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Measurement of the neutral weak form factors of the proton

K. A. Aniol,1 D. S. Armstrong,24 M. Baylac,20 E. Burtin,20 J. Calarco,13 G. D. Cates,17 C. Cavata,20 J.-P. Chen,6

E. Chudakov,6 D. Dale,8 C. W. de Jager,6 A. Deur,6,2 P. Djawotho,24 M. B. Epstein,1 S. Escoffier,20 L. Ewell,11

N. Falletto,20 J. M. Finn,24 K. Fissum,12 A. Fleck,18 B. Frois,20 J. Gao,12 F. Garibaldi,5 A. Gasparian,3

G. M. Gerstner,24 R. Gilman,19 A. Glamazdin,9 J. Gomez,6 V. Gorbenko,9 O. Hansen,6 F. Hersman,13 R. Holmes,22

M. Holtrop,13 B. Humensky,17 S. Incerti,23 J. Jardillier,20 M. K. Jones,24 J. Jorda,20 C. Jutier,16 W. Kahl,22 D. H. Kim,10

M. S. Kim,10 K. Kramer,24 K. S. Kumar,17 M. Kuss,6 J. LeRose,6 M. Leuschner,13 D. Lhuillier,20 N. Liyanage,12

R. Lourie,21 R. Madey,7 D. J. Margaziotis,1 F. Marie,20 J. Martino,20 P. Mastromarino,17 K. McCormick,16

J. McIntyre,19 Z.-E. Meziani,23 R. Michaels,6 G. W. Miller,17 D. Neyret,20 C. Perdrisat,24 G. G. Petratos,7

R. Pomatsalyuk,9 J. S. Price,6 D. Prout,7 V. Punjabi,14 T. Pussieux,20 G. Quéméner,24 G. Rutledge,24 P. M. Rutt,6

A. Saha,6 P. A. Souder,22 M. Spradlin,17,4 R. Suleiman,7 J. Thompson,24 L. Todor,16 P. E. Ulmer,16 B. Vlahovic,15

K. Wijesooriya,24 R. Wilson,4 and B. Wojtsekhowski6

(HAPPEX Collaboration)

1California State University Los Angeles, Los Angeles, California 90032
2LPC, Universitè Blaise Pascal/IN2P3, F-63177 Aubière, France

3Hampton University, Hampton, Virginia 23668
4Harvard University, Cambridge, Massachusetts 02138

5Istituto Nazionale di Fisica Nucleare, Sezione Sanità, 00161 Roma, Italy
6Thomas Jefferson National Accelerator Laboratory, Newport News, Virginia 23606

7Kent State University, Kent, Ohio 44242
8University of Kentucky, Lexington, Kentucky 40506

9Kharkov Institute of Physics and Technology, Kharkov 310108, Ukraine
10Kyungpook National University, Taegu 702-701, Korea
11University of Maryland, College Park, Maryland 20742

12Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
13University of New Hampshire, Durham, New Hampshire 03824

14Norfolk State University, Norfolk, Virginia 23504
15North Carolina Central University, Durham, North Carolina 27707

16Old Dominion University, Norfolk, Virginia 23508
17Princeton University, Princeton, New Jersey 08544
18University of Regina, Regina, SK S4S 0A2, Canada

19Rutgers, The State University of New Jersey, Piscataway, New Jersey 08855
20CEA Saclay, DAPNIA/SPhN, F-91191 Gif-sur-Yvette, France

21State University of New York at Stony Brook, Stony Brook, New York 11794
22Syracuse University, Syracuse, New York 13244

23Temple University, Philadelphia, Pennsylvania 19122
24College of William and Mary, Williamsburg, Virginia 23187

(Received 16 October 1998)

We have measured the parity-violating electroweak asymmetry in the elastic scattering of polarized
electrons from the proton. The kinematic point [kulabl ­ 12.3± and kQ2l ­ 0.48 sGeVycd2] is chosen
to provide sensitivity, at a level that is of theoretical interest, to the strange electric form factor
Gs

E . The result,A ­ 214.5 6 2.2 ppm, is consistent with the electroweak standard model and no
additional contributions from strange quarks. In particular, the measurement impliesGs

