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Parity violating electron nucleus scattering is a clean and powerful tool for measuring the spatial distribu-
tions of neutrons in nuclei with unprecedented accuracy. Parity violation arises from the interference of
electromagnetic and weak neutral amplitudes, andZthef the standard model couples primarily to neutrons
at low Q2. The data can be interpreted with as much confidence as electromagnetic scattering. After briefly
reviewing the present theoretical and experimental knowledge of neutron densities, we discuss possible parity
violation measurements, their theoretical interpretation, and applications. The experiments are feasible at
existing facilities. We show that theoretical corrections are either small or well understood, which makes the
interpretation clean. The quantitative relationship to atomic parity nonconservation observables is examined,
and we show that the electron scattering asymmetries can be directly applied to atomic parity nonconservation
because the observables have approximately the same dependence on nuclear shape.
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[. INTRODUCTION strain the average interior neutron density and help refine our
knowledge ofp.

The size of a heavy nucleus is one of its most basic prop- Ground state charge densities have been determined from
erties. However, because of a neutron skin of uncertairlastic electron scattering, see, for example, R&f. Be-
thickness, the size does not follow from measured chargeause the densities are both accurate and model independent
radii and is relatively poorly known. For example, the rootthey have had a great and lasting impact on nuclear physics.
mean square neutron radius f%b, R, is thought to be They are, quite literally, our modern picture of the nucleus.
about 0.25 fm larger than the proton radRig~5.45 fm. An In this paper we discuss future parity violating measure-
accurate measurement Bf, would provide the first clean ments of neutron densities. These purely electroweak experi-
observation of the neutron skin. This is thought to be amments follow in the same tradition and can be both accurate
important feature of all heavy nuclei. and model independent. Neutron density measurements may

The interior baryon density of a heavy nucleus is closelyhave implications for nuclear structure, atomic parity non-
related to its size. The saturation density of nuclear mager conservationfPNC) experiments, isovector interactions, the
is a fundamental concept central to nuclear structure, thetructure of neutron-rich radioactive beams, and neutron-rich
nature of the interactions between nucleons, models of heauyatter in astrophysics. It is remarkable that a single measure-
ion collisions, and applications of dense matter in astrophysment has so many applications in atomic, nuclear, and astro-
ics. The value ofp, is inferred from the central density of physics.
heavy nuclei, most notabl§°®Pb. One then corrects for the Donnelly, Dubach, and SidkR] suggested that parity vio-
effects of surface tension and Coulomb interactiombich  lating electron scattering can measure neutron densities. This
tend to canceland deduces the saturation density of an in-is because th& boson couples primarily to the neutron at
finite system. low Q2. Therefore one can deduce the weak-charge density

However, present estimates pf are based only on the and the closely related neutron density from measurements
known proton density. Thug, is uncertain because we do of the parity-violating asymmetry in polarized elastic scatter-
not have accurate information on the central neutron densityng. This is similar to how the charge and proton densities
An accurate measurement of the neutron raéysvill con-  are deduced from unpolarized cross sections.

Of course the parity violating asymmetry is very small, of
order a part per million. Therefore measurements were very

*Electronic address: charlie@iucf.indiana.edu difficult. However, a great deal of experimental progress has
TElectronic address: Steven.Pollock@colorado.edu been made since the Donnedly al. suggestion, and since the
*Electronic address: souder@suhep.phy.syr.edu early SLAC experimenit3]. This includes the Bate¥C ex-
$Electronic address: rom@jlab.org periment[4], Mainz °Be experimen{5], SAMPLE [6], and
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HAPPEX][7]. The relative speed of the HAPPEX result and surements of the neutron radius of a neutron star. Both pro-
the very good helicity correlated beam properties of CEBAFvide information on the equation of state of dense matter. In
show that very accurate parity violation measurements ara nucleusR, is sensitive to the surface symmetry energy or
possible. Parity violation is now an established and powerfuthe symmetry energy at low densities while the neutron star
tool. radius depends on the symmetry energy at high densities.
For example, the HAPPEX result suggests that strange In the future we expect a number of improving radius
guarks do not make large contributions to the nucleon’s elecmeasurements for nearby isolated neutron stars. For ex-
tric form factor. Clearly additional experiments shogithd ample, from the measured luminosity and surface tempera-
will) be done to further measure strange quarks. However, ture one can deduce an effective surface area and radius from
is important to also apply parity violation to other physics thermodynamics. Candidate stars include Gemiriga and
objectives such as neutron densities. This will allow one toRX J185635-375416.
take maximum advantage of parity violation. This paper is organized as follows. In Sec. Il we discuss
_Itis important to test the standard model at low energieghe present theoretical and experimental knowledge of neu-
with atomic PNC, see, for example, the Colorado measureyon densities. In Sec. |1l we present general considerations
ment in C§[8,9]. These experiments can be sensitive to NneWq,r neytron density measurements and include some experi-
parity violating interactions such as additional healy enta)jssues in Sec. IV. Section V discusses many possible
bosons. Furthermore, by comparing atomic PNC to highefye g retical corrections and shows that the interpretation of a
Q” measurements, for example, at @eole, one can study measurement is very clean. The relationship between neutron

. . Hensity measurements and atomic parity nonconservation ex-
rections. However, as the accuracy of atomic PNC experi- y parity

ments improves they will require increasingly precise infor-Periments is discussed in Sec. VI. Finally we conclude in
mation on neutron densitiggl0,11]. This is because the Sec. VIl. . .
parity violating interaction is proportional to the overlap be- We emphg&zg that the sho'rt Secs. Il and l_” summarize
tween electrons and neutrons. In the future the most preci§@e present situation. They are mgluded for motivation and to
low energy standard model test may involve the combinatiofn@ke the paper more self-contained. However, most of the
of an atomic PNC measurement and parity violating electroésults in Secs. IV, V, and VI are new. Section IV presents
scattering to constrain the neutron density. new results on the optimum kinematics and the sensitivity of
Unfortunately, atomic PNC suffers from atomic theory &n asymmetry measurement to the neutron radius. Realistic
uncertainties in the electron density at the nucleus. This mocalculations including Coulomb distortions have not previ-
tivates future atomic experiments involving isotope ratiosously been published. Section V B presents new results on
where the atomic theory cancels. However, these ratios maiyne sensitivity of a neutron density measurement to electro-
require even more nuclear structure information on isotopenagnetic and strange quark form factors. Section V F pre-
differences of neutron densities. Parity violating electronsents a new analysis on the sensitivity of a measurement to
scattering measurements of isotope differences is beyond thiRe nuclear shape. Section V G presents a new calculation of
scope of this paper. Instead we focus on simpler measureéhe asymmetry for collective nuclear excitations and in par-
ments of the neutron density in a single clossdbshell  tjcular the 3~ state in2°%Pb. We are not aware of any pre-
isotope. These measurements should provide an importagious published asymmetry calculations for inelastic states in

first step for later work on isotope differences. _ Pb. Finally, Sec. VI presents new calculations of the nuclear
There have been many measurements of neutron densitighape dependence of atomic PNC experiments.

with strongly interacting probes such as pion or proton elas-
tic scattering, see, for example, REf2]. We discuss some
of these in Sec. Il. Unfortunately, all such measurements
suffer from potentially serious theoretical systematic errors.
As a result no hadronic measurement of neutron densities has In this section we summarize our present knowledge of
been generally accepted by the field. Because of the unceneutron densities. Although this section presents no new re-
tain systematic errors, modern mean field interactions arsults it provides a final introduction to future neutron density
typically fit without using any neutron density information, measurements. Unfortunately, neutron density uncertainties
see, for example, Ref§13,14]. have not been extensively discussed in the literature. Fortson
An electroweak measurement of the neutron density in &t al.[17] give some discussion on the present uncertainties
nucleus such ag*%b may allow the calibration of strongly in neutron densities and how this uncertainty impacts atomic
interacting probes. By requiring that the hadronic reactiorPNC. They claim a relatively large error in the neutron ra-
theory reproduce the electroweak measurement one shouttius R, of order 10%.
reduce theoretical errors. This is analogous to using beta de- We believe the most accurate information comes from
cay to calibrate |p,n) probes of Gamow-Teller strength. theory. As we discuss below, mean field models predict a
Once proton nucleus elastic scattering is calibrated it shouldelatively small spread in neutron densities once the effective
be possible to study neutron densities in a variety of othemteraction is constrained to reproduce observed charge den-
nuclei including radioactive beams. sities and binding energies. We also discuss neutron density
Finally, there is an interesting complementarity betweermeasurements with elastic magnetic electron scattering and
neutron radius measurements in a finite nucleus and meatrongly interacting probes.

