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Measurement of the neutral weak form factors of the proton
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We have measured the parity-violating electroweak asymmetry in the elastic scattering of polarized
electrons from the proton. The kinematic poifd,[,) = 12.3° and(Q?) = 0.48 (GeV/c)?] is chosen
to provide sensitivity, at a level that is of theoretical interest, to the strange electric form factor
Gr. The result,A = —14.5 = 2.2 ppm, is consistent with the electroweak standard model and no
additional contributions from strange quarks. In particular, the measurement ir6gligs 0.39G), =
0.023 *+ 0.034(stap = 0.022(sysd = 0.026(5Gg), where the last uncertainty arises from the estimated
uncertainty in the neutron electric form factor. [S0031-9007(98)08312-4]

PACS numbers: 13.40.Gp, 11.30.Er, 13.60.Fz, 14.20.Dh

The proton, which is believed to be a state of threehave indicated that strangeness might play an important
quarks bound by the strong force of quantum chromodyrole [1,2]. For example, dos pairs contribute to the
namics (QCD), is a complex object when probed at intercharge radius or magnetic moment of the proton? It is
mediate energies. In order to develop a useful descriptiomuite possible, since the mass of the strange quark is com-
one must first establish all of the relevant degrees of freeparable to the proton mass and the scale of the strong in-
dom. Recent theoretical and experimental investigationteraction. On the other hand, the empirically successful
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Okubo-Zweig-lizuka (OZI) rule predicts that the effects cleon is measuring parity-violation amplitudes in the
of strange quarks are greatly suppressed at low energietastic scattering of polarized electrons from protons
[3]. Resolution of this issue requires that it be addresse{b]. The theoretical asymmetry, which is caused
experimentally. by the interference between the weak and electro-

A particularly clean experimental technique [4] magnetic amplitudes, is given in the standard model
for isolating the effects of strange quarks in the n|u—by [2]

or — 01 |:—GFQ2:| eGRGY + TGy Gl — (1 — 4sirt oy)e'Gh GY
th = =

: 1)

or + oL Ta?2 e(Gp )2 + 1(Gy )?

where G5 (GY) is the electric (magnetic) Sachs form wich. Only the scattered electrons were detected; the

factor for photon exchange(;ﬁ,ZM is the corresponding Ssecond spectrometer merely doubled the solid angle. The

quantity for z° exchanger{Z is the axial form factor. SPectrometers, which deflect the electrons by dét of

and 6y is the electroweak mixing angle. All form fac- ;:‘:msgit:%rgt‘gcrt’é?;‘ev focus inelastic trajectories well away

tors are functions oD?, ande, 7, and&’ are kinematic ; : .

quantities (see Ref.Q6). Fo:ozr kineinatios~ 0.136 The polarized electron beam originated from a bulk
097 & <« 1 and the term involvin G’pz COI’],- GaAs photocathode excited by circularly polarized laser

e~ ol 8 ' . 964 light. The helicity of the beam was set every 33.3 ms

tributes only a few percent relative to the other terms10Cked to the 60 Hz frequency of the ac power in the

ggrelogr?ggﬁgd asymmetry is on the order of 10 Ioart?ab. The helicity was structured as pairs of consecutive

. . Y/ . 33.3 ms periods with opposite helicity, henceforth called
To interpret the experimenG,y can be expressed in inqows. The helicity of the first window in each pair