E 1 0.39Gs
M ­

0.023 6 0.034sstatd 6 0.022ssystd 6 0.026sdGn
Ed, 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
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The proton, which is believed to be a state of thre
quarks bound by the strong force of quantum chromod
namics (QCD), is a complex object when probed at inte
mediate energies. In order to develop a useful descriptio
one must first establish all of the relevant degrees of fre
dom. Recent theoretical and experimental investigatio
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have indicated that strangeness might play an importa
role [1,2]. For example, doss pairs contribute to the
charge radius or magnetic moment of the proton? It
quite possible, since the mass of the strange quark is co
parable to the proton mass and the scale of the strong
teraction. On the other hand, the empirically successf
© 1999 The American Physical Society
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Okubo-Zweig-Iizuka (OZI) rule predicts that the effect
of strange quarks are greatly suppressed at low energ
[3]. Resolution of this issue requires that it be address
experimentally.

A particularly clean experimental technique [4
for isolating the effects of strange quarks in the nu
s
ies

ed

]
-

cleon is measuring parity-violation amplitudes in the
elastic scattering of polarized electrons from proton
[5]. The theoretical asymmetry, which is caused
by the interference between the weak and electro
magnetic amplitudes, is given in the standard mode
by [2]
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pg
E sGpg

M d is the electric (magnetic) Sachs form
factor for photon exchange,G

pZ
E,M is the corresponding

quantity for Z0 exchange,G
pZ
A is the axial form factor,

and uW is the electroweak mixing angle. All form fac-
tors are functions ofQ2, and ´, t, and ´0 are kinematic
quantities (see Ref. 6). For our kinematics,t , 0.136,
´ , 0.97, ´0 ø 1, and the term involvingG

pZ
A con-

tributes only a few percent relative to the other term
The predicted asymmetry is on the order of 10 par
per106 (ppm).

To interpret the experiment,G
pZ
E,M can be expressed in

terms of proton, neutron, and strange form factors if th
up (down) quarks in the proton have the same propert
as the down (up) quarks in the neutron (assumption
isospin symmetry). Then

G
pZ
E,M ­

1
4 sGpg

E,M 2 G
ng
E,Md 2 sin2 uW G

pg
E,M 2

1
4 Gs

E,M

and, if the electromagnetic form factors are sufficient
well known from experiment, the only unknown quantitie
involve strange from factors.

Extensive literature is devoted to estimating the siz
of strange form factors. Approaches include [2,3,7–1
pole fits, meson loops, the Nambu-Jona-Lasinio (NJ
model, vector dominance, unquenched quark model, c
ral symmetry, and Skyrme models. The significance
the strange form factors is attested to by the fact that th
are relevant to many theoretical approaches striving to u
derstand QCD at low energies. Some of the calculatio
predict substantial effects, 50% or more of the asymme
at our kinematics, that are dominated byGs

E . Other cal-
culations predict effects at the few percent level or les
The goal of our experiment is to determine if indeed th
strange quark form factors are large enough to be an i
portant part of any detailed description of the proton.

The experiment took place in Hall A at the Thoma
Jefferson National Accelerator Facility (JLab). A,
100 mA continuous-wave beam of longitudinally polar-
ized 3.356 GeV electrons was scattered from a 15-c
long liquid hydrogen target. The electrons which wer
scattered elastically atkulabl , 612.3± were focused by
two identical high resolution 5.5 msr spectrometers on
a total-absorption detector made up of a lead-lucite san
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wich. Only the scattered electrons were detected; th
second spectrometer merely doubled the solid angle. T
spectrometers, which deflect the electrons by 45± out of
the scattering plane, focus inelastic trajectories well awa
from our detectors.

The polarized electron beam originated from a bul
GaAs photocathode excited by circularly polarized lase
light. The helicity of the beam was set every 33.3 m
locked to the 60 Hz frequency of the ac power in th
lab. The helicity was structured as pairs of consecutiv
33.3 ms periods with opposite helicity, henceforth calle
windows. The helicity of the first window in each pair
was determined by a pseudo-random-number generat
All signals were integrated over a 32 ms gate which bega
,1 ms after the start of each window. The output o
the integrators was digitized by 16-bit customized analog
to-digital converters. Integration and digitization were
handled by custom-built modules designed to minimiz
noise and crosstalk.