Il. PRESENT KNOWLEDGE OF NEUTRON DENSITIES
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04 T T T T T tivistic mean field calculations for neutron-rich nuclei is Ref.
. 1 [19]. The structure of exotic nuclei is important for astro-
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. 552 godead q‘:..,co 34»3},3{ physics and for radioactive beams.
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E 0.2 I o, X ”00:‘0: i B. Neutron density measurements
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= o041} ’.. ’..»ogoo&wgg;?&w There have been many measurements sensitive to neutron
o §%<>°§o LS | densities. Originally neutron radii were extracted from Cou-
0.0 -__9?6...6?..?9 ....................................................... + ............ i lomb energy differencef20]. However, it is now thought
 © these measurements are sensitive to isospin violating inter-
012 L L . L L actions. Next p,d) and d,t) stripping reactions are sensi-
50 1o 150 200 250 tive to the tail in the neutron density at very large radi2d].

However, stripping reactions are not directly sensitive to the

FIG. 1. The difference between neutron ragii=r, and proton interior density. Because the interior density is much larger
radii R,=r, for several nuclei of different mass number The  than that in the tail it contributes significantly Ry,. There-
filled symbols are for the relativistic mean field NL1 interaction {gre R, cannot be extracted from stripping experiments with-
while the open syrr_1bo|s a_re_for tr_le nonrelativistic zero rangey ¢ making model assumptions.
SI.(yrme skii interaction. This figure is taken from (?al.(’u"f"t'ons of Proton nucleus elastic scattering is sensitive to both the
Ring et al. [14]. A possible 1% measurement #%b is indicated surface and interior neutron densft2]. Typically this dat
by the error bar which has been arbitrarily placeRatR,=0. : . . vel. Typically this data

is analyzed in an impulse approximation where a nucleon-

nucleon interaction is folded with the nucleon density. Un-
fortunately, there are corrections to the impulse approxima-

Mean field models have been very successful at reprodugion from for example multiple scattering and medium
ing many features of nuclear charge densities including meanodifications to the nucleon-nucledNN) interaction whose
sured charge radii. Figure 1, adapted from Reét@l. [14],  uncertainties are difficult to quantify. Limitations in the the-
shows differences between neutrBy and proton radiR,  oretical analysis can show up as an unphysical dependence
for a range of nuclei for calculations based on two typicalof the extracted neutron density on the beam energy.
interactions. A nonrelativistic zero range Skyrme force gives Future work on extracting neutron densities from proton
R,—R,~0.1 fm for 2°%Pb while a relativistic mean field cal- scattering would be very useful. This could take advantage
culation givesR,—R,~0.3 fm. We do not claim that these of advances in full folding calculations. Furthermore,
two calculations represent extreme values. Rather they remeutron-nucleus elastic scattering data would be very help-
resent the range iR,—R, for two typical classes of inter- ful. Comparing proton- and neutron-nucleus scattering could
actions. help constrain the effective proton-neutron interaction. Fi-

In order for the theoretical error to be less than the spreadally, if proton-nucleus scattering can be calibrated to accu-
in Fig. 1 one must demonstrate that of@ both of the  rately reproduce a neutron density measurement in a stable
calculations is unrealistic. While this may be possible in thenucleus then it could be applied to a wide variety of other
future, it has not yet been demonstrated since both calcularuclei. For example, it is possible to measure proton-nucleus
tions are in common use. Of course, the real uncertaintgcattering from radioactive beams with a hydrogen target in
could belarger than the spread in Fig. 1 if the two calcula- inverse kinematics.
tions do not probe the full parameter space of possible mean Finally, data comparing the elastic scattering of positive
field interactions. In the absence of more precise uncertainrand negative pions from nuclei ex[€2], but again there are
ties, one can take this spreadd.2 fm as some measure of uncertainties in the analysj40]. These methods are not re-
the present uncertainty iR,,. This compares to a charge ally directly sensitive to the neutron density.
radius of 5.51 fm. A 1% measurement Bf, with an accu- Elastic magnetic electron scattering is an established tool
racy of about 0.05 fm can clearly distinguish between thefor nuclear structure. Furthermore, magnetic scattering is di-
two forces. Furthermore, it can distinguish either predictionrectly sensitive to the neutron magnetic moment. Thus infor-
for R,—R, from zero thus cleanly observing the neutron mation about valence neutron radii can be extracted. Note
skin. that more calculations of the effects of Coulomb distortions

We note that the relativistic mean field calculation with its on magnetic scattering from heavy nuclei would be useful.
largerR, predicts a significantly smaller central neutron den-See, for example, Ref23]. However, most of the neutrons
sity than does the Skyrme interaction. What gives rise to thén a heavy nucleus are coupled to spin zero and make no
differences between the two calculations? Unfortunatelycontribution to the magnetization. Therefore magnetic scat-
there is not much discussion in the literature. tering cannot directly determing,, .

Once mean field interactions are constrained to reproduce We conclude that no existing measurement of neutron
a neutron radius measurement in a stable nucleus such dsnsities or radii has an established accuracy of 1%. While
208h they can make improved predictions for a variety ofsome conflicting claims may have been made, all hadronic
unstable nuclei. We note that the nonrelativistic Skyrmeprobes ofR, suffer from some reaction mechanism uncer-
force SKX[18] is designed for use in both normal and exotic tainties. As a result there is no agreement in the community
nuclei such ag®Ni, ®Ni, and 1°%Sn. One example of rela- that any measurement has the requisite accuracy. Even if it is

A. Neutron density theory
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possible to reach 1% accuracy with a hadronic probe, thiand where the charge densjbyr) is closely related to the
accuracy has not yet been established. point proton density,(r) given by

IIl. GENERAL CONSIDERATIONS pr(r)=2 W’g(r)‘ﬂp(r»- (3.5
In this section we illustrate how parity violating electron .
scattering measures the neutron density. This short section is The axial potentiaA(r) depends also on the neutron den-
not new. However, it helps to illustrate results from later gjty-
sections and makes this paper more self-contained. For sim-
plicity, this section uses the plane-wave Born approximation T
and neglects nucleon form factors. The effects of Coulomb Npn(r) =20 (1) (). (3.6
distortions and form factors are included in Sec. V. These are b
necessary for a quantitative analysis but they do not invaliit js given by
date the simple qualitative picture presented here.
The electron interacts with a nucleus by exchanging either Gr
a photon or &, boson. The propagator involved in the in- A(r)=—-[(1—=4sirfoy)Zpy(r)—Npy(r)].  (3.7)
teraction is of the form 2

1 The axial potential has two important features:
S (3.1) (i) It is much smaller than the vector potential, so it is best
Q2+M§ observed by measuring parity violation. It is of order 1 eV
while V(r) is of order MeV.
whereMg is the mass of the exchanged boson. For the pho- (ii) Since siké,~0.23, (1—4 sirf4,) is small andA(r)
ton Mg=0, whereas for theZ, the mass term dominates. depends mainly on the neutron distributiog(r).
Since for elastic scattering from nucIM§> Q?, the photon The electromagnetic cross section for scattering electrons

term is much larger than th&, term. Note that we use the with momentum transfeq=(Q?)'? is given by
conventionQ?= —q2>0.

Another difference between the exchange of the photon d_Uz d_‘T IF,(Q?)[2 (3.9
and theZ, is the couplings to both the electron and the dQ  dQ . P ' '

nucleons. The photon has purely vector couplings, and

couples only to protons #&?=0. We note that for the spin- where

less nuclei considered here, the magnetic moments cannot 1

contribute. TheZ, has both vector and axial vector cou- 2 3,

plings. Since the nuclei being considered are spinless, the net Fa(Q)= EJ drjo(ar)pp(r) 3.9
axial coupling to the nucleus is absent. In contrast to the case

for photons, th&, has a much larger coupling to the neutron is the form factor for protons, whejg is the zeroth spherical
than the proton. In addition, th&, has a large axial coupling Bessel function. Fronf ;(Q?), one may determin®, . One
to the electron that results in a parity-violating amplitude.can also define a form factor for neutrons

The effect of the parity-violating part of the weak interaction

may be isolated by measuring the parity-violating asymmetry F (Q?)= 47Tf d3rj o(qr) pa(r). (3.10
Ag=R 2L (3.2 ined i .(Q?) |
R Gt oL’ . ThusR, may be determined iF,(Q%) is known.

In Born approximation the parity-violating asymmetry in-

where o g, is the cross section for the scattering of left VOIVes the interference betwef{r) andA(r). Itis
(right) handed electrons. In contrast to the cross section, the

asymmetry is sensitive to the distribution of the neutrons in _ GeQ? 4 sion— 1+ Fn(Q?) (3.11
the nucleus. Th&, also has a vector coupling to the elec- R 4ra2 w F.(Q?)| '
tron, but this term is neglected because the contribution can- P

not be isolated from the dominant photon amplitude. The asymmetry is proportional ©2/M2 (sinceGg=M} ?)