terms of proton, neutron, and strange form factors if tthaS determined by a pseudo-random-number generator.
up (down) quarks in the proton have the same propertieg| signals were integrated over a 32 ms gate which began
as the down (up) quarks in the neutron (assumption Of_; g after the start of each window. The output of
isospin symmetry). Then the integrators was digitized by 16-bit customized analog-
vz L py ny _ oy | to-digital converters. Integration and digitization were
Gem = 3 (Gl — Ggy) — Si? 0wGely — 3 Gy handled by custom-built modules designed to minimize
noise and crosstalk.
and, if the electromagnetic form factors are sufficiently The experimental method is driven primarily by the fact
well known from experiment, the only unknown quantitiesthat the measured asymmetry is a few ppm. The trick
involve strange from factors. to measuring small asymmetries is to maintain negligible
Extensive literature is devoted to estimating the sizecorrelations between the helicity of the beam and any
of strange form factors. Approaches include [2,3,7—11pther properties of the beam, such as intensity, energy,
pole fits, meson loops, the Nambu-Jona-Lasinio (NJL)osition, or angle. At JLab, the only quantity for which
model, vector dominance, unquenched quark model, chiwe found a nonzero helicity-correlated difference was
ral symmetry, and Skyrme models. The significance ointensity. This correlation was reduced to below 1 ppm
the strange form factors is attested to by the fact that thelpy using a slow feedback system.
are relevant to many theoretical approaches striving to un- The intensity of the beam was measured with two
derstand QCD at low energies. Some of the calculationsxdependent rf cavities and the position of the beam was
predict substantial effects, 50% or more of the asymmetryneasured at five locations with rf strip-line monitors.
at our kinematics, that are dominated @y. Other cal- Window-to-window jitter in the intensity was typically
culations predict effects at the few percent level or less300 ppm and window-to-window jitter in position was a
The goal of our experiment is to determine if indeed thefew microns. This impressive stability of the accelerated
strange quark form factors are large enough to be an imbeam made it easy to set stringent limits on any helicity-
portant part of any detailed description of the proton. correlated beam parameters. Averaged over the entire
The experiment took place in Hall A at the Thomasrun, limits on the position differences were typically on
Jefferson National Accelerator Facility (JLab). -A  the order of a few nm. One of the position monitors was
100 wA continuous-wave beam of longitudinally polar- located at a point of high dispersion in the transport line
ized 3.356 GeV electrons was scattered from a 15-cmand set a limit on the average helicity-correlated fractional
long liquid hydrogen target. The electrons which wereenergy difference at thed~® level.
scattered elastically g¥.,) ~ *=12.3° were focused by Limits on the impact of the helicity correlations were
two identical high resolution 5.5 msr spectrometers ontaletermined by modulating the beam position and energy
a total-absorption detector made up of a lead-lucite sandzoncurrent with data taking. Since these changes were
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-0.1 -0.05 0.05 01 beam. The plate is expected simply to change the sign of the
Araw raw asymmetry.

FIG. 1. Distribution ofA,, for ~23 X 10° individual win-
dow pairs. Only data witd > 80 wA (~95% of sample) are

shown. The curve is a Gaussian fit with~ 3.8 X 10-2. sign of the asymmetry is seen. Since the target is unpo-

larized, this correlation is an unambiguous signal of parity

violation. Averages of the raw asymmetries for the en-
small and uncorrelated with helicity, the same data couldire data set, representing 78 C of electrons on target, are
be used both for calibration purposes as well as fogiven in Table | for bothA/2 plate settings and for each
the primary data sample. The results of these studiespectrometer individually. The results for the subsets are
show that the contribution of the correlations to the rawconsistent with each other. Transverse components of the
asymmetry is a factor of 20 smaller than the statisticabeam polarization are a negligible source of systematic
error, and thus negligible. error since the maximum analyzing power for a point nu-

The raw asymmetry for each window pair is defined ascleus is<10~® [12] and the symmetry of the apparatus

gives further suppression.

