section which
are independent of hadronic structure [11, 12]. How-
ever in 2000 a striking disagreement in the proton’s
elastic electromagnetic form-factor ratio (G4, /G%,) was
observed when comparing Rosenbluth (L/T) separation
[13] and polarization transfer [14] results at Q* > 2
(GeV/c)?. This discrepancy (known as the proton form-
factor puzzle) could be explained [15] by a correction in-
volving the real part of the TPE amplitude which mod-
ifies the Rosenbluth cross-section, but largely cancels in
the polarization-transfer ratios. A recent summary can
be found in [1].

The real part of the TPE amplitude Re(TPE) can
be determined from the ratio of e*p cross sections (see
VEPP-3 [16], OLYMPUS [17], CLAS [18]). In princi-
ple Re(TPE) can also be determined from the imaginary
part via dispersion relations. In practice this is difficult
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since a broad range of kinematics is needed and there is
a paucity of B, results. Nevertheless, the effects of TPE
on the proton radius puzzle (see [19] for the most recent
results and a summary) have been explored theoretically
[6] using an unsubtracted fixed-¢ dispersion relation to
do just that, predicting that TPE effects are at the level
of the present uncertainties (~ 1%) in the proton radius
determinations from ep scattering data. Future experi-
ments (MUSE [20, 21]) aim to improve this precision and
further explore TPE effects by comparing e*p and p*p
scattering. This underscores the importance of providing
B,, data to test the predictions of Zm(TPE).

The kinematics of this experiment are at a far-forward
angle (7.9°) where the optical model approach should
work well, and with a small four-momentum transfer
Q? = —t = 0.0248 (GeV/c)?, and an intermediate en-
ergy (Ep = 1.149 GeV, E., = 1.74 GeV) where up to
five-pion intermediate states can contribute. The asym-
metry is generated by the interference of one-photon and
two-photon exchange processes and has the form [22]

ol — ot 2Zm(MM M)

o= M

i

(1)

where o' (o%) denotes the scattering cross section for elec-
trons with spin parallel (anti-parallel) to a vector 7 nor-
mal to the scattering plane, where n = (k x k)/(|k x
k'|) with k(k") being the momentum of the incom-
ing(outgoing) electron. M? and M?7 are the amplitudes
for one- and two-photon exchange. For transversely-
polarized electrons scattering from unpolarized nucleons,
the detected asymmetry then depends on the azimuthal
scattering angle ¢ via Aexp (@) =~ B,P- 7l, where P is the
electron polarization vector.

Companion measurements of B,, are necessary in most
parity-violating electron scattering experiments in or-
der to account for the effects of residual transverse
polarization in the nominally longitudinally-polarized
beam. Previous measurements of B,, at far-forward an-
gles (6.0° < 61 < 9.7°) were obtained by the GO [23]
and HAPPEX [24] collaborations near Ej;, ~ 3 GeV.
Somewhat larger-angle results have been obtained at
MAMI [25, 26] for (91ab, Elab) = (N 340,0.3 —1.5 GeV),
and by SAMPLE [27] at (~ 55°,0.2 GeV). Backward
angle experiments were performed at (108°,0.36 & 0.69
GeV) by GO [28], and at (145°,0.32 & 0.42 GeV) by
PVA4 [29]. Some of these experiments also included re-
sults on deuterium [28, 29] as well as heavier nuclei [24].