The implication of the above is that the potential betweenwhich is just the ratio of the propagators of £§.1). Since
an electron and a nucleus to a good approximation may bg— 4 sirfa,, is small ande(QZ) is known we see thad g
written directly measure§ (Q?). ThereforeA  provides a practi-

. cal method to cleanly measure the neutron form factor and
V(r)=V(r)+vysA(r), (3.3  henceR,.

where the usual electromagnetic vector potential is V. EXPERIMENTAL ISSUES

_ | 430 ' > >, The experimental techniques for measuring small asym-
V(r)—f dr'Zp(r )/ r=r| 3.4 metries of order 1 ppm have been successfully deployed in
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parity experiments at electron scattering facilifids-7]. The 208 Pp
following general considerations apply to these experiments  10° ¢
(i) Often a compromise must be chosen between optimizingems i
the parity violating signal and the signal to noise ratio. The §
asymmetry generally increases wifif while the cross sec- g 107
tion decreases, which leads to an optimum choice of kine- < 103
matics. (i) A major challenge for these measurements is to = T
maintain systematic errors associated with helicity reversal a 2
the ~10 8 level. There must be at least one, and preferably 10
several, methods to reverse the helicity. Many reversals art 02 04 06 08
needed during an experiment, and they should follow a rapid q (fm™)
and random sequence to avoid any correlation with noise <
The helicity reversals should be uncoupled to other param-=
eters which affect the cross section. Experiments must mea o
sure the sensitivity of the cross section to these parameter=0.01
as well as the helicity correlated differences in thdii)

Cross Section 5, L Asymmetry
at E = 0.85 GeV

Sensitivity
toR_n

Electronic pickup of the helicity correlated signals can cause™ %92

a false asymmetry, as can helicity correlated deadtiime.  _; ;-

In a count rate limited experiment in which the detected par- | | |

ticles must be integrated in order to get the desired accurac 02 04 06 08
in a reasonable time, the linearity of the detection system anc q (fm™)

the susceptibility to backgrounds are important issues. For ] o -
the high-rate experiments considered here, the radiation FIG. 2. Cross section, parity violating asymmetry, and sensitiv-
hardness of the detectors is also an isgueThe beam po- ity to R, for 2°%b elastic scattering at 0.85 GeV. The fourth plot

T el .
larization must be measured with high precision. OnlingSoWs the variation of FOM e” with energy and angle, showing an

monitoring is possible using a Compton polarimeter which jsoptimum at 0;815 GeV for a 67 scattering angle which corresponds
cross calibrated using Mer and Mott polarimeters whose (0g=0.45 fm~,

N 0
absolute calibrations may be1%. equivalent to maximizing the product

2__ 2 2

Choices of target and kinematics FOMX e"=RXAX €%, 4.

There are two nuclei which are of interest for a measurewhereR is the detected rate and is proportionaldie/d(2,
ment of the neutron radius to 1% accur&®Pb and*3Ba.  and “FOM” is the conventionally defined figure of merit for
They are equally accessible experimentally. Pb has the adarity experiments, FOM RX A%, Note that rather than only
vantage that it has the largest known splitting to the firstnaximizing the conventional FOM, parity violating neutron
excited staté2.6 MeV) of any heavy nucleus, and thus lends density measurements take into account the sensitig)tyq
itself well to the use of a flux integration technique. Also PbR, which varies with kinematics.
has been very well studied, and with its simple structure is a As an example, we have performed the optimization for
good first test case for nuclear theory. Ba has the advantagge Jefferson Lab Hall A high resolution spectrometers
that it is one of the nuclei being used for an atomic physicsupplemented by septum magnets that allow to reach 6°
test of the standard model. scattering angle. The calculations take into account the aver-

The choice of kinematics for a first measurement isaging over the finite acceptance and the energy resolution
guided by the objective of minimizing the running time re- needed to discriminate inelastic levels. Figure 2 shows the
quired for a 1% accuracy iR,. Figure 2 shows for the case product FOMx e for *°Pb which peaks aE=0.85 GeV.
of 298P the three ingredients which enter into this optimiza-Similar calculations for*®8a shows an optimum at 1.0 GeV
tion: the cross sectiodo/d(), the parity violating asymme- (Fig. 3. For both these nuclei the running tirfien days to
try A, and the sensitivity to the neutron radiessdA/A  reach a 1% accuracy iR, is approximatelyT~7/(P?I ()
=(A1—A)/A whereA is the asymmetry computed from a days, whereP is the polarization P~0.8 is achievablg | is
mean field theory(MFT) calculation[24] and Al is the the average beam current A (1~50 uA is achievablg,
asymmetry for the MFT calculation in which the neutron and() is the solid angle acceptance of the spectrometer in
radius is increased by 1%. These three ingredients, whichteradians. This optimum point correspondgjte0.45 and
each vary with energy and angle, are plotted in Fig. 2 for £0.53 fm * for Pb and Ba, respectively. In the plots of
beam energy of 0.85 GeV. As we will show below, 0.85 FOMX €’ one can see a secondary ridge where one might
GeV turns out to be the energy which minimizes the runningvant to perform a second measurement at higdeto check
time for a 1%R,, determination. Using magnetic spectrom- the shape dependence. Here the experimental running time
eters with high resolution to isolate elastically scattered elecbecomes longer but the required accuracyRjpcan be re-
trons, the optimal kinematics can be determined from theluced. As an example, fof®®Pb atE=1.3 GeV, §=8°,
allowable settings for angle and momentum of the spectromeorresponding tag=0.92 fm * the running time to reach
eter by searching for the the minimum running time, which is2% in R, is T~19/(P?1(Q)) days.
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133 Bg 1.4
. Choice of Optimum Energy

o0 2 Cross Section 3 | Asymmetry ‘é to Minimize
oL at E=1.0 GeV g r Error in Neutron Radius

_ =3
5103 L £ 2 ~

E (=3 —
G oF 2 o 13
Z o E ~ SKX (R _n=5.597fm)
& < | ™ -
=10 ©

E 1.25

1 | | | 0
02 04 06 08
q (fm™) 1.2
2

< Sensitivity FOMe" e (R_n = 5.672 fm)
< toR n T 1.15 -
=] - LN IN e .
I 0
w
—0.02 1.1
-0.04 6 g 1.05 l 1 I I | | |

' : ' ' O lo N 0. 076 078 0.8 082 084 0.86 088 09

02 04 06 08 o) E(Ge‘n Energy (GeV)

q (fm™)
) FIG. 4. Error in the neutron radius in Pb versus beam energy,
FIG. 3. Same as Fig. 2 except féiBa at 1.0 GeV. for two models of the neutron radius, SKX8] and MFT[31]. This

shows that the optimum choice of energy for a measurement is not

To reduce the running time, a thick target is needed; theery sensitive to the value &, , and also provides an indication of
main issues are as follow§) For a given energy resolution the insensitivity to the model.
required to discriminate excited states, there is an optimum
target thickness<10% radiation lengththat maximizes the should be clean. We consider Coulomb distortions, strange-
rate in the detector. As the target becomes thicker the radidtess, and the neutron electric form factor, parity admixtures,
tive losses decrease the rafié) If at the low Q2 where the dispersion corrections, meson exchange currents, shape de-
experiments run the rates from some low level inelastiddendence, isospin admixtures, radiative correctins, role of
states are sufficiently small and understood theoretically, ongXcited states, and the effect of target impurities.
may tolerate accepting them into the detector, thus allowing
one to integrate more of the radiative tail, typically up to 4 A. Coulomb distortions
Mev. (iii) To imp_rove ‘t‘he h_eat load ca'p,)ability of the _target, By far the largest known correction to the asymmetry
one may use various coqlmg agents,” such as Iam'n""t'on%omes from Coulomb distortions. By Coulomb distortions
of diamond interleaved with the target material. One mus e mean repeated electromagnetic interactions with the
have sufficien_t knowledge of the effect on the parity signal.,, |e g remaining in its ground state. All of tAerotons in
For example, if one accepts 2% rate frdﬁc. and the theory a nucleus can contribute coherently so distortion corrections
is unde'rstood to 1% the syste_matlc error is only 0.02%. Th%re expected to be of ord@a/ . This is 20% for2%%Pb.
theoretical error Is discussed in Sec. V. . Distortion corrections have been accurately calculated in

For an experiment that measures the neutron_r_alaHJ,s Ref. [24]. Here the Dirac equation was numerically solved
the choice of optimum kinematics 'S.nOt Very se_nsmv_e to thefor an electron moving in a Coulomb and axial-vector weak
value of R, nor to the shape. To illustrate this point, we yyentials. From the phase shifts, all of the elastic scattering
show in Fig. 4 the error irR, that can be obtained for a ,pqeryaples including the asymmetry can be calculated.
reahs}m experiment, ‘with time-integrated  luminosity 7 here are many checks on the numerics of this calcula-
> 10" cm 2 and polarization error 2% using the aforemen-yion * First, known cross sections including those at large
tioned Jefferson Lab setup at 6° scattering angle, with a 7.4pgjes are reproduced. Second, the code reproduces known
msr acceptance combining two spectrometers. For the tWgjane wave asymmetries. Finally, the sensitivity to the sub-
models showr(SKX [18] with R,=5.597 fm and MFT[31]  {raction between helicities is checked by varying the strength
with R,=5.672 fm) the optimum energy is about the same of the weak potential. We note that the forward angle asym-
This is because the measurement is mainly Sensit&©  metry is much easier to calculate than the backward angle
and not other parameters. cross section because the cross section involves extreme can-
cellations in the sum over partial waves. It is expected that
the numerical accuracy in the asymmetry is significantly bet-
ter than 1%. However, the code neglects terms involving the

In this section we calculate a number of corrections to theelectron mass over the beam energy. These are of order
parity violating asymmetry and show that they have small0.1%. There are now a number of independent codes which
uncertainties. Therefore the interpretation of a measuremewlculate the effects of Coulomb distortiofik9,25,26 and

V. CORRECTIONS TO THE ASYMMETRY
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verify the accuracy of Ref24]. ton (neutron electromagnetic form factor i€, (G,). The

In summary, distortion corrections are larger than the exstrange quark form factor i85 and this is assumed the same
perimental error. Furthermore, they modify the sensitivity tofor neutrons and protons.
the neutron radius. However, they have been calculated with We fold these form factors with point protgr, and neu-
an accuracy significantly better than the expected 3% expertron p,, densities to obtain the weak charge densgify,
mental error.

