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Measurement of the vector analyzing power in elastic electron-proton scattering as a probe
of the double virtual Compton amplitude
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We report the first measurement of the vector analyzing power in inclusive transversely polarized elastic
electron-proton scattering §°=0.1 (GeVk)? and large scattering angles. This quantity must vanish in the
single virtual photon exchange, plane-wave impulse approximation for this reaction, and can therefore provide
information on two photon exchange amplitudes for electromagnetic interactions with hadronic systems. The
observable we have measured is driven by the imaginary part of the two photon exchange amplitude, the
hadronic side of which is simply the Compton amplitude for the proton with two virtual photons. We find a
small but nonzero value A= —15.4+5.4 ppm.
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The recent development and refinement of experimental The vector analyzing power is a time-reversal odd observ-
methods for measurements of snifdiw parts per million, or  able that must vanish in first-order perturbation theory, and
ppm) parity violating effects in polarized electron scattering can only arise in leading order from the interference of two-
[1-3] provides a new technique for further studies of thephoton exchangésecond ordgrand single-photon exchange
electromagnetic structure of the proton. We have exploite@mplitudes. Our observation of this quantity therefore dem-
these methods for the first time to measure the small vectd@nstrates the viability of a new technique to access the phys-
analyzing power in the elastic scattering of 200 MeV elec-ICS asspuated with the absorption of two virtual phptons by a
trons from the proton at large laboratory scattering angle§@dronic system. Thus, the study of vector analyzing powers
(130°< =<170°), corresponding to a four-momentum trans-Provides another method to study processes in which two

fer squared ofQ?=0.1 (GeVk)Z. This parity conserving photons couple to the proton, i.e., the Compton amplitude,

guantity is associated with transverse electron polarizationthat is complementary to virtual Compton scatter{iigs),

in contrast to the parity violating longitudingie., helicity- ih which there is presently a great deal of interest as a means

. to further probe the structure of the protd&]. VCS involves
dependentasymmetry. It has been previously nofed that the coupling of one virtual and one real photon to a hadronic

transverse polarization effects will be suppressed by the relas'ystem, but in practice includes Bethe-Heitler amplitudes,

tivistic boost factor 1y. Nevertheless, as demonstrated her?associated with radiation of a real photon from the electron,
tr_le d_evelopment of_ the technolqu to measure small parityith which care must be taken for proper treatment to allow
violating asymmetries, along with the ability to produce 5 correct interpretation of those measurements. In contrast,
transversely polarized electron beams at high energies, nowe two-photon exchange amplitude involves the coupling of
renders these transverse polarization effects amenable {@o virtual photons to a hadronic system, and the vector
measurement. analyzing power in elastic electron-proton scattering, which
cannot include a background from Bethe-Heitler amplitudes,
potentially offers an attractive alternative to access this fun-
*Present address: Department of Physics, College of William andlamental amplitude.
Mary, Williamsburg, VA 23187. As will be shown below, the vector analyzing power in
"Present address: Spallation Neutron Source, Oak Ridge Nationalastic electron-proton scattering directly probes the imagi-
Laboratory, Oak Ridge, TN 37830-8218. nary part of the double virtual Compton amplitude, which
*present address: Center for Applied Physics Studies, Louisianean be related through dispersion integfélsto the real part
Tech University, Ruston, LA 71272. of this amplitude, in which the generalized polarizabilities of
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4@/ FIG. 2. Expansion of the electron-proton scattering amplitude in
terms of Feynman diagrams through second order for one-photon

exchange and two-photon exchange amplitudes.
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FIG. 1. Coordinate system showing the orientations of the inci- : . . .
- analyzing poweA,(6), which contains the underlying phys-
dent and scattered electron wave vectoendk’, respectively, the yzing p n(0) ying phy

_ N o ics of the electron-proton interaction.
;zg (\;ectorn, the transverse polarization vect®yand the angleg The vector analyzing powek,(¢) for transverse electron

beam polarization along the axis is defined in a model-

the nucleon are contained. It was also noted@hthat the ndependent way through

Compton amplitude has increased sensitivity to the general-

ized polarizabilities above the pion threshold, and that the A (0)= TH{M(9)2,MT(6)} 3)

dispersion analysis developed allows for an extension of our " T{M(O)MT(0)}

knowledge of these nucleon structure-dependent quantities.