Araw = [(Dg/Ig) — (DL/I))/[(Dr/Ir) + (DL/1)], To extract the experimental asymmetryie,, =
Anw/P., the beam polarization was measured both by
Mott scattering near the injector and by Mgller scattering
just upstream of the hydrogen target. We use the aver-
age valueP, = (0.388 + 0.027). The Q? of the data,
averaged over the acceptance of the detector, was de-

where Di (D;) is the detector signal ant; (I;) is the
signal from the intensity cavity for the right (left) helicity
window. The signal®y (D;) are normalized by (1)

to eliminate any contribution td,,,, from the correlation
of beam intensity with helicity. Pedestals for these signal X 5
were measured during beam-off periods and the linearit{ermined to be0.479 =+ 0.003 (GeV/c)® by separate
of the system was verified at the 1% level during period ow-current runs that used tracking drift chambers in front

when the beam current was ramping up. A histograrrPf our detectors to study individual events. Thg drift.
of the distribution of window pair asymmetries is given Chambers were also used to measure possible inelastic
in Fig. 1. The distribution is purely Gaussian. Separat@2ckgrounds from pole-tip scattering by varying the cen-
auxiliary tests (at lower beam energy and thus high cros§@ momentum of the spectrometers so that the dominant
section) carried out prior to the run demonstrated thaflastic events Woul_d follow _the trajectories of me_zlastlc
neither boiling of the liquid target nor noise in the beam€VeNts under running conditions. The contribution of
intensity cavities increase the noise in the asymmetr?@ckground to our asymmetry is, at most, 2% of 15 ppm
measurements. The only cuts applied to our data sampf® listed in the summary of errors in Table Il. The result
were when the beam was3 wA or when equipment such 'S Aexp = —14.5 = 2.0(sta) = 1.1(sys) ppm.
as the spectrometer or target was clearly malfunctioning.

One important test for the presence of false asymme-
tries is through the insertion of a half-watug/2) plate in  TABLE I. Averages 0fA,,, (in ppm). The different spec-
the laser beam. This complements the helicity of the electrometers are ddtand de®.
tron beam and hence the sign of the raw asymmetry whilé A/2 out A/2in Combined
leaving many other possible systematic effects unchanged-
The data were taken in sets of 24—48 h duration, and thélet! 509 =144 —328 £ 155 —425* 1.06
A/2 plate was inserted for the odd-numbered sets. Thef€t2 ~ 620 =146 —808 £ 158  —7.07 £ 1.07
raw asymmetries for each set are given in Fig. 2. A clear.
correlation between the presence of the plate and the Total 504 > 1.0 —565 = LI 564 > 075
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TABLE Il. Summary of contributions to the errors fa,,, =
Aexp, andAy,. g
N
A Source of error AA/A(%) S0.1F
+
Anw statistics 13.4 Ebm
others <0.7
Aexp beam polarization 7 0 :
0? determination 1
backgrounds 2
Am nucleon form factors (excludingz) 4.0 -0.1 ! !
radiative corrections 14 0 0.1 n
G 9.6 Ge

FIG. 4. Allowed region of space Gz + 0.39Gy,) versus
Gg at Q* = 048 (GeV/c)*>. The data point assumes the
To study the effects of strange quarks, we comparé@lster approximation foGr.
our result withAy, [Eq. (1)] using parametrizations of the

p .
form factors. ForGE we use the function due to Galster sensitive to different combinations of the form factors and

[13]. The difference between the true value and the’[ ® ) ) .
Galster approximation is denote®Gl. It is estimated at differentQ~ values are also consistent with the absence

to be +50% of the Galster function, corresponding to aOf strange quarks, but at a somewhat less sensitive level

9.6% error inAy,. We will leave this as a separate error [i?)ﬁsl).f ;:Z?geoﬂgr?nat?écgfs c:gzeitroazg E?Bee\(/: /Ocr;;t_’ma'
since it is significant and since experiments in progress. + 039G}, = 0023 + 0.034(stad = 0.022(sys +

should improve the value 06Gg. For the other form E s . N
factors, the dipole parametrization is taken as a reasonab?ﬁ()%(aG‘?)' Qur result is shown in Fig. 4ﬁ expressed as
approximation at oup?: G% = Gp, Gl = 1£,Gp, and e comglnatlon of strange form factors that we measure
Gy = w.Gp [2]. This introduces an uncertainty in the ve\r/\s/usGIE. . ision b ¢ 0
predicted asymmetry of about 4% of itself. Electroweaklggge pl an to |mpro;/e_%unr pr_ﬁctl)spn y;’:\ ?ciz:tor 0 ¢ N
radiative corrections [2,14], which are known and only on - Improvements 11tz Wil be important for us to
the order of a few percent of the asymmetry, were applieclextrac'[ useful information. Although we have ruled out