The experimental method is driven primarily by the fac
that the measured asymmetry is a few ppm. The tric
to measuring small asymmetries is to maintain negligib
correlations between the helicity of the beam and an
other properties of the beam, such as intensity, energ
position, or angle. At JLab, the only quantity for which
we found a nonzero helicity-correlated difference wa
intensity. This correlation was reduced to below 1 ppm
by using a slow feedback system.

The intensity of the beam was measured with tw
independent rf cavities and the position of the beam wa
measured at five locations with rf strip-line monitors
Window-to-window jitter in the intensity was typically
300 ppm and window-to-window jitter in position was a
few microns. This impressive stability of the accelerate
beam made it easy to set stringent limits on any helicity
correlated beam parameters. Averaged over the ent
run, limits on the position differences were typically on
the order of a few nm. One of the position monitors wa
located at a point of high dispersion in the transport lin
and set a limit on the average helicity-correlated fraction
energy difference at the1028 level.

Limits on the impact of the helicity correlations were
determined by modulating the beam position and energ
concurrent with data taking. Since these changes we
1097
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FIG. 1. Distribution ofAraw for ,23 3 106 individual win-
dow pairs. Only data withI . 80 mA (,95% of sample) are
shown. The curve is a Gaussian fit withs , 3.8 3 1023.

small and uncorrelated with helicity, the same data cou
be used both for calibration purposes as well as
the primary data sample. The results of these stud
show that the contribution of the correlations to the ra
asymmetry is a factor of 20 smaller than the statistic
error, and thus negligible.

The raw asymmetry for each window pair is defined a

Araw ­ fsDRyIRd 2 sDLyILdgyfsDRyIRd 1 sDLyILdg ,

whereDR sDLd is the detector signal andIR sILd is the
signal from the intensity cavity for the right (left) helicity
window. The signalsDR sDLd are normalized byIR sILd
to eliminate any contribution toAraw from the correlation
of beam intensity with helicity. Pedestals for these signa
were measured during beam-off periods and the linea
of the system was verified at the 1% level during perio
when the beam current was ramping up. A histogra
of the distribution of window pair asymmetries is give
in Fig. 1. The distribution is purely Gaussian. Separa
auxiliary tests (at lower beam energy and thus high cro
section) carried out prior to the run demonstrated th
neither boiling of the liquid target nor noise in the bea
intensity cavities increase the noise in the asymme
measurements. The only cuts applied to our data sam
were when the beam was,3 mA or when equipment such
as the spectrometer or target was clearly malfunctionin

One important test for the presence of false asymm
tries is through the insertion of a half-wavesly2d plate in
the laser beam. This complements the helicity of the ele
tron beam and hence the sign of the raw asymmetry wh
leaving many other possible systematic effects unchang
The data were taken in sets of 24–48 h duration, and
ly2 plate was inserted for the odd-numbered sets. T
raw asymmetries for each set are given in Fig. 2. A cle
correlation between the presence of thely2 plate and the
1098
ld
for
ies
w
al

s

ls
rity
ds
m

n
te
ss
at

m
try
ple

g.
e-

c-
ile
ed.
the
he
ar

-15

-10

-5

0

5

10

15

0 2 4 6 8 10 12 14

χ2/ndf = 6.7 / 13

Araw= -5.64±
0.75

Data Set Number

R
aw

 A
sy

m
m

et
ry

 (
pp

m
)

FIG. 2. Average values ofAraw for each data set. Odd-
numbered data sets have thely2 plates inserted into the lase
beam. The plate is expected simply to change the sign of
raw asymmetry.

sign of the asymmetry is seen. Since the target is un
larized, this correlation is an unambiguous signal of par
violation. Averages of the raw asymmetries for the e
tire data set, representing 78 C of electrons on target,
given in Table I for bothly2 plate settings and for each
spectrometer individually. The results for the subsets a
consistent with each other. Transverse components of
beam polarization are a negligible source of systema
error since the maximum analyzing power for a point n
cleus is,1028 [12] and the symmetry of the apparatu
gives further suppression.