The (7.9°,1.149 GeV) elastic ép B, measurement re-
ported here was part of a series of ancillary/companion
measurements performed by the Queax collaboration to
constrain systematic uncertainties in the first determina-
tion of the weak charge of the proton [30, 31]. The general
performance of the experimental apparatus is described
in Ref. [32]. Details relevant to the extraction of B,, are
presented here.
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A total of 54 hours of B,, data were collected in three
measurement periods and with two different orientations
of transverse polarization. Polarized electrons were gen-
erated by photo-emission from a strained GaAs cathode
at the injector of the Thomas Jefferson National Accel-
erator Facility. Two Wien filters [33] were used to rotate
the electron spin in the transverse plane to horizontal
(spin pointing to beam-right at the target) or vertical
(spin pointing up). The transversely polarized, 150 pA -
180 pA electron beam was then accelerated to 1.16 GeV
before reaching the Qeax apparatus in the experimental
Hall C and scattering from unpolarized liquid hydrogen
encased in a 34.4-cm-long aluminum-alloy cell with thin
(0.1 mm thick) windows where the beam entered and
exited. Longitudinal polarization measurements (brack-
eting the transverse running) using Mgller and Comp-
ton polarimeters [34-36] upstream of the target yielded
an average statistics-weighted beam polarization (P)
(88.72 £ 0.70)%. During the transverse running, the po-
larization was verified to be transverse via null measure-
ments with the Moller polarimeter, which is only sensi-
tive to longitudinal beam polarization. A set of collima-
tors located downstream of the target selected electrons
with lab scattering angles of 5.8° to 11.6°. A toroidal
magnet then focused elastic electrons onto a set of eight
Cherenkov detectors placed symmetrically around the
beam axis, 12.2 m downstream of the target. The az-
imuthal coverage of the detector array was 49% of 2.

The spin direction of the electrons was selected from
one of two pseudo-randomly chosen 1]]1 or |[T1| quar-
tet patterns generated at 240 Hz. Here T represents the
standard spin orientation (spin up or to beam right)
and | represents a 180° rotation in the corresponding
plane. The signals from the Cherenkov detectors were
integrated for each 1 and | spin state (at 960 Hz). The
detector asymmetries were calculated for each quartet
using Apaw = % where Y3 is the charge-normalized
detector yield in the 1T or | spin state. The system-
atic uncertainty due to the beam charge normalization
was negligible here [30]. False asymmetries from spin-
correlated beam position, angle, and energy changes were
largely cancelled by the periodic insertion of a half-wave
plate (IHWP) located in the injector. The remaining
false asymmetries were removed using Ans = Araw —

5
> (3—)‘2) Ay; where Ay; are the helicity-correlated dif-
i=1
Zfelrences in beam trajectory or energy over the helicity
quartet, and the slopes 0A/dx; were determined us-
ing multi-variable linear regression. False asymmetries
caused by secondary events scattered from beamline ele-
ments were negligible [30].

The measured asymmetries A’ . in detector 4, for both
orientations of the transverse beam polarization, were fit
to

A;nsr((b’b) = RlRavAexp Sin((bs - (bz + (boff) + Ca (2)

a8 to extract the experimental asymmetry Aexp. Here ¢,
210 is the azimuthal angle of ]3, and ¢; is the azimuthal an-
20 gle of the i*" detector in the plane normal to the beam
21 axis. The factor Ry, = 0.9938 + 0.0006 accounts for
22 the averaging of the asymmetry over the effective az-
imuthal acceptance (= 22°) of a Cherenkov detector and
24 R = 1.007£0.005 corrects for the measured non-linearity
in the detector electronics. A floating offset in phase ¢
was included to account for any detector offsets in the
azimuthal plane, and a floating constant C' was included
to represent any monopole asymmetries, such as due
20 to parity-violating asymmetry generated by any resid-
230 ual longitudinal beam polarization. The fitted values for
a1 ¢og and C were consistent with zero, and the value of
Acxp extracted was insensitive to the inclusion of these
extra fit parameters.