Finally, since the charge density is known it should be
possible to “invert” the Coulomb distortions and deduce Pw(f)=4f d3r ' [GH(r")Npy(|r—r'])
from the measured asymmetry the value of a Born approxi-
mation equivalent weak form factor at the momentum trans- +G§(r’)pr(|r—r’|)]. (5.4

fer Q2 of the experiment. Thus the main result of the mea-
surement is the weak form factd¥,,(Q?) which is the The densities are normalized,
Fourier transform of the weak charge dengity(r),

3 _
Fu(Q))= f A o(qr) pud ). (5.1 f drpp(r)=1, ©.9

This can be directly compared to mean field or other theo- f drpn(r)=1, (5.9
retical calculations. Note thd,, will not be determined by

comparing plane wave calculations to data. Instead, for ex;

ample, a range of model weak densities could be adjuste

until full distorted wave calculations reproduce the experi-

mentazl asymmetry. T.hen, Eq5.0 .is l_Jsed to calculate f d3r pw(r)=Quw, (5.7)
Fw(Q2). In principle this procedure is slightly model depen-

dent because full distorted wave calculations need some in- )

formation onF,(Q?) for q different from the single mea- Where the weak charge of the nucleus is

surement. However, this model dependence is expected to be

very small and can be explored by studying a variety of Qw=—N+(1-4sirt6y)Z. (5.9
model densities.

The protonR,,, neutronR,,, and weakR, radii are defined,

p 1
B. Strangeness and neutron electric form factors

FromF,, the root mean square radius of the weak charge Rng da”zpp(r)’ (5.9
distribution Ry, can be determined, see Sec. VF. The weak
radius, in turn, can be related to the radius of the neutron
distribution after making appropriate corrections. We empha- R2= f d3rr2p,(r), (5.10
size that the experiment measures a well defined form factor
of the weak charge distribution and that this can be directly
compared to mean field models without any additional cor@nd
rections. However, if one wishes to go further and extract a
point neutron radius one must correct for possible strange
quark contributions and other nucleon form factors. We dis-
cuss these here. In addition, there could be meson exchange
currents which we discuss in a later subsection. It is a simple matter to calculate the weak radius from Eq.
The electric form factors for the coupling ofZ? to the (5.4),
protonG3 and neutrorG;, are

R\ZN=%J d3rr2py(r). (5.11)

1 1 —QuRy=NR:+ (4 sirfoy—1)ZR;
GS:Z(GP_G“)_SWH"VGP_ZGS’ (5.2 +[N+ (4 sifgy—1)Z]r3

+[Z+ (4 sirfOy—1)N]r2+(N+2)r2.
Gﬁ=%(Gn—Gp)—sir126WGn—%Gs. (5.3 (5.12

Herer,zj is the mean square charge radius of the protﬁn,

We are only interested in electric form factors since magthe square of the neutron charge radius afids the mean
netic form factors make no contribution for a spin zero tar-square strangeness radius.

get. Therefore for simplicity we omit the lab& which is Assuming the neutron radius is much larger thap
commonly used to denote the electric form factor. The pro—R, andr, the above reduces to
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- Z(1—4 sirf6y) 5 R
W N+ (4 sirf 6y — 1)2( n~ Rp) a
L[, 2r4 sif6w—1)N
2R, |"P T NF (4 sito,—1)Z' " r
N+7Z FIG. 5. The weak charge density of a heavy nuclésshe-
+ 7 ri] (5.13 matic. Meson exchange currents and/or nucleon form factors can
N+ (4 siréy—1)Z only change the density in the surface region. This is indicated by

. . the dotted line. The density in the interior is insensitive to MEC.
For 2%Pb, assumindR,~5.50 fm and sifg,=0.23, we 4

have We conclude that the contribution of strange quarks or the
Ry~Ry+0.055R,~ R,)+0.064 +0.002 neutron electric form factor are not issues for a neutron ra-

dius measurement. The radius of the neutron density of a

—0.0089 +0.0003 — 0.011p4 (5.19 heavy nucleus can be accurately determined from the mea-

sured weak radius.
in fm. The 0.061 is from the charge radius of the proton and
the —0.0089 from the charge radius of the neutf@].

The last term in Eq(5.14) is from strange quark contri- C. Parity admixtures

butions. The strange quark form fact@y, has been param- The spin zero ground state 6f%b need not be a parity
etrized withpg, eigenstate. There is probably some small admixture af 0
However, so long as the initial and final states are spin zero,
Gs(Q?) =ps7/(1+4.977)?, (5.19  this parity admixture cannot produce a parity violating asym-

oo ) . metry in Born approximatiofi28]. A multipole decomposi-
and 7=Q%/4M*. We aim to measur&y, to 1% or about  {jon of the virtual photon has a ‘0 Coulomb but no O

0.055 fm. Therefore strange quarks will contribute less tha'?'nultipole. So long as the exchanged virtual photon is spin
1% as long as zero, there is no parity violating interference because there is
only a single operator. This statement is true regardless of
the parity of the initial or final states or if the photon cou-
pling involves a parity violating meson exchange current.

This is a very mild requirement which is already strongly_l_h ‘ ' admi hould b \ for elast
supported by existing experiments. For example, the erefore parity admixtures should not be an issue for elastic

|ps| <5. (5.19

HAPPEX measuremerit] scattering from a spin zero nucleus.
£+0.39G},(Q?=0.48 Ge\#) =0.023+0.043, D. Meson exchange currents
(5.17) Meson exchange currentMEC) can involve parity vio-

lating meson couplings. These are not expected to be impor-
tant for a spin zero target, see the subsection on parity ad-
(5.19 mixtures above. Meson exchange currents could also change
' the distribution of weak charge in a nucleus. However, me-
sons are only expected to carry weak charge over a distance
much smaller thaiR,,. This should not lead to a significant
0.013ps= —0.0043+0.021 fm. (5.19  change in the extracted neutron radius. L. be the
square of the average distance weak charge is moved by
The errors quoted are combined statistical and systemat®EC. Then following Eq.(5.13 the correction to the weak
and we have assumed the form of H§.15 for the Q? radius will be of ordelrf,lEC/Rn. This is expected to be very
dependence of the strange form factor. Equatioh9 limits ~ small becaus®,, is large.
the strangeness contributionsRg to 0.4%. Note that if one This same result can be viewed another way. Figure 5
assumes a differer®? dependence than E¢.15, it may  shows a schematic diagram of the weak charge density. In
be possible to somewhat weaken this limit. However, addithe interior region the density is more or less constant. In this
tional measurements in the near future will significantlyregion, MEC have very little effect. The density is simply the
tighten the constraints on strange quarks and clearly rule owonserved weak charge divided by the volume. It does not
|ps|>5. matter if the weak charge resides on the nucleons or on me-
Likewise, the neutron electric form factor contributes farsons going between the nucleons. The only effect of MEC is
less than 1% toRy. Theoretical models hav&k,—R, to slightly change the surface thickness. This is indicated by
<0.3 fm, so the second term in E.13 is also less than the dotted line in Fig. 5. This change in surface thickness
1%. Indeed, to 1%, the neutron radius directly follows fromwill only lead to a very small change in the weak radius.

and the SAMPLE measureme],
*(Q%=0.1 Ge\?)=0.23+0.44,

yield

the measured weak radius, Reference[29] presents explicit calculations ofrwvy
MEC corrections to the ground state charge densjbasnot
R,~Ry—0.06 fm. (5.20  weak densities of closed shell nuclei. Here the central
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charge density irfHe is significantly reduced by MEC be-
cause of the small size ofHe and the smalf? volume
element near =0. However, corrections to the charge den-
sity of 2%%Pb are very small in agreement with the above
expectations. We conclude that MEC are unlikely to be an
issue for the interpretation of the weak radius.

E. Dispersion corrections

By dispersion corrections we mean multiple electromag-
netic or weak interactions where the nucleus is excited from
the ground state in at least one intermediate state. At the low
momentum transfers considered here, the elastic cross sec-

N | L | L f
Lo . 2 4 6 8
tion involves a coherent sum over tleprotons and is of

2 : . . r (fm)
orderZ~<. In contrast, the incoherent sum of all inelastic tran-

sitions is only of orderZ. Therefore we expect dispersion  FIG. 6. The charge density iff®b. The dotted curve is a mean

corrections to be of orde®/Z. This is negligible. field calculation with a reasonable surface enef8§] while the
thick dashed curve is a mean field calculation with a very high
F. Shape dependence and surface thickness surface energy31]. The experimental charge density is the solid
curve.

