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Abstract. The A4 collaboration at the MAMI accelerator has measured the transverse spin asymmetry
in the cross section of elastic scattering of transversely polarized electrons off unpolarized protons. An
azimuthal dependence of the asymmetry has been observed, the amplitudes have been determined as
A1 (Q? =0.106 (GeV/c)?) = (—8.59 £ 0.89s1at £ 0.755,5:) - 107% and A4 (Q* =0.230 (GeV/c)?) =
(—8.52 + 23150t £ 0.87syst) - 107%. A, arises from the imaginary part of the 2y-exchange amplitude.
Our experimentally determined values of A show that in the intermediate hadronic state not only the
ground state of the proton, but also excited states contribute to the asymmetry.

PACS. 13.40.Gp Electromagnetic form factors — 11.30.Er Charge conjugation, parity, time reversal, and
other discrete — 13.40.-f Electromagnetic processes and properties — 14.20.Dh Properties of protons and

neutrons

1 Introduction

The A4 collaboration was founded to investigate the asym-
metry in the elastic scattering of longitudinally polarized
electrons off unpolarized protons. In recent years, theo-
retical effort has been spent to calculate the asymmetry
for transversely polarized electrons [IL2]. The asymmetry
arises from the interference between 1y and 2+ exchange
(Fig. ). The calculations take into account the interme-
diate hadronic state of the 2y exchange and might explain
the discrepancy between the Rosenbluth separation tech-
nique and the polarization transfer method for the dermi-
nation of the ratio G%,/G%, of the electromagnetic form
factors of the proton [3].

The A4 segmented lead fluoride (PbF,) calorimeter
which covers the full 27 azimuthal range is an appropi-
ate apparatus to reveal the sinusoidal dependence of the
asymmetry on the angle between the electron spin and
the scattering plane. We have measured A, at two beam
energies 569.31 MeV and 855.15 MeV at scattering an-
gles between 30° < 6 < 40° corresponding to momentum
transfers 0.106 (GeV/c)? and 0.230 (GeV/c)?. In contrast
to the parity violation measurements, the transverse elec-
tron spin causes physical asymmetries of nonnegligible or-
der in our luminosity monitors. An extensive analysis of
these asymmetries, which come from the 2+ exchange in
Mgller scattering, has been made in order to understand
and control this effect. Our experimentally determined
values of A show that in the intermediate hadronic state
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Fig. 1. 2 exchange

not only the ground state of the proton, but also excited
states contribute to the physical asymmetry [2].

2 Experimental setup

The measurement principle is quite simple (Fig. 2): the
polarised electron beam hits a hydrogen target and is scat-
tered into the detector which counts the number N+ of the
elastic scattered particles for two opposite spin directions.
The asymmetry is then A = (Nt - N7)/(NtT + N™).
The measurement took place in the MAMI accelerator
facility using the A4-experiment setup, which has been
described in detail in [4]. We used an electron beam with
an intensity of 20 pA. Thanks to the polarized electron
source using a strained layer GaAs crystal the averaged
beam polarization P, was about 80 %. The spin of the
electrons was reversed every 20 ms following a randomly
selected pattern, (+ - - +) or (- + -+ -). The polarization
degree of the beam was measured by a Mgller polarime-
ter situated in another experimental hall. The spin of the
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Fig. 2. Measurement principle: the polarized electrons hit the
liquid hydrogen target. The detector counts the number N +
of elastic scattered electrons for two opposite spin directions.
The scattering angle has been so far § = (35 +5)°. The future
measurements will include backward scattering with 6 = (145+
5)°

1 8
k—d;""

Fig. 3. Schematic view of the PbF2 calorimeter from behind.
The incoming electron’s momentum vector k. is pointing out
of the paper plane. The momentum vector ko, of the outgoing
electron can take all possible ¢ values. Both together define the
coordinate system. The direction of the electron polarization
vector P, for the '+’ helicity state is indicated by the arrow.
¢ is counted as indicated

electrons was put into transverse direction with the help of
a Wien filter located between the 100 keV electron source
and the injector linac of the accelerator. The exact spin an-
gle was determined by a Mgller-Mott polarimeter located
at the beam dump. Several monitor and stabilization sys-
tems have been installed along the accelerator to minimize
beam fluctuations that introduce false asymmetries, such
as differences in position, angle and energy for the two
helicity states. The electrons were scattered on a 10 cm
long liquid hydrogen target. The resulting luminosity is
L ~ 0.5 - 10%® em™2s7!. The luminosity was monitored
by eight water-cerenkov monitors put under small scatter-
ing angles 8 = 4.4°...8° covering the full azimuthal range
¢ =0..27.