The kinematics of the measurements reported here, i.e., WhereM is the full amplitude for the electron-proton inter-

beam energy of 200 MeV, which is just above the pionaction andX, is a covariant spin operator for the incident

threshold, provide for a measurement of the imaginary parelectron polarized along theaxis. A perturbative expansion

of the Compton amplitude above pion threshold, from whichof the amplitudeM through second order gives

an extension of the generalized polarizabilities can be ob-

tained through such a dispersion analysis. M=Mg+My,+---, (4)
The vector analyzing power in electron-nucleus scattering

results in a spin-dependent asymmetry, which can, for exwhere Mg is the Born amplitude for the exchange of one

ample, be generated by the interaction of the electron spisirtual photon andM,, is the two-photon exchange ampli-

with the magnetic field seen by the electron in its rest framdude, as shown diagrammatically in Fig. 2. Upon carrying

[7]. This spin dependence in the scattering cross sectiothrough the spin algebra and traces of B}, and exploiting

o(#) can be written a§8,9] the fact thatM g is purely real, one obtaind.0]
o(0)=0o(O)[1+AL(6)P-N], (1) 2MgIim {My,}
An= | M B|§ 5

where oo(6) is the spin-averaged scattering cross section

andA,(6) is the vector analyzing power for the reaction for to leading order. Thus, the vector analyzing power in elastic

the electron beam polanzation vectBr(which IS Propor-  gjactron-proton scattering is driven by the imaginary part of
tional to the spin vector operatc) oriented along thé  the two-photon exchange amplitude, the hadronic side of
axis. As shown in Fig. 1, the unit vectaris normal to the  which is simply the double virtual Compton tensor.

scattering plane, and is defined througk=(kxk’)/|k Although here we do not explicitly evaluate the two-
xk'|, wherek andk’ are wave vectors for the incident and Photon exchange amplitude, we note that there are calcula-
scattered electrons, respectively. The scattering afigie ~ tions [10] of the vector analyzing power in electron proton
found through cos=(k-k’)/|k||k’|, and, in the Madison elastic scattering underway, where the two photon exchange
convention, is positive for the electron scattering to beam lef@mplitude is expressed as a diagrammatic expansion as

for n along the verticalas in Fig. 1. The beam polarization shown in Fig. 3. In the first term of this expansion, f_ree
! roton form factors are used at the photon-proton vertices,
P can be expressed in terms of the number of beam electrony

. . 1 : _ 1 and a free proton propagator is assumed in the intermediate
with spins paraliel fns=+z) and antiparallel s 2) 0 proton state. Higher-order terms in this expansion include

n, so that the measured asymmetry at a given scatteringiermediate state resonandesy., theA *) and the creation
angle €(0) in the plane to whichn is normal is defined of intermediate state virtual mesons.

through Previous calculations of vector analyzing powers for low
energy, spiny probes incident on heavy nuclei have been
6( Q)Z‘TT(H)_ULM) = AL(0)(P,) @) performed using the original derivation of Mqtt1], where
o(O)+o () " e the energies are low enough to assume that the nucleus is

) ) ) ) . simply a point charge of magnitudge. The analyzing pow-
wherea;, (6) is the differential cross section fans=+3  ers calculated in these cases are much larger than the vector
and — 3, respectively. Thus, with knowledge of the magni- analyzing power for electron-proton scattering considered
tude of the incident beam polarizati¢R,) along then axis,  here, and this is commonly exploited as a means to measure
measurement of(6) can yield a determination of the vector the polarization of low-energy electron beams 100 keV)
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acquired in just two days of running under these conditions.
Properties of the detector signals and beam have been de-
scribed in detail in Refs[1,13], along with the method of
asymmetry extraction and correction. Thus, here we report
only the differences between the experimental running con-
ditions for longitudinally polarized beams as used for parity
violation measurements and the transversely polarized beam
used for the vector analyzing power measurements. The sys-
tematic errors associated with the asymmetries from each of
the individual mirrors are the same for these measurements

. , , as for those in Refd.1,13], totaling 0.7 ppm, and are negli-
FIG. 3. Diagrammatic expansion of the two-photon exchange

) . . ) gible compared with the overall statistical error of 5.4 ppm
amplitude in terms of the number of allowed intermediate states fo .
. obtained for these measurements.
the hadronic system.

The polarized laser light used on the bulk GaAs source
crystal produces electron beams with longitudinal polariza-