The kinematic suppression of ti@& term is essential in some of the more generous predictions, it is important

our experiment to control the otherwise large radiativetO pursue the subject further. Expanding e range

Corceions it Wi rse assumpuons. - mborar e el s separatn o i civerby
—15.8 = 0.7 = 1.5(6G}) ppm. ying y using 9

. : as“*He.
Representative calculations f6A = (Aexp — Awn)/Awm . . .
are given in Fig. 3, together with our data point, underthg ZEn;EI}II?IsV%(?SS WalltthJ\Il_v:kIJCEovéisz(\e/;eI}I ?grk?[htg erEJarl:u(;?
the assumption thafGy is negligible. The largest of y y

- . Xperiments measuring parity-violating amplitudes. The
the predictions are excluded by our data. Previous dat igh quality of the beam provided by this new facility is

invaluable for the performance of precision experiments.
1.0 ¢ - We wish to thank the entire staff at JLab for their tire-
~Hammer less work in developing this new facility, and particularly
Jaffe C.K. Sinclair and M. Poelker for their timely work on
the polarized source. This work was supported, in part,
by the Department of Energy, the National Science Foun-
dation, the Korean Science and Engineering Foundation
(Korea), the INFN (Italy), the Natural Sciences and En-
gineering Research Council of Canada, and the Commis-
sariat a 'Energie Atomique (France).

0.0 0.2 0.4 0.6 0.8 1.0
Q3(GeV/cy
FIG. 3. Experimental 5A/A assuming 8G. = 0, together [ D-B. Kaplan and A. Manohar, Nucl. Phy8310 527
with representative theoretical calculations by Jaffe [7], Ham- (1988).
meret al. [10], Musolf and Burkhardt [8], and Weigel [9]. For [2] M.J. Musolf et al., Phys. Rep.239 1 (1994), and
papers that did not include the@? dependence [7,8] a dipole references therein.
form is assumed, as suggested in Ref. [2]. [3] P. Geiger and N. Isgur, Phys. Rev.93, 299 (1997).

1099



VOLUME 82, NUMBER 6 PHYSICAL REVIEW LETTERS 8 EBRUARY 1999

[4] C.Y. Prescotet al., Phys. Lett.84B, 524 (1979); W. Heil
et al., Nucl. Phys.B327, 1 (1989); P.A. Soudeet al.,
Phys. Rev. Lett65, 694 (1990).

[5] R.D. McKeown, Phys. Lett. 19 140 (1989).

[6] B. Mueller et al., Phys. Rev. Lett78, 3824 (1997).

[7] R.L. Jaffe, Phys. Lett. B29 275 (1989).

[8] M.J. Musolf and M. Burkhardt, Z. Phys. &1, 433 (1994).

[9] H. Weigel et al., Phys. Lett. B353 20 (1995).

[10] H.-W. Hammer, UIf-G. Meissner, and D. Drechsel, Phys.

Lett. B 367, 323 (1996).

1100

[11] M.J. Ramsey-Musolf and H. Ito, Phys. Rev.55, 3066
(1997).

[12] N.F. Mott, Proc. R. Soc. London A35 429 (1932);bid.
124, 425 (1929).

[13] S. Galstert al., Nucl. Phys.B32, 221 (1971).

[14] Particle Data Group, C. Caset al., Eur. Phys. J. C
3, 1 (1998). The electroweak radiative corrections are
essentially the same as for atoms. In addition, the peaking
approximation is used to correct for the radiative tail.

[15] G.T. Garveyet al., Phys. Rev. C18, 1919 (1993).