In principle, the weak radius follows from the derivative
of a form factor evaluated at zef@?. In practice, the mea- strained by the measured surface thickness of the charge den-
surement will be carried out at a small but nonz€% Thus  sity. Perhaps the easiest way to change the surface thickness
the extraction of the weak radius from the measured fornof the neutron density is to change the thickness of both the
factor may depend slightly on the assumed surface thicknesprotons and neutrons. However, this will quickly conflict

We emphasize, one primary use of a measurement is twith the measured charge density. Therefore one has to try
calibrate mean field models of neutron densities. One caand change the surface thickness of the neutrons without
simply calculate the weak form factor, E&.1), and directly  changing the proton density. This will necessitate large sepa-
compare theory and experiment without any model depenrations in both energy and position between protons and neu-
dence or the need to extract a neutron radius. However, ifons. To accomplish this, one will need energetic isovector
one wishes to extract a neutron radius one must address tirgeractions which in turn will change the binding energies of
dependence of the radius on the shape of the neutron distrituclei as a function ofN or Z and ruin agreement with

bution. One is most sensitive to the surface thickness. known masses.
For example, if the weak density 8¢%Pb is modeled as a Note that present mean field models do an excellent job
Woods-Saxon with radius parameter reproducing the surface thickness of measured charge densi-
ties. This is a nontrivial check. Although one or more param-
pw(r)=po/{exp (r—c)/z]+1}, (5.2)  eters of mean field forces are often fit to charge radii, the

detailed form of the surface density is not fit. Therefore the

then the surface thickness paramerer0.55 fm must be excellent agreement between theory and experiment in the
known to = 0.14 fm in order to extracR,y to 1% from an  surface region demonstrates both the power and basic cor-
asymmetry measurement at the propog¥d-=0.008 Ge\?.  rectness of these arguments that the surface thickness is
Thus the surface thickness pmust be known to only 25% strongly constrained by measured binding energies.
in order to extracR,. We illustrate the above points in Fig. 6. This shows the

We believe the surface thickness of the weak density izharge density irf°Pb. A figure for the weak density would
known to much better than 25% for at least two reasonsbe similar. Conventional mean field models, thin dashed and
First, the surface thickness is strongly constrained by thelotted curves, agree very well with the measured surface
known surface and single nucleon separation energies. Ahickness(region beyond =5 fm). (We note that a lowQ?
larger the weak density is dominated by the most weaklymeasurement is insensitive to the interior denpity.con-
bound neutron. This decays exponentially with a knowntrast the thick dashed curve shows a relativistic mean field
separation energy. Therefore the lardeehavior of the weak model with a very incorrect surface enef@i]. This calcu-
density is known. At somewhat smaller radii the density islation has an incompressibilitgwhich is closely related to
controlled by the surface energy. The very abrupt change ithe surface energymore than a factor of 2 too large. This
density, necessary for a small surface thickness, implies arror is well outside of present uncertainties. Therefore the
very high surface energy. Any model with a very small sur-surface properties of this calculation can be ruled out. Nev-
face thickness will fail to reproduce the known binding en-ertheless even with this large error, the surface thickness
ergies of a range of nuclei. As a result, all mean field modelsgisagrees with data and other calculations by only 10%.
that we are aware of, have only a small spread in surfac€ince this is less than 25% there would be no problem using
thickness—much less than 25%—if they reproduce bindinghis incorrect surface to extract the neutron radius to 1%.
energies. We state the results of this section in a slightly different

Second, the surface thickness of the weak density is corlanguage. This measurement is sensitive to the surface thick-

025501-9



HOROWITZ, POLLOCK, SOUDER, AND MICHAELS PHYSICAL REVIEW ®3 025501

ness at only the 25% level, while it is sensitive to the radiughe longitudinal to dominate over the transverse or axial re-
at the 1% level. Since 25% is much larger than the presergponsegat forward angles In plane wave Born approxima-
spread in surface thickness of mean field models one will notion the asymmetry for a natural parity spinexcitation is
learn new information about the surface. Instead a 1% conthen[2]

straint on the radius does provide important new information

on the radius because present models have a larger spread A GeQ?

than 1%. Ara \/5
Finally, uncertainties from the surface thickness are even

less important in extracting weak charge information forwith Ge
atomic parity experiments. This is because the atomic experg, o is
ments depend on the surface thickness in somewhat similar

ways to the electron scattering asymmetry. As a result, some

of the error from the unknown surface thickness cancels in Fﬂ(Q2)=NJ r2der(qr)pﬂ(r) (5.23

comparing the two experiments. Therefore one could tolerate

an u_ncertalnty in the §urface t_h|ckne}fsn_10_re than 25%‘_”“ in terms of the neutron transition densji&{(r) and a similar
still interpret the atomic experiment. This is discussed in Sec. . . o\
Vi, expression for the protor_1_tran3|t|o_n form factk'af)(Q ) in
We do not believe the dependence on the surface thicl€'™Ms Of the proton transition densipy (r).

ness is a problem. Nevertheless, if one wanted to reduce th The c_ollect|ve density oscillation can be modeled as a
sensitivity there are two options. First, measure at a lowef€formation of the ground state densig2]. If the elastic

Q2. Unfortunately this reduces the magnitude of the asymNeutron density is characterized by a radRfsthen the ex-
metry and its sensitivity to the neutron radius. More beanfited state has a density parame®3( 6),
time will be required and one may be more sensitive to sys- 0 0 N
tematic errors. Alternatively, one could measure a second Rn(0)~Rp[1+a;Y0(0)], (5.29
asymmetry at a highe®?. Within a given model of the
shape of the weak charge density this second point provideghere the small amplitude’j can be adjusted to reproduce
information on the surface thickness. For example, if onedhe magnitude of the cross section. Likewise the proton den-
assumes a Woods-Saxon neutron density, changing the suity is characterized bR0(6),
face thickness from 0.5 to 0.6 fm(at fixed mean square
radiug decreases the asymmetry by 8% at 850 MeV and 12° RO(O)~R[1+abY0(6)], (5.29
while the asymmetry is decreased by only 1.5% at 6°. Thus
the large angle point is much more sensitive to the surfacwith amplitudea’. We assume the radius parame®y is
thickness and in principle could help constrain it. However,proportional to the root mean square radRs and Rg is
this second point will require considerable extra beam timeproportional toR,,, see Eqgs(5.9) and(5.10.
Furthermore, the higi)? point is sensitive to other features ~ The transition density is then
of the shape in addition to trzle surface thickness. Therefore
he interpretation of the hi intm model n- d
:jeent. terpretation of the higlp~ point may be model depe pﬂ(r)~—aHRﬂapn(r). (5.26

In summary, one only needs very mild information about
the shape of the weak charge density to extract a radius fromhe experiment is at a lo\®? well below the maximum in
the measured asymmetry. One needs to know the surfagre inelastic form factor so one can expand the spherical
thickness to about 25%. We believe this is well within the Bessel function and integrate by parts to obtain
accuracy of present mean field models. We emphasize, even

{4 Sirf Oy, — 1+—F ] : (5.22

the Fermi constant. Here the neutron transition form

this small ambiguity does not effect the direct comparison of FJ(Q%) aIN(R.\’
the measured form factor to theoretical models - QL (5.27
u [ . F f] CERETACS .
G. Inelastic contributions The 3~ state has the neutrons and protons oscillating prima-

. ) rily in phase(“isoscalar”),
In principle, one could measure with enough energy reso-

lution to avoid excited state contributions. However, in prac- o~ af (5.289
tice, there may be a gain in rate by running with lower reso- 7
lution and allowing a small contam|nat|on from.excned We will discuss this in more detail below. With E€5.28
states. For example, one can use a thicker target with a Iargﬂge as ;
. SIS ymmetry is

energy loss. This contamination is expected to be small be-
cause inelastic cross sections at low momentum transfer are 2
tVDi i i GeQ
ypically much smaller than the elastic cross sections. A~

It is useful to estimate the inelastic asymmetry. The first 47-ra\/§
excited state irf®®Pb is at 2.6 MeV and has spin and parity
3. This is a collective density oscillatigi82]. We expect In the limit R,~R, this reduces to

. N(R,|"
[4S|r120W—1+— R—) ] (5.29
p

z
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GLQ? N In summary, the asymmetry for the first excited state in
A~ [4 Sirf 6y, — 1+ 5 (5.30  ?%%p is qualitatively similar to the elastic asymmetry. This
4ma\2 reduces the size of the inelastic correction. There is some

uncertainty because no inelastic distorted wave calculations
have been done. However, inelastic contaminations are likely
to be small, less than 1% of the rate, because the elastic cross
section at lowQ? is large. For example, the elastic cross