The scattered electrons are detected in a total absorb-
ing calorimeter that consists of 1022 individual lead fluo-
ride (PbF5) crystals placed in 7 rings and 146 rows. It cov-
ers scattering angles from § = 30°...40°, ¢ = 0...2 7 and
a solid angle A 2 = 0.64 sr. To see the azimuthal angu-
lar dependence of the asymmetry, we divide our calorime-
ter in the analysis into eight sectors, each sector covering
AP =~ 45°. Figure[3 shows our convention of chosen angles
and directions.

3 Physical asymmetry in Mdgller scattering

In order to calculate the experimental asymmetry Aczp,
target density fluctuations have to be taken into account.

Fig. 4. Feynman graphs for Mgller scattering: one loop dia-
grams (left) and box diagrams (right). The arrow indicates the
transverse polarisation of the incoming electron. The asymme-
try arises from the interference term of the 17 and the 2v-
exchange
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Fig. 5. Leading order asymmetry Aﬂ\_/[‘z’“er in Mgller scattering
for a beam energy of E=569.31 MeV as a function of the scat-
tering angle ©¢ s in the center of mass system. The two dashed
lines indicate the polar acceptance of the luminosity monitors

The elastic counts N* are normalised to the target den-
sity pt = L*/I*, the ratio of luminosity L and beam
current I:

+ _
- %= Nt-N-

Nt N- T
p++p*

LT—L~ IT-1I"
1L It +1-
(1)
The approximation is valid up to large asymmetries and
certainly for the asymmetries in the A4 experiment. One
sees that the asymmetry measured in the luminosity moni-
tors enters linearly into the experimental asymmetry Aczp.
While it is desired to eliminate asymmetries coming from
real target density fluctuations, a physical asymmetry in
the process of the luminosity measurement would enter
false asymmetries into Aczp. The eight luminosity moni-
tors covering the same ¢-ranges as indicated for the calori-
meter sectors in Fig.[3 detect mainly Mgller scattered elec-
trons. It is known for many years [3] that a ¢-depending
asymmetry occurs in the Mgller scattering of transversely
polarized electrons. Most recently, new calculations have
been done for the E-158 experiment [6]. Figure[d shows the
one-loop diagrams and the box diagrams for Mgller scat-
tering. The physical asymmetry arises from the interfer-
ence term between these two diagrams. The leading order
asymmetry AN is plotted in Fig. Bl for a beam energy
of 569.31 MeV as a function of the scattering angle @¢ s
in the center of mass system. The polar acceptance of the
luminosity monitors are indicated by the grey box. Since
the acceptance is non-symmetric with respect to Gcys, a
nonvanishing physical asymmetry is observable.

Aexp =
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Fig. 6. Extracted physical asymmetry in the luminosity mon-
itors as a function of the azimuthal scattering angle ¢ at
Q?=0.106 (GeV/c)?. The electron spin was almost transverse
with &5 = 85.1°. The fit gives AX*™ = (—24.3+£2.9) - 107
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Fig. 7. Extracted asymmetry AX*™® of the luminosity mon-

itor as a function of the angle of the electron’s spin an-
gle @, for Q* =0.106 (GeV/c)?. The fit to the data gives
At = (2267 +£1.3) - 107°

An experimental verification and systematic check of the
asymmetries in the luminosity monitors is possible during
a spin rotation measurement. The Wien filter rotates the
spin of the electrons from longitudinal to transverse di-
rection in discrete steps by applying various currents. The
corresponding spin angles are determined by the dump
polarimeter. According to the spin angle a change in size
and sign of the azimuthal dependence of the asymme-
tries in the luminosity monitors should be observable. Fig-
ure [@ shows the observed asymmetries for an almost trans-
verse spin angle &5 = 85.1° and Q* =0.106 (GeV/c).
The sinusoidal behaviour is obvious. The amplitude is
Abwmi — (243 +2.9). 1075, Measurements at various
spin angles @4 of AM"M (@, ) make a fit possible to deter-
mine AT, We performed such an analysis for both of
our so far applied momentum transfers. Figure [[lshows the
result for our low Q2 value. Due to target density fluctu-
ations and shorter measurement times, the result for the
higher Q2 value has a larger uncertainty.

