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HAL is

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 to perform parity-violating electron scattering experiments [1] with statistical and systematic errors better than one part per billion (ppb).

Such experiments at the precision frontier enable measurements of the strangeness contribution to the vector form factors of the proton [START_REF] Maas | A4)[END_REF][START_REF] Armstrong | G0[END_REF][4], the weak charge of the proton and the weak mixing angle θ W [5][6][7] as well as 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 [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 PVES [10], the γW -box in nuclear β-decays [11], and the 2γ-box in the form-factor measurements [12]. Dispersion relations have established 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 measurement 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 beamnormal single spin asymmetry (or so-called transverse asymmetry) A n 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

53 A n = σ ↑ -σ ↓ σ ↑ + σ ↓ , (1) 
where σ ↑ (σ ↓ ) represents the cross section for the elas- 

A exp = A n P e • n. (2) 
The calculations for the theoretical treatment of two- inclusive approach [14,15], as well as models with a par-73 tial account of the excited hadronic spectrum [START_REF] Pasquini | Proceedings, 2nd 359 International Workshop on From parity violation to 360 hadronic structure and more (PAVI 2004)[END_REF][START_REF] Pasquini | [END_REF] 74 provide a good description of forward scattering data [18] 75 and reasonably good description of large scattering angle 76 data [19][START_REF] Armstrong | G0[END_REF][START_REF] Androic | G0[END_REF][22] with the exception of the backward scatter-77 ing data of Ref. [23]. Gorchtein and Horowitz [24] gener- alized the forward inclusive model to nuclear targets

79 A n ∼ C 0 • log Q 2 m 2 e c 2 • F Compton (Q 2 ) F ch (Q 2 ) . (3) 
For the Compton slope parameter only data for the pro- 

F Compton (Q 2 ) F ch (Q 2 ) ≈ exp -4Q 2 /(GeV 2 /c 2 ) (4)
is roughly independent of the target. The calculation was compared to forward scattering data (θ ≤ 6 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 We calculate the raw detector asymmetry A raw as To confirm the feasibility of the experimental method and 276 the analysis procedure as well, the experimental asym-277 metry A exp was first extracted for setup 1 (see Table I)

Q 2 = 0.04 GeV 2 /c 2 ,
210 A raw = N ↑ e -N ↓ e N ↑ e + N ↓ e , (5) where N 
278
where both spectrometers covered the same momentum 279 range. Figure 3 as calculated in the model of Ref. [24] upon neglect-295 ing corrections ∼ Q 2 /E 2 . The given uncertainty of the

54

  tic scattering of electrons with spin vector P e paral-55 lel (antiparallel) to the normal vector, defined by n = 56 ( k × k )/| k × k |. k and k are the three-momenta of the 57 incident and scattered electron, respectively. The exper-58 imentally measured asymmetry A exp is related to A n by 59

60

  photon exchange processes in general kinematics are chal-61

FIG. 1 .

 1 FIG. 1. (color online). The excitation energy spectrumshows the acceptance of the spectrometer without Cherenkov cut (black line) and of the Cherenkov detector only (filled area). By changing the magnetic field of the spectrometer the elastic peak was moved until it matched the position of the Cherenkov detector.

80 ton and for 4 Q 2 -

 42 He are available, suggesting that the relevant 81 behaviour for A n given by the ratio of the Compton 82 to charge form factors 83

89 has a major

  impact on parity-violating electron scat-90 tering experiments, since the transverse asymmetry, 91 arising from a non-zero vertical component of the 92 beam polarization, produces false asymmetries that 93 contribute substantially to the total systematic error. 94 This contribution will become even more crucial for 95 future experiments [9, 25] aiming at a precision much 96 higher than ever attained before. Systematic studies 97 of A n dependencies on the momentum transfer, the 98 nuclear charge and the energy are absolutely mandatory 99 to benchmark the current theoretical description of 100 A n , thus providing also new insight into the structure 101 of nuclei. The aim of our measurement is to perform 102 the first systematic study of the Q 2 -dependence of the 103 beam-normal single spin asymmetry for light nuclei.

FIG. 2 .

 2 FIG. 2. (color online).Top: 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: 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.

  right side 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 ((300 × 70 × 10) mm 3 and (100 × 70 × 10) mm 3 ) were chosen according to the different focal plane geometries of the two spectrometers. The produced Cherenkov light was detected by 25 mm fused silica-window photomultipliers directly attached to the fused silica bars: five for the detector in spectrometer A and three for the detector in spectrometer B.

FIG. 3 .

 3 FIG. 3. (color online). The transverse asymmetry Aexp for each PMT of the detectors placed in spectrometer A (filled red circles) and spectrometer B (open blue circles) at Q 2 = 0.04 GeV 2 /c 2 . By inserting an additional λ/2-wave plate into the laser beam of the polarized electron source, the general sign changed.