In the same limits, plane wave ariR,~R;, the elastic
asymmetry also reduces to E.30. Thereforethe asym-
metry for collective natural parity “isoscalar” excited states
is similar to the elastic asymmetryhis reduces the effect of

the inelastic contamination. section for 2Pb at 850 MeV and six degrees scattering
Collective “isovector” excitations where the neutrons os- angle is about 1140 mb/sr. In contrast the cross section of the
cillate out of phase from the protons, 3" state is about 1 mb/sr at 502 Mdiv3] or 0.35 mb/sr at
850 MeV. This is only 0.03% of the elastic. Therefore the
al~—al, (5.31 interpretation of a measurement is unlikely to be a problem

] o even if one assumes very large errors for the inelastic
have a different asymmetry. In principle, these could be a

concern. However, we believe it is possible to use existing
(e,e') and (p,p’), (p,n), etc., cross section data to rule out H. Isospin violation
large “isovector” strength. ) ) )

This subsection makes plane wave estimates of the asym- ON€ USes assumptions about isospin symmetry to go from
metry. Unfortunately, there are at present no distorted wav¥arious quark weak currents to nucleon and eventually
Ca|cu|ati0ns Of the ine'astic asymmetry' We expect Cou|0mmucleus Weak current matrix elements. FII’St, our formahsm,
distortion effects to be similar for inelastic and elastic scat-2nd that used by most others, assumes good isospin in the
tering because the electron wave functions are the same afigicleon. For example, Eq¢5.2) and (5.3 assume an up
the plane wave asymmetries are comparable. Therefore oguiark matrix element in the proton is the same as a down
final estimate of the asymmetry of the 3tate in2%%Pb is quark matrix element in the neutron. This is, no doubt, vio-

lated at some level. However, calculations such as [34i.

GQ? . N(R,\® suggest only very small corrections. Thus we do not expect
A=D Ao 2{4 Sir? Oy — 1+ Va R_p) ] (532 our results to be impacted by isospin violation in the
nucleon.

Here the correction factor for Coulomb distortioBsis Second there is, of course, isospin violation in a heavy
taken from the elastic calculations of RE24]. At 850 MeV  nucleus. For example, the proton radius is different from the
and 6° this is neutron radius. In a light or medium mass nucleus it is often

convenient to use an isospin formalism. This might start out
D~0.74+0.26. (5.33  with equal proton and neutron radii. In this case, one must

We arbitrarily assigned a 100% error to the 26% reductionsi);ﬁ)gtciglg include corrections to the asymmetry from isopin
from distortions because there is no explicit inelastic calcu- In coﬁtrast isospin symmetry is not very good for a heavy
lation. Evaluating Eq(5.32 for a realisticR,~R,+0.2 fm ; .
yields nucleqs W|thN>Z. Therefore in the present paper we use a
’ formalism which treats protons and neutrons separately and
A(37)~1.25A (elastig. (5.34 does not assume good ngc_:lear isospin. We simply allow the
proton and neutron densities to be independent. The weak
This 25% enhancement can be understood as follows. Théharge density is calculated in E&.4) by separately adding
neutron elastic form factor is reduced becawge>R,. proton and neutron contributions. As a result, we do not need
Therefore the elastic asymmetry is about 10% reduced frorfP include any further corrections for isospin violation in the
Eq. (5.30." In contrastR,>R, means that the inelastic form nucleus. _ _
factor will peak at a loweQ? than the proton form factor. Note that_co_rrectlons to the assumption that the W_eak
Thus theQ? of the measurement is slightly closer to the charge density is the sum of proton and neutron contribu-

neutron peak than the proton. As a res(8") is increased tions, for_ example from density dependent form factors, can
from Eq. (5.30). be considered meson exchange currents. Meson exchange

At q=0.45 fm ! Eq. (5.32 yields currents have been discussed in Sec. V D and are expected to
' o be small on quite general grounds.
A(37)~0.83+0.29+0.03x 10" ©. (5.39
|. Target impurities
Here the first error is from the distortions and the second 5 practical experiment could use a backing material to

error assumes, is known to 1%. The 0.83 magnitude IS o1 sypport and cool the target. This could allow a higher
based on arbitrarily assumirig,=5.5 andR,=5.7 fm. beam current and reduce the required beam time. However,
such an impurity may complicate the interpretation of the
experiment. The parity violating asymmetry of the impurity
YIn plane wave. may not be known exactly. In addition, the impurity may
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introduce additional problems such as low lying excitedcause its higheq is closer to one over thé*C radius. A

states. In this section we discuss one possible composite taneutron experiment #%b will be run at aQ? which is

get. much less sensitive to th&C density because Pb is much
It may be possible to make #®Pb target with one or bigger than C. Therefore the Bates measurement can help

more Pb foils sandwiched between thin diamond foils. Thisrule out even theoretically unimaginabtéC neutron densi-

may also work for Ba. The large Pb cross section will ensurgies and insure that a carbon backing is not a problem.

that only a small fraction of the counts, less than say 5%, are

from carbon. If such a sandwich is feasible, it may be an J. Radiative corrections

elegant solution for several reasons. First the high thermal L . . .

conductivity of the diamond will efficiently transfer the Radiative corrections to th_e axial current are important

beam power and keep the target from melting. Secdf@, iSsues for the SAMPLE experimef@]. However, for a spin

has a very high first excited state, above 4 MeV, so oné®€r target the axial current does not contribute. Radiative

should not have to worry about excited states. Findftg, is corrections to the vector weak current are significantly con-
a light nucleus witlN=2Z so the parity violating asymmetry strained by current conservation at the low momentum trans-
is very simple and well known with only very small uncer- fers of a neutron radius measurement. Indeed, radiative cor-

tainties. Indeed?C has been used for a standard model tesfections for a radius measuremnt are very simillar to the well
where i.t was as:sumed the asymmetry is so well known thatalculated radiative corrections for atomic parity nonconser-
any deviation tests the standard mopl vation [35]. Any change in radiative corrections for our

We calculate the parity violating asymmetry f5C at the slightly higher, but still small, momentum transfer should be

proposed Pb kinematid§50 MeV and 6°) negligible. Of course, one also has to consider bremstrahl-
' ung. However, the change in beam polarization from brem-
A(*?C)=0.660<10"5; (5.36  strahlung is expected to be of ord®E/E whereAE is the

energy resolutiofiabout 4 Me\f andE~800 MeV the beam

this includes a 0.4% increase from Coulomb distortions an%‘nergy. This is negligible. Still, radiative corrections should

another 0.4% increase from differences between the neutroft exhpI|C|tIy calculllated In future work to further document
and proton radii in carbon. Equatidb.36) used relativistic that they are small.
mean field densitief31] where the proton radius is slightly _ )
larger because of Coulomb interactions. The Coulomb dis- K. Asymmetry correction conclusions
tortion correction is both small and has a very small uncer- |n this section we have tried to discuss all known correc-
tainty. The uncertainty in the neutron radius correction istions to the parity violating asymmetry. We find that an ex-
larger. Nevertheless, it is very unlikely to be orders of mag-periment determines a well defined form factor of the weak
nitude larger than 0.4%. charge density that can be directly compared to theoretical
The elastic cross section fdfC at 850 MeV and 6° is  models. A point neutron density can be determined from the
22.8 mb/sr. This is 2% of the Pb cross section. A possibleneasured weak charge density. Finally, the dependence on
composit target might have 0.56 mm of Pb and 0.3 mm ofthe surface thickness is small so one can extract a neutron
diamond so carbon will contribute about 4% to the rate. Aroot mean square radius to 1% from a single moderately low
0.4% error in a 4% impurity is over two orders of magnitude Q? point.
away from impacting a 3% asymmetry measurement. We On a practical side, contributions of excited states or tar-
conclude that the uncertainty in the asymmetry of€  get impurities should not pose a threat to the interpretation of
backing is two orders of magnitude smaller than neededa measurement. Therefore an experiment could be run allow-
Note that the small amount of*C in natural carbon, al- ing some inelastic contamination and using a target backing.
though its asymmetry has a larger uncertainty, will make arhis should reduce the beam time needed.
negligible contribution. Thus a carbon backing should pose The physics data analysis of an experiment is summarized
no problems to the interpretation of an experiment. in Fig. 7. From the measured asymmetry one can deduce the
This theoretical argument that the carbon backing doesveak form factor. This is the Fourier transform of the weak
not pose a problem is very strong. In the remote chance thaharge density at the momentum transfer of the experiment.
there is still a question we note that the asymmetry!*a  To deduce the weak density one must correct for Coulomb
has been directly measured in an older Bates experifd¢nt distortions. This can be done accurately because the charge
This measurement has a somewhat crude error of 20—25 %ensity is known. There are now a number of independent
and is at a somewhat high&?. However, on very general Coulomb distortion codes.
grounds one expects the asymmetry to scale approximately The weak charge density can be directly compared to pre-
with Q2. Therefore it is straightforward to extrapolate the dictions of mean field or other theoretical calculations. This
Bates measurement to oQF with an extrapolation error that will allow isovector interactions to be constrained. The weak
is probably significantly smaller than the experimental errorcharge density can also be applied to atomic PNC experi-
We note that even a 25% measurement of a 4% impuritynents. As discussed in the next section this application to
only contributes about 1% and this is smaller than the goal otomic PNC is almost insensitive to the neutron density sur-
3% for a ?°%Pb measurement. face.
If one considers drastic deviations of th&€ neutron den- From the measured weak charge density one can deduce a
sity then the Bates experiment should be more sensitive bgsoint neutron density by making small corrections for known
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Measured Asymmetry nuclear distribution. For both PVES and atomic PNC, these
+ simplified analytical approximations agree well with the
more precise numerical solutiom24,10. A priori, atomic
PNC observables depend on the nuclear shape in a different
Direct way than PVES observables do. Thus there is legitimate con-
comparison cern that a limited number of measurements of PVES asym-
metries might not determine the nuclear distribution accu-

rately enough to allow significant future standard model tests
from atomic observables. However, our calculations show