ments, however, are not sensitive to the internal structure c}rlon’ gonsequently significar!t SP‘” manipulation was rgquired
spin of the hadronic system. More recently, some level of® ©rient the beam polarization transversely. This was
nuclear structure has been taken into account in calculatiorféchieved with a Wien filter, which contains electric and mag-
of analyzing powers for high-energy elastic scattering of1€tic fields oriented perpendicular to each other and to the
transversely polarized electrons from heavy spin 0 nuclei dpeam direction, and a set of beam solenoids. The Wien filter
forward electron scattering angles, performed in the eikonavas positioned immediately downstream of the source an-
expansion and using finite charge densities for the nuclepde, and was used to precess the electron spin away from the
[12]. In these calculations, the nonzero analyzing powerdeam direction {-90° for these measurementThe beam
were generated through the distortion of the electron wavesolenoids were positioned near the first accelerating cavity in
in the Coulomb potential of the nuclear targets, providing thethe beam line, and precessed the resulting transverse compo-
needed extension beyond single-photon exchange to theents of the beam polarization. The combination of these
distorted-wave impulse approximation. In the SAMPLE ki- beam line elements allowed the polarization direction to be
nematics, the electron energy of 200 MeV is much largethosen arbitrarily, and each element was calibrated such that
than the energies used for Mott polarimetry, the proton targeghe polarization direction is determined to2° [15].

ha_ls_the smallest possibleso that Coulomb effects are ata  For the measurements reported here, two orthogonal
minimum, and the electrons are scattered at large angl&gansverse beam polarizations were used during two running

where magnletic effects are important. These facts, alongeriggs: one with the polarization directed to beam right

with the spins nature of th_e proton, im_ply that our measure- yhich we denote®=0) and one with the polarization
ment of the vector analyzing power will be sensitive to non-

. . . ointing u =90). The magnitude of the beam polariza-
trivial structure of the proton not taken into account in thes{i g up ) 9 P

with the use of “Mott” polarimeters[7]. Such measure-

. . on was measured with a Moller apparatus positioned on the
previous theoretical treatments. Presently underway are ca)- pp b

; 0 ) )
culations using the formalism outlined above in terms of the eam line, and averaged 36-3.8% during these measure

two-photon exchange amplitude as an expansion as shown fpents. F?nally, to minimize false asymme_trie; and test for
Fig. 3. It is these latter calculations to which we will com- systematic errors, the electron beam polarization was manu-

pare our results below ally reversed relative to all electronic signals, for babh

Using the apparatus for the SAMPLE experimght 3], a =0 and® =90 running, with the insertion of &/2 plate in
high statistics measurement of the parity violating asymmethe laser beam. Thus, four separate sets of measurements

try in inclusive elasticp(é,e’) scattering at the MIT/Bates were maded =0, A/2 IN and OUT; andP =90, A/2 IN and
Linear Accelerator Center, we have made measurements GUT. ) )

the asymmetry in the elastic scattering of 200 MeV trans- 1he elastic scattering transverse asymmetry was deter-
versely polarized electrons from the proton at backward scatMined for each of the ten individual mirrors in each running
tering ang|es_ This represents the first measurement of a Ve@onfiguration after correction for all effeCtS, inCIUding beam
tor analyzing power in polarized electron scattering from thePolarization, background dilution, and radiative effects, as
proton at this high a momentum transfer. The data we repodescribed in Refd.1,13]. Although the geometry of this de-
are the result of an experiment using a 200 MeV polarizedector allowed for combining the asymmetries from indi-
electron beam of average current 48 incident on a 40 cm  vidual mirrors positioned on opposite sides of the incident
liquid hydrogen targeft14]. The scattered electrons were de- beam[via Eq. (2) and imposing the rotational invariance
tected in a large solid angle<(1.5 s, axially symmetric air  criterion A(69) = — A(— 6) [9]], we chose an alternative form
Cerenkov_detector consisting of 10 mirrors, each shaped tof analysis wherein the full statistical information contained
focus the @renkov light onto one of ten shielded photomul- in the data set could be used to extract the vector analyzing
tiplier tubes. This combination of large solid angle and highpower. Because the individual mirrors were positioned at
luminosity allows measurements of small asymmetries in aarying azimuthal anglesp relative to the polarization
relatively short period of time. The data presented here werdirection (see Fig. 1, the asymmetries measured in the
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TABLE |. Polar (6) and azimuthal ¢) angles of each indi- 40— T ' T T T
vidual mirror within the SAMPLE detector.
Mirror 0 (deg ¢ (deg 20— .
1 146 135 - i ]
2 154 90 g I ]
3 146 45 B o= 7
4 138 180 &
5 161 180 I ]
6 161 0 -20— —
7 138 0 i |
8 146 225
9 154 270 ol e e e
[ 100 200 300 400
10 146 315
¢ (deg)

. . . . . FIG. 4. Plot of the measured asymmetry, corrected for all effects
mirrors should follow a sinusoidal dependence in this anglejncjyding beam polarization, background dilution, and radiative ef-

The sinusoidal dependence in the azimuthal agis seen  fects, as a function of azimuthal scattering angidfor the com-

by rewriting Eq.(2) as bined data of all four running configurations as described in the
. text. The curve represents the best fit to the data according to Eq.
€(6,p)=AL(0)Psin(¢p+ ), (6) ®).