↑(↓) e denotes the integrated detector signal which 211 is

 211 proportional to the detected number of elastically scat-212 tered electrons for each polarization state. Even though 213 with our dedicated stabilization systems helicity corre-214 lated changes of the beam parameters were suppressed as 215 well as possible, tiny remnants can always lead to false 216 asymmetries. Therefore, correction factors c i (i = 1...6) 217 were applied to the beam current asymmetry A I , the 218 horizontal and vertical beam position differences ∆x and 219 ∆y, the horizontal and vertical beam angle differences 220 ∆x and ∆y , and the beam energy difference ∆E to de-221 termine the experimental asymmetry 222 A exp = A raw -c 1 A I -c 2 ∆x-c 3 ∆y-c 4 ∆x -c 5 ∆y -c 6 ∆E. (6) Typically, the correction factors would be derived from a 223 224 multidimensional regression of the measured asymmetry 225 versus the corresponding parameters. However, due to 226 the extraordinary high-quality beam during the experi-227 mental campaign, the variation of the parameters was too 228 narrow compared to the width of the asymmetry to ap-229 ply this method. Instead, analytical calculations as well 230 as simulations were used to determine the individual cor-231 rection factors. The factor c 1 in Eq. 6 must be equal to 232 one, since the luminosity changes linearly with the beam 233 current. This correlation has been verified in runs taken 234 without the beam-current stabilization system as illus-235 trated in Fig. 2 (bottom panel). The factors c 2 and c 3 236 for position related false asymmetries were estimated by 237 using Monte-Carlo simulations. In addition, a small data 238 sample acquired without beam stabilizations was used 239 as a cross-check and both results were in good agree-240 ment. Concerning the beam angle differences, an ana-241 lytical derivation of a parametrization of the Mott cross-242 section was used to determine the correction factor c 4 for 243 the horizontal scattering angle. The correction factor c 5 244 for the vertical scattering angle vanishes since the angu-245 lar acceptance of both spectrometers is symmetric with 246 respect to their bending planes. Nevertheless, variations 247 of the vertical scattering angle will cause changes of the 248 effective degree of polarization by up to 1 %. This effect 249 could be corrected by using the position information from 250 the vertical drift-chambers obtained during the low cur-251 rent mode. Since the sign of the energy fluctuation vari-252 ation is unknown, no corrections could be applied in this 253 case. Therefore it has been treated as contribution to the 254 systematic error. Besides the beam related systematic 255 uncertainties, the major contribution to the total system-256 atic error comes from the aging of the PMTs which re-257 sults in a reduction of gain and subsequent non-linearity, 258 especially when running at high count rates. The rela-259 tionship between a given PMTs gain reduction and its 260 corresponding non-linearity was studied with frequently 261 performed calibration runs, post-experiment. Retroac-262 tive corrections (0.064 ppm < c PMT < 0.588 ppm) were 263 applied to the data based on gain degradation. The 264 larger corrections for the setups B1 and B3 are due to 265 the gain of the voltage dividers which was set too high 266 and the high count rate, respectivelly. Furthermore, cur-267 rent unstabilized runs were taken intermittently during 268 the run period. These runs were used to estimate the 269 dA/dI deviation from unity (Fig. 2, bottom panel) and 270 to characterize the degree of non-linearity which had de-271 veloped in each PMT. The individual contributions to 272 the total systematic uncertainty are summarized in Ta-273 ble I.274 275

FIG. 4 .

 4 FIG. 4. (color online). Extracted transverse asymmetries Anfor the detectors placed in spectrometer A (filled red circles) and spectrometer B (open blue circles) versus Q 2 . The width of the given boxes indicates the full width at half maximum of the Q 2 distribution which is determined by the intersection of the angular acceptance of the spectrometers and the geometry of the detectors. The statistical and systematic uncertainties are given by the error bars and the height of the boxes, respectively. The theoretical calculation of Ref.[24] (black line) is shown for comparison. The given bands belong to the uncertainty of the Compton slope parameter of 10 % (dark grey) and 20 % (light grey).

• ) 85 taken at the Jefferson Laboratory on 1 H, 4 He, 12 C, and 86 208 Pb [18]: while the calculation is in good agreement 87 with the observed asymmetries for lighter targets, it 88 failed completely to reproduce the 208 Pb data. This

  

TABLE I .

 I Measured beam-normal single spin asymmetries for each spectrometer and kinematical setting with the corresponding statistical and systematic uncertainty contributions in units of parts per million (ppm).

	Spectrometer	B	B	B	A	A
	Setup	3	2	1	1	2&3
	Q 2 (GeV 2 /c 2 )	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 δy	0	0	0	0	0
	Horizontal angle δx	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