“Undo” Coulomb distortions
(Charge density known)

Direct
applicatio

Gg" Neutron form fac. (ok) | | Mean
Atomic | | G® Strange quarks (Ip,l<5) Field

PNC | |MEC (Small given R, large) + that the sensitivity to the neutron distribution shape param-
Exp. Other eters is approximately the same for PVES and atomic PNC at
Models the kinematics where PVES is most feasible. Thus even a

single PVES measurement at properly chosen momentum
transfer(on the same nucleugsan effectively serve to nor-
malize the nuclear structure modifications of the weak charge

Neutron Density p,(Q?)

Assume surface thickness good to 25% in atomic PNC. _
Constrained by measured: Atomic parity violation experiments can measure the
surface energies, charge density. weak charge of a nucleuy®], which at tree level in the
Mean Field theory has very small spread standard model iQ?vM= (1—4 sirf6y)Z—N. The effect of
finite nuclear extent is to modifil andZ to q,N andq,Z,
respectively[10], where
Neutron Radius R,
FIG. 7. Flow chart of the physics data analysis of a neutron q“(P):f f(r)pn(p)(r)d3r. (6.1

radius experiment; see text.

_ ) ~ This nuclear structure correction involves an overlap integral
nucleon form factors. The uncertainty in these correctiongomewnhat similar to the weak form factor of E§.1), but
from strange quarks, the neutron electric form factor, anchere f(r) is a g-independent folding function determined
MEC is small. _ from the radial dependence of the electron axial transition

Finally, from this lowQ* measurement of the point neu- matrix element inside the nucleus. If the opposite parity
tron density one can deduly, . Because the measurement is gtomic states which mix are labeles] and p then f(r)
at low but not zeraQ? one needs some very mild informa_t- Ocllf;;(r)%l//s(f)- We avoid computing the absolute normal-
tion on the shape of the neutron density. The surface thick ation of the electronic wave functions, a calculation requir-
ness must be known to about 25% to extiBgtto 1%. All g full many-body atomic wave function correlations, by
reasonable mean field models have a spread in surface th'¢§éttingf(0)= 1. The approximations we have already made
ness much less than 25%. Therefore any mean field shapge as follows: We treat the nucleons nonrelativistically, ig-
can be used to extract an equival&t. noring weak nuclear magnetism effects, and we neglect non-

The physics results of the experiment are the weak charggcieonic degrees of freedom. We neglect terms involving
density, the point neutron density aRtj. The single num-  the vector-electron interaction, and thus axial- or anapole-
ber R, accurately summarizes the other information. How-nyclear interactiongexperimentally, this requires properly
ever, if there is ever a question about the very mild assumpayeraging over hyperfine transitionghe required electron
tions on the surface thickness, or if one wishes to consideg. and p-wave functions can be computed by solving the
truly drastic changes in the surface thickness which are wellingle electron Dirac equation in the presence of the nuclear
outside the range of present theory then one can use thgarge distribution. By doing this, we neglect effects of elec-

neutron or weak density information rather thgp. tron shielding in the vicinity of the nucleus, and the effects
of electronic binding energig@nd thus many-body correla-
VI. CONNECTION TO ATOMIC PARITY tions) because these are small in comparison with the nuclear
NONCONSERVATION Coulomb potential at shoftm) distances.

Atomic theorists make predictions for atomic observables
including a complete many body computation of the axial
matrix elements with proper norfi86]. To date, they have

Parity violating electron scatterinVES measurements
of the neutron density will have an important impact on

atomic parity nonconservatiofi’NC) measurements. In the 8enerally assumed an isoscalar nuclear density distribution

future, the most precise low energy tests of the standarp (r)=po(r), and factored the effect of finite nuclear size
. - . - pn(r)=pp(r),
model will require a combined knowledge of neutron densi into a coefficient 0fQy. The fact thatp,+p, means that

ties and atomic PNC observables. In this section we discu ere will then be a small additive correction which should
the quantitative relationship between PVES and atomic PN%e made:

As an instructive illustration, we use approximate parametri-
zations of the neutron density and calculate the relative sen- eXpL_ ~SM np
sitivity of both PVES and atomic PNC to the shape of the Qw =Qw +AQy ", (6.2
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TABLE |. Nuclear structure model predictions faxQy, .  (e.g., it is not spin Dit is unlikely that a PVES experiment
HFB stands for Hartree-Fock-Bogoliubov, Skl stands for a Skyrmewill measure the neutron radius of Cs directly, but measure-
“SLy4"” parameter set. G1 is a parametrization from a relativistic ment in a nearby nucleus with comparabl&Z (such as Ba
nuclear model. The standard model value and uncertainty are frolghguld provide significantly improved confidence in the abil-
Ref. [37]. ity of nuclear structure models to predict neutron radii in
general, and hence reduce the nuclear model dependence of

Model Element W AQy” these important standard model tests.
Gogny[42] Pb —118.70(0.19) 0.47 Precise numerical codes have computed the effect of the
HFB-SKI [43] 0.57 neutron _den5|ty on PVEE4]._ Itis mstruc_tlve j[O recover this
G1[44] 1.0 result with a simpler analytical approximation, and then to
connect this to atomic PNC. To this end we first approximate
Gogny Ba —77.07(0.13) 0.14 f(r) andAQY, P by assuming a uniform nuclear distribution,
HFB-Sk 0.18 i.e., p(r) a constant out to some radiGs In this case, the
G1[44] 0.30 nuclear potential energy is just

whereQS\’,(ptis the weak charge extracted from atomic experi- (—=3+ r2/C,23)/2Cp if r<C,

ments, using atomic theory calculations whigfmore any V(r)=(Za)*[ 1 if r>C 6.4
neutron-proton differences, and to a good approximation, P

AQwy p:N(l_Qn/qp)- (6.3 neglecting small contributions of neutrons to the nuclear

charge distribution. The single electron Dirac equation can

be solved in the presence of this potential by expanding in
owers of Z«), making a power series for the Dirac wave
nctions inside the nucleisThe result is

AQY, P is zero if neutron and proton distributions are iden-
tical. There are additional small correctiof&7] to AQy, ?
arising from standard model radiative corrections, as well a
additive corrections arising from, e.g., internal structure of
the nucleon, but these can be safely neglected si@g P
is itself so small. Given nuclear structure model predictions f(r)=1—(Za)q (r/Cp)2=&(rICp)*+ 755(r/Cp)°]
for pp(r) and py(r), the calculation off(r) and AQy, * is
reasonably straightforward, requiring a numerical solution of +0(Za)*. (6.9
the Dirac equation in the vicinity of the nucleus. Results
from various nuclear structure model distributions for several ) . ) )
nuclei are given in Table I, which shows that neutron—protonorz‘e furtr21er simplifying approximation can be made, that
distribution differences can affect measurements of the weald )n={")p D char%ctenzmg the difference by a single small
charge at marginally measurable levels. The model deper@rameter(r),/(r%),=1+ €. The result, after applying Eq.
dent uncertainty il Qy, P appears to be comparable to the (6.1)is
value itself, and exceeds standard model radiative correction
uncertaint_ies_. T_his mqtivates impro_vegl knowledge of the qp~1—(Za)2(0.26), (6.6)
neutron distributions, since charge distributions are generally
well measured experimentally.