To extract the experimental asymmetryAexp ­
ArawyPe, the beam polarization was measured both
Mott scattering near the injector and by Møller scatterin
just upstream of the hydrogen target. We use the av
age valuePe ­ s0.388 6 0.027d. The Q2 of the data,
averaged over the acceptance of the detector, was
termined to be 0.479 6 0.003 sGeVycd2 by separate
low-current runs that used tracking drift chambers in fro
of our detectors to study individual events. The dri
chambers were also used to measure possible inela
backgrounds from pole-tip scattering by varying the ce
tral momentum of the spectrometers so that the domin
elastic events would follow the trajectories of inelast
events under running conditions. The contribution
background to our asymmetry is, at most, 2% of 15 pp
as listed in the summary of errors in Table II. The resu
is Aexp ­ 214.5 6 2.0sstatd 6 1.1ssystd ppm.

TABLE I. Averages ofAraw (in ppm). The different spec-
trometers are det1 and det2.

ly2 out ly2 in Combined

det1 5.09 6 1.44 23.28 6 1.55 24.25 6 1.06
det2 6.20 6 1.46 28.08 6 1.58 27.07 6 1.07

Total 5.64 6 1.03 25.65 6 1.11 25.64 6 0.75
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TABLE II. Summary of contributions to the errors forAraw ,
Aexp, andAth.

A Source of error DAyAs%d

Araw statistics 13.4
others ,0.7

Aexp beam polarization 7
Q2 determination 1
backgrounds 2

Ath nucleon form factors (excludingGn
E) 4.0

radiative corrections 1.4
Gn

E 9.6

To study the effects of strange quarks, we compa
our result withAth [Eq. (1)] using parametrizations of the
form factors. ForGn

E we use the function due to Galste
[13]. The difference between the true value and th
Galster approximation is denoteddGn

E. It is estimated
to be 650% of the Galster function, corresponding to a
9.6% error inAth. We will leave this as a separate erro
since it is significant and since experiments in progre
should improve the value ofdGn

E . For the other form
factors, the dipole parametrization is taken as a reasona
approximation at ourQ2: G

p
E ­ GD , G

p
M ­ mpGD , and

Gn
M ­ mnGD [2]. This introduces an uncertainty in the

predicted asymmetry of about 4% of itself. Electrowea
radiative corrections [2,14], which are known and only o
the order of a few percent of the asymmetry, were applie
The kinematic suppression of theGZ

A term is essential in
our experiment to control the otherwise large radiativ
corrections in that term. With these assumptions,Ath ­
215.8 6 0.7 6 1.5sdGn

Ed ppm.
Representative calculations fordA ­ sAexp 2 AthdyAth

are given in Fig. 3, together with our data point, unde
the assumption thatdGn

E is negligible. The largest of
the predictions are excluded by our data. Previous da

Q2(GeV/c)2

(A
ex

p-
A

th
)/

A
th

Hammer

Weigel

Jaffe

Musolf

FIG. 3. ExperimentaldAyA assuming dGn
E ­ 0, together

with representative theoretical calculations by Jaffe [7], Ham
mer et al. [10], Musolf and Burkhardt [8], and Weigel [9]. For
papers that did not include theQ2 dependence [7,8] a dipole
form is assumed, as suggested in Ref. [2].
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FIG. 4. Allowed region of space insGs
E 1 0.39Gs

Md versus
Gn

E at Q2 ­ 0.48 sGeVycd2. The data point assumes th
Galster approximation forGn

E .

sensitive to different combinations of the form factors an
at differentQ2 values are also consistent with the absen
of strange quarks, but at a somewhat less sensitive le
[6,15]. From our data, we can extract the combin
tion of strange form factors atQ2 ­ 0.48 sGeVycd2:
Gs

E 1 0.39Gs
M ­ 0.023 6 0.034sstatd 6 0.022ssystd 6

0.026sdGn
Ed. Our result is shown in Fig. 4, expressed a

the combination of strange form factors that we measu
versusGn

E.
We plan to improve our precision by a factor of 2 i

1999. Improvements inGn
E will be important for us to

extract useful information. Although we have ruled ou
some of the more generous predictions, it is importa
to pursue the subject further. Expanding theQ2 range
is important, as well as separatingGs

E from Gs
M , either by

varying the kinematics or by using an isoscalar target su
as 4He.

The relative ease with which we were able to measu
the small asymmetry at JLab bodes well for the future
experiments measuring parity-violating amplitudes. T
high quality of the beam provided by this new facility i
invaluable for the performance of precision experiments
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