where ¢ measures the angle of the polarization vector in theHere we have definedp=0 to be at beam left, and have

plane transverse t_o the_ beam dlre_ctlon,Aand the phaskes taken into account the 90° phase difference betweenbthe
into account the direction d? relative ton. Table | summa-  _q 3ndd =90 polarization directions. For these combined

rizes the polar ¢) and azimuthal §) angles at the center of a5 the overaly? per degree of freedom for the best fit was
each individual mirror within the SAMPLE detector. As seen¢,nd to be 0.9, providing a 50% confidence level that the
in Table I, mirrors 4 and 5 have the same azimuthal angléyaia follow this dependendd6]. This should be compared,
relative to the polarization direction, but different polar however, with they? per degree of freedom of 2.1 for a fit to
angles relative to the incident beam direction. A separate\ — o which has a corresponding confidence level of 4% that
analysis, however, indicated that the polar angle dependengfa gata are consistent witk=0. Even if we allow an over-
to the asymmetry was negligible, allowing us to combine the, | oftset to a constant dependence, we find an average of
asymmetries from these two mirrofsimilarly for mirrors 6 A=3.5+3.7 ppm, with ay? per degrée of freedom of 1.9
and 7 into one asymmetry at the same azimuthgl amﬁ;;_le and a corresponding confidence level of 7%. ’
The data set for eactb and A/2 running configuration In Table I, we summarize our results using this analysis
the_refore consists of e|zght _data_l po_lnts at varyihgalues, to procedure for the four independent running conditions. Note
which we perform ay” minimization to a two-parameter hay the deduced magnitudes are all consistent within experi-
function via mental errors, and the deduced phase changes by 180° upon
1.8 the insertion or removal of the/2 plate as expected, and by
Xﬁ_o,f_zé 2 [Al —(asing;+bcosep)|4[sA 12, (7)  90° from oned running configuration to the other. Combin-
i=1 ing these four independent measurements, we quote our final
o . o : : result: a vector analyzing power for elastic electron-proton
which is linear in the coefficienta andb. HereA, anddA,  scattering of— 15.4+5.4 ppm at the average electron labo-
are the measured asymmetry and error, respectively, at eagtory scattering angle of 146.1°, corresponding @3
azimuthal anglep; , corrected for all effectfl,13], including  =0.1 (GeVk)2. To demonstrate the precision to which this
beam polarization normalizatioras suggested in Ed6)].  quantity has been determined relative to the expected size of
The coefficientsa andb can then be converted into an am- thjs effect, we plot this data point in Fig. 5 along with the
plitude and phase, i.e., prediction of Ref.[10] for the vector analyzing power for
elastic electron-proton scattering. This calculation only in-

Agi=|An| sin( ¢+ &) (8)
as in Eq.(6), where the amplitudpA, | gives the magnitude TABLE II. Results of the fitting procedure described in the text.
of the vector analyzing power, and the phaseerifies the 2
. . o . N2 A 6

direction of the beam polarization and determines the overall [Anl (PP (deg Xdod.
sign of the analyzing power. 0 IN 12.9+9.8 173.8-39.5 1.30

The sinusoidal dependence just discussed is illustrated in o ouT 13.8:9.9 16.9-39.5 1.50
Fig. 4, where the combined data fé&r=0 and® =90 are 90 IN 18.4-11.8 —84.1+39.8 0.30
shown as a function of azimuthal angle, along with the best gg ouT 18.1+11.7 127.2-38.0 2.07

fit to the data according to the procedure outlined above
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A, (ppm)

o — — T ] The data reported here represent the first measurement of
i 1 a vector analyzing power in polarized electron scattering at

this high a momentum transfer. Our observation of this quan-
tity demonstrates the viability of a new technique to access
C ] physics associated with the Compton amplitude. We have
b i also made measurements of the vector analyzing power in

- inclusive quasielastic electron-deuteron scattering, the results
1 of which will be reported in a future paper. Further parity
sl ] violation measurements at high®F values are planned.7]

i 1 from both hydrogen and deuterium targets, where high sta-
i 1 tistics transverse asymmetry data will also be taken. These
—20— — data, along with the first measurement reported here, will

provide valuable information about the imaginary part of the

[ | | | 1 Compton amplitude at relatively low beam energies, from

A T T T T e e which we can extend our knowledge of the nucleon general-
Bom, (deg) ized polarizabilities.
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FIG. 5. Plot of the measured vector analyzing power in elasticth
electron-proton scattering in tlsampLE kinematics as a function of
center-of-mass scattering angle, along with the prediction of Ref
[10]. Details of the calculation are given in the text.
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