The fits to Eq. 2 for two of the three data sets are
shown in Fig. 1. Since the kinematics were similar and
236 the results consistent, the error-weighted average of the
27 three measurements Ay, = —4.80140.056 (stat) & 0.039
23 (syst) ppm was used as the experimental asymmetry from
239 the full measurement. The systematic error accounts for
20 the uncertainties in R;, R4, and the linear regression.
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The experimental asymmetry Aex, Was then corrected
22 for backgrounds. The largest background was f;
a3 3.3+0.2%, a dilution from elastic and quasi-elastic elec-
2aa trons scattering from the aluminum-alloy beam-entrance
and exit windows of the target. Dedicated measure-
ments using an aluminum-alloy target, similar to but
thicker than the windows used in the target cell, were
used to determine the aluminum asymmetry A; [37].
29 Another background correction was applied for fo =
250 0.018 £0.004%, a dilution due to inelastic electrons. The
251 inelastic asymmetry As [37] was determined using dedi-
2 cated measurements with the toroidal magnet configured
23 to focus inelastic electrons onto the detectors. Addition-
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Vertical vs Horizontal Transverse Asymmetries
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FIG. 1. Extraction of the experimental asymmetry Aexp from
the measured asymmetries Al for two of the data sets. The
octant number corresponds to the azimuthal location of the
detectors, starting from beam left (Octant 1) where ¢; =0, and
going clockwise. The reduced x? in the vertical and horizontal
fits are 1.4 and 0.9, respectively.
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ally, neutral backgrounds in the acceptance generated by
sources in the beamline (f3 = 0.19+0.06% dilution) and
other sources (f4 < 0.3% dilution) were studied. These
neutral backgrounds constituted negligible corrections to
the experiment’s final azimuthal asymmetry. Therefore,
no correction was applied (As ~ A4 ~ 0). However, their
dilutions were taken into consideration.

A unique potential background asymmetry not yet ob-
served in a B, measurement is a parity-violating beam-
transverse single-spin asymmetry (B;), generated by the
interference between one-photon exchange and the Z°-
exchange processes. At our kinematics, B; is estimated
to be on the order of 107! [38], too small to be observed
in this experiment.

The various corrections were applied to the experimen-
tal asymmetry Aexp to extract B, following

AeXP/P - Z;‘L:l fidi
1- Z?:l fz

Here A; is the background asymmetry generated by the
it" background (aluminum windows, inelastics, beamline
neutrals, and other neutrals, respectively) with dilution
fi- The factor Riot = 1.0041 4 0.0046 accounts for elec-
tron energy-loss and depolarization from electromagnetic
radiation, non-uniform @? distribution across the detec-
tors, light-collection variation across the detectors, and
the uncertainty in the acceptance-averaged (Q?) = 0.0248
+ 0.0001 GeV2. Apias = 0.125 + 0.041 ppm is a false
asymmetry that arose due to the analyzing power of the
scattered electrons which can rescatter in the lead pre-
radiators installed upstream of each main detector. This
effect is described in detail elsewhere [30]; it was larger in
magnitude in the present case because, for transversely
polarized beam, it does not largely cancel due to the sym-
metry of the apparatus. With the above corrections, we
obtain a value of B, = —5.194 £+ 0.067 (stat) £+ 0.082
(syst) ppm for elastic electron-proton scattering at a ver-
tex scattering angle of (#) = 7.9° and vertex energy (E)
1.149 GeV. The contributions from different error sources
are summarized in Table I and discussed in more detail
in Ref. [37].

Figure 2 compares our measurement to three model
calculations: Pasquini & Vanderhaeghen [3, 4], Afana-
sev & Merenkov [9, 10] and Gorchtein [2, 5-8]. One
calculation [2, 5-8] is in reasonable agreement with this
measurement ( within 0.3 ppm, or just 6%, but still 2.6
o away, given the small Qyeax uncertainty). The other
group [9, 10] which also makes use of the optical theorem
is only slightly further away. The Pasquini & Vander-
haeghen model significantly underpredicts the magnitude
of B,. The latter calculation uses unitarity to model the
Doubly Virtual Compton Scattering (VVCS) tensor in
the resonance regime in terms of electroabsorption am-
plitudes whereas both Afanasev & Merenkov as well as
Gorchtein use the optical theorem to relate the forward

Bn = Rtot +A

3)

bias-
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TABLE I. Summary of experimental uncertainties.