Table [I] gives the results of the NLO calculations for
AYPUer and our observed asymmetries AY"™ in the lumi-
nosity monitors. For a comparison of these values one has
to keep in mind that the luminosity monitors do not only

Table 1. NLO calculation for the transverse spin asymmetry
ANer in Mgller scattering and comparison with the observed
asymmetries AT* in the luminosity monitors

Q> Aeler NLO calc. ALvmi ey
0.106 (GeV/c)? —29.6-107% (—26.7+£1.3)-107°
0.230 (GeV/c)? -16.6-107% (—23.3+£4.3)-107°

Table 2. Beam parameters for momentum trans-
fer Q?=0.230 (GeV/c)® achieved within 47 hours and
Q*=0.106 (GeV/c)*Bachieved within 54 hours of pure data
taking

Parameter 0.23 (GeV/c)? 0.11 (GeV/c)?
Ar (2.5 4+ 0.6) ppm (0.4+1.4) ppm
Ax (151 +3.4) nm  (157.0 £ 150.0) nm
Ay (—126.7+£18.0) nm  (—504.3 £ 43.7) nm
Az’ (5.4+0.8) nrad  (20.5+ 12.9) nrad
Ay’ (21.5 & 3.0) nrad (45.4 + 3.9) nrad
AE (0.2+0.3) eV (41.4 £ 2.6) eV

see Moller electrons, but a certain ’dilution’ of elastic scat-
tered electrons. We understand qualitatively the occuring
asymmetries. For a normalisation of the elastic counts, the
luminosity signals have to added ®-symmetrically, since
the physical asymmetry in Mgller scattering then aver-
ages out.

4 Determination of transverse asymmetry A |

For the determination of the physical asymmetry we use
the same technique that we already used in the parity
violating case [4]. The experimental measured asymmetry
Aezp(P;) of each sector i can be written as the sum of the
physical asymmetry App,s(@;) and the helicity correlated
false asymmetries A;, j = 1..6:

6
Aemp(@i) =P Aphys(dsi) + Z a; Xl (2)
=1

with P the beam polarisation, X; the asymmetry in beam
current, X5, X3 the differences in horizontal and vertical
position, X3, X, differences in horizontal and vertical an-
gle and Xg difference in beam energy. We determine the
coeflicients a; via a multiple linear regression out of the
asymmetry data itself. Thanks to the stabilisation sys-
tems, the quantities X; could be kept small. Table[2 shows
the achieved values for the two momentum transfers. We
have 47 hours beam data for E=569.31 MeV and 54 hours
for E=855.15 MeV, corresponding to a number of elastic
events of Nyo; = 3.9 -10'2 and Ny, = 6.3 - 10! respec-
tively. Figure Bl show the physical asymmetries as a func-
tion of the azimuthal scattering angle @. At the time of the
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Fig. 8. Extracted physical asymmetries for the eight sectors
of the calorimeter for Q?=0.106 (GeV/c)? (upper plot) and
Q?=0.230 (GeV/c)?

0.230 (GeV/c)?.-measurement, only sectors 1, 2, 5, 6 and
part of sector 8 have been equipped with detectors. We fit
to the data an averaged function A" which takes into ac-
count that each sector covers about 45° in the azimuthal
range:

¢+m/8
AT (¢) = /¢ A cos@'dg’ =0.765A, cosp  (3)

—m/8

Applying dead time corrections and corrections for alu-
minum dilution from the target entry and exit windows,
we obtain:

- 107°
- 107°

AL (Q* =0.11) = (=859 £ 0.89s10 = 0.75ys¢)
AL (Q* =0.23) = (—8.52 £ 23140 £ 0.875yst)

The first error represents the statistical uncertainty and
the second error the systematic error.

5 Conclusion and outlook

A comparison of our measured values of A; with model
calculations from [2] shows that the size of the observed
asymmetries can not be explained if one takes into account
only the elastic contribution to the intermediate nucleon
state (Fig.[d). Even at our low Q? nucleon resonances play
an important role. For the future we plan an extensive
measurement program at various energies under forward
and backward angles on hydrogen as well as on deuterium
(Table 3 and Table [).
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Fig. 9. Our extracted asymmetries A compared with model
calculations from [2] as a function of the beam energy. For the
dashed dotted line the intermediate nucleon state has been the
ground state only. The dashed line represents the contribution
of all possible 7N intermediate states. The solid line is the sum
of both contributions

Table 3. Projected measurements for transverse single spin
asymmetries A; with hydrogen and deuterium under forward
angles (© = (354 5)°)

E. SAY  hours AT hours A%
[MeV] [ppm] proton [ppm] deuteron [ppm)]
300 0.5 20 0.5 20 20
420 0.5 40 0.5 35 11
570 0.5 90 0.5 70 7
854 0.5 300 0.5 220

1200 1 260 1 180 6
1500 2 180 2 120 11

Table 4. Projected measurements for transverse single spin
asymmetries A, with hydrogen and deuterium under back-
ward angles (@ = (145 £ 5)°)

E. A" hours  6AP hours SAT

[MeV] [ppm] proton [ppm] deuteron [ppm]

300 3 90 2 130 10

420 3 230 2 320 10

570 4 370 3 390 13

854 8 490 7 380 28
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