Uncertainty Source ABiB;L" (%)
Statistics 1.29
Systematics
P: Beam polarization 0.807
Rior: Kinematics and acceptance 0.428
R;: Electronic Non-linearity 0.540
Linear regression 0.656
Rav: Acceptance averaging 0.067
Aq: Aluminum background asymmetry 0.408
f1: Aluminum dilution 0.172
As: Inelastic background asymmetry 0.024
f2: Inelastic dilution 0.030
Asz: Beamline neutral asymmetry 0.004
f3: Beamline neutral dilution 0.064
Ay: Other neutral background asymmetry  0.201
fa: Other neutral background dilution 0.213
Abias 0.789
Systematics Sub Total 1.57
Total Uncertainty 2.03

1| e Qweak
] |— —Pasquini 1.155
1 |—--Afanasev 1.155

’ 1 |—Gorchtein 1.155
1 |—Gorchtein 1.149

-8 —
6 7 8 9 10 11

0,,, (deg)

FIG. 2. Comparison of this measurement (red circle) to calcu-
lations at Ejap=1.155 GeV by Pasquini & Vanderhaeghen [3],
Afanasev & Merenkov [9], and Gorchtein [5] over the Qweax
acceptance. The latter calculation is also shown at 1.149 GeV
(the Qweak energy), along with the uncertainties associated
with that calculation (dashed green lines).

VVCS tensor to the total photoabsorption cross section.
Although the three calculations predict similar angular
behavior for the asymmetry in our acceptance, their nor-
malizations vary widely.

Generally, the models agree that the dominant con-
tribution to the asymmetry comes from the inelastic
intermediate states of the nucleon in TPE. The con-
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tribution from the elastic state is insignificant. How-
ever, both the Afanasev & Merenkov model and the
Gorchtein model consider all inelastic intermediate states
with multi-pion excitations whereas the Pasquini & Van-
derhaeghen model only considers inelastic states with
single-pion excitations. This likely causes the largest dif-
ference between the two types of calculations.

The calculations from the three theoretical groups dis-
cussed here differ at different kinematics, making a global
comparison to other experiments difficult. For example,
the Gorchtein model includes corrections to account for
the off-forward 34° data of [26], which are not used to pre-
dict the far-forward 7.9° kinematics of this experiment.
However, it is still instructive to compare the existing for-
ward angle B,, data to the kinematics-specific predictions
from each theoretical group. Such a comparison is shown
as a function of Fj,y, in Figure 3 for 6y, < 34° data. This
figure shows that all the models have significant disagree-
ments with the less-forward angle (6;,, > 10°) data. The
far-forward data are in a better position to be described
theoretically using the optical theorem and those calcu-
lations do show reasonable agreement. The Qyeax result
provides by far the most precise test of models to date in
the kinematic region where they are expected to be most
accurate.

Theory: —E- Gorchtein
] —-[J-Afanasev  —[3 Pasquini
0
— ) ‘I ___________ &
€
Q 54+ EUTr=aa
S e (i N LT
(=
(aa]
-10 A Expt:
O Mainz 34°
& PVA4 35°
* Qweak 7.9°
-15 1 AGOfwd7.489.7°
¢ HAPPEX 6°
-20 t t t
0 3

2
Ep.p (GeV)

FIG. 3. Energy dependence of all forward-angle (61, < 34°)
elastic €p B, data compared to calculations at each experi-
ment’s kinematics. The predictions (open squares) from each
theoretical group (Pasquini & Vanderhaeghen [3, 4], Afana-
sev & Merenkov [9, 10], and Gorchtein [5, 8]) are broken into
separate lines for the far-forward and the forward angle data,
to help guide the eye. The far-forward angle data (solid cir-
cles, 01, < 10°) are from this experiment (red, uncertainties
smaller than the symbol), GO (purple), and HAPPEX (or-
ange). Less forward-angle data 01, ~ 34° are denoted with
open circles from MAMI (black) and PVA4 (cyan).

The beam-normal single-spin asymmetry is a unique
tool to test dispersion relations used in calculating TPE
corrections to ep scattering cross sections. In light of
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improving these TPE corrections in ep and up scattering
observables, precision measurements of B,, are extremely
useful for validating TPE models. The precise Qyeak da-
tum reported here, in particular, provides a stringent test
of the TPE models at far-forward angles and moderate
energy.
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