For th_g specific case 'c.)f atomic Cs, recen_t measu_rements q,~1—(Za)?2(0.26+0.221), 6.7)
of transition polarizabilities[9], coupled with previous
measurements of parity nonconservati®NC) [8] have
significantly reduced uncertainties associated with the AQY, P=~N(Za)¥(0.221)/q,,. (6.9
extraction of Q,(Cs. The latest result[9], Q{P'=
—72.06(0.28),p( 0.34)atomic theoryiS in Mild disagreement, at
the 2.5 level, with the standard model prediction @& This can be compared with the PVES asymmetry in elas-
= _73.20(0_13%eory[37]_ The experimental number uses in- tic electron-nucleus scattering for a spin-0 nucleus. In the
put from atomic theory calculatiorf88,39 which incorpo- ~ Born approximatior(and in the absence of isospin violatjon
rate finite nuclear size effects, but do not include the modithis asymmetry is given by Ed3.11). Using the same ap-
fication due to neutron-proton differencesQy, ?. Using a  Proximations as abov@uniform distributions C,~C) and
relatively naive approximation described below we find that,defining A"™=Ap (Q?)[ (14 sirfé,) —N/Z], we find
in order to reduce the contribution of nuclear structure un-
certainty to below the level of preseatomictheory levels,
one would need to know the neutron radius to arour&bs. “We have also calculated th&4)* corrections, as well as terms
To reduce nuclear structure uncertainties well below they order m,C,)(Za) which arise if the electron mass is left in the
level (=0.13) of standard model radiative correction uncer-pirac equation. Including these small corrections, our approximate
tainties requires knowledge of the neutron radius to aroungbrmulas reproduce detailed numerical resultsdgrat around the
+2%. Due to the more complex nature of the Cs nucleud% level.
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(A—A"m) [ —N/Z KF“(QZ) ) TABLE II. Table of the coefficients occurring in Eq46.16),
= - -1 (6.9  written in the form @—A™™M/AM™=c, (e+c,A ) as a function of
— — 2 1 2
Amom (1-4sirfw—N/Z) Fp(Q%) momentum transfeq for a 2°%Pb target. ¢ measures tha-p rms
radius difference, and » measures tha-p surface shape differ-
%[1.0616( _ § n E ences. Note that Eq.(6.16 is derived assumingy,— 0.
2 2
, q(fm=1) c C2
(qC,)“sin(qCy)
o C?)E( c ?cops & +0O(ed). 0.2 -0.21 —0.068
A%p) —(a%p)CO%qLy 0.25 ~0.33 ~0.11
(6.10 0.3 —0.50 —0.16
) . 0.35 —-0.72 —0.22
For extremely small momentum transfer, the expression in 0.4 1.0 ~0.30
large parentheses can be expanded, yieldin@C,)%/10 0.45 14 040
+0(qC,)*. Knowing C,, to 1% means, according to Eq. 05 _51q 052

(6.9), that the weak charge for lead would have an uncer-
tainty due to neutron structure ef =0.2, to be compared

with Q= —118.7£0.2 (rad. corr). According to Ed. rameters, and as stated aboves (r?),/(r?),—1. Evaluat-

_ =1 H H . . . H . .
(6.10, at =0.45 fm*, measuringC,, to 1% requires an ing f(r) numerically in the presence of this potential using
asymmetry measurement with errors around the 3% level, ifhe analytic series expansion for moments and linearizing in

agreement with the numerical results obtained in [R&4]. € andAz,
The approximation scheme described above can be ex-
tended to include rough effects of the nuclefapeusing AQy, P(Pb)~10.6e—0.37Az/z, (6.19

the method of SandaiglO], adding a “thin edge” to the
uniform distribution, parametrized by a new skin-thicknesswhile for barium
parametery, defined forany arbitrary distribution by
AQY, P(Ba)~3.3¢—0.13A7/z. (6.15
23r%)
n= m—l- (6.1)  |n these expressions, higher order effectsZa), as well as
finite surface thickness, have been taken into account nu-

This form is chosen sa;=0 for a uniform distribution. ~merically. (We use as nominal inpufd1] c*"=6.624, 2"

Typically, 7proton=0.10 for a nucleus such as lead. The =0.549,c®?=5.700,z°%=0.5314) 3 o
and Eq.(6.10 gets an additional correction term,

<rn>~icn(1+ n”(n+3)) 6.12 (A—Anom, 15

n+3 8 ) W~Eq. (6.10 +[1.06]A 7 §+(qcp)2
from which (r2)=C?(3/5)(1+ 1.25z) serves talefine Cfor _

any distribution. Adding such a “thin skin” to the protons, % qC,c08qCy) —6siNqCy) ) 6.16
the charge distribution is unchanged except in a small region 8[sin(qCp) —(qCp)cogqCy)] '

nearC, and our approximation fdfr(r) is still fairly accurate.

The presence of the thin skin does slightly modify the potenIneglecting anyO(#,) corrections here In the limit of

tial inside the nucleus, which in turn modifiéér) in awell- ~ small momentum transfer, the term in large parentheses goes

defined way. Adding a thin skin to the neutrons as well,to (qC,)%/280. The PVES asymmetry thus becomes com-

assuming the differenca »=17,— 7,<1, Eq.(6.9) is then pletely insensitive ta\ » at smallQ?, as one would expect,

modified to but at largerQ? the surface shape becomes relatively more
important. Table 1l shows the ratio of the coefficientsAof

AQJ, P~N(Za)?0.22€-0.16A5)/q,. (6.13  toein Eq.(6.16 as a function of momentum transféNote

that these numbers implicitly incorporate the approximation

The insensitivity of the atomic observable to higher momentsy,—0.) Incorporating finite skin thickness with a Woods-

beyond the rms radius is seen from the small relative coeffiSaxon for the nucleon distributions, the asymmetry can be

cient of A ». calculated using asymptotic expansion formulas iand z,

To connect to a more familiar measure of skin thicknessand the result linearized in the small quantitiesnd Az.
consider a Woods-Saxon form for the density, with radiusThe resulting formula is not especially illuminating, but the
and thickness parameterandz, as given in Eq(5.21). An coefficients of this expansion are shown for lead as a func-
analytic series expansion agc—0 gives p~3m?(z?/  tion of momentum transfer in Table IIl.
c?)(1—m?Z%c?) + - -, (r¥)=2c?(1+ 57%Z%/c?), and C2 Note that there is a unique momentum transfer where the
~c?(1+37%2%/c®+---). In this way, we could eliminate two observables are sensitive to $@melinear combination
A in favor of € and Az/z, where, e.g.Az=z,—z, is a of neutron radius and surface shape. For lead, assuming a
difference in Woods-Saxon neutron and proton thickness pahin edge(Table 1), and comparing with Eq(6.13, this
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expression A—A"M/A™"=a,e+a,Az/z as a function of mo- 1'4_ """""""" 4.1[1-f(n)]
mentum transfeq for a 2% b target. The coefficients ef do not 12 _ ff;;gg}@s _______
match those in Table Il for two reasons: finite thicknesgcorpo- e 1-Jz(qf)» q=45
rated here numerically, using the same nominal inputs as for Eq. 1 —0p -0.1
(6.14). Also, note thatAz/z is itself a function of bothe and A 7. 15; 0.8’(, m’;
= | ;)
q(fm™) a a az/ay = 06 =
0.2 ~0.023 0.003 ~0.013 04 o0
0.25 —0.037 0.008 -0.021 I g
0.3 ~0.056 0.017 ~0.031 e
0.35 —0.080 0.034 —0.042 0 % . - 0
0.4 -1.1 0.064 —0.056 ()
0.45 —-1.6 0.12 —0.073
0.5 -23 0.21 —0.094 FIG. 8. Approximate nuclear weak densijtyr) for 2°%Pb, see

right-hand scale, along with the function multiplyindr) in the
integrals for the weak form factgmamely, jo(qr)] and in the
“matchup” is around q=0.34 fm*. Using the Woods- atomic correction factog, [namelyf(r)], see left-hand scale. In
Saxon form to incorporate the effects of finite skin thicknesspoth cases the function is subtracted from one to eliminate the vol-
and comparing with Eq(6.14), the relative coefficients of ume integral of the weak charge density. Curves ferjg(qr) are
Az/z and € are matched for electron scattering and atomicshown for two different values ofj in fm~1. Note that 4.11
PNC atq~0.32 fm . At this kinematics point, a measure- —f(r)] is almost identical to + jo(qr) for g=0.30 fm 2.

ment of PVES is “optimized” to provide the direct informa-
tion desired for the atomic observable. In the absence o
other constraints, this would be the optimal momentum hows that this would require. e a.. a PVES asymmetry mea-
transfer for a PVES measurement if the goal is the mosﬁ quire, €.9., y Y

direct measurement of atomic weak charge corrections urement atj=0.45 fm * at the + 3% level. Including the
9 effect of thickness, the linear combination efand Az/z

rather than a desire to extract and measure the details of ﬂ?gquired for the weak charge is not quite the same as the

neutron shape distribution. Of course, this is only true to th‘?inear combination measured in PVES at arbitrarnybut a
extent that still higher momentshape differences beyond |inear error propagation at=0.45 shows that as long as the

the simple thin edge approximatipare not important, which g |ative uncertainty iz, is less thar~ = 50%, the additional
is a decent approximation for the atomic observable, but nqfincertainty due to including skin thickness is negligible.
so good for the PVES asymmetry. A brute force estimaterpys a single PVES measurement taken even at a kinematics
obtained by assuming a generalized three parameter Gaussoint which isnot perfectly optimized for the atomic observ-
ian form for the nuclear distributions, allowing the three pa-able will still be sufficient to eliminate nuclear structure ef-
rameters to vary but constraining them to produce values ofects from the atomic observable at levels below present
A within some small window ofA"°™ and then calculating standard model uncertainties.
the corresponding spread inQy, °, we find an optimalg It is important that future low energy tests of the standard
value of 0.32 fmL. (All these results, however, have been model be as independent as possible from nuclear structure
calculated at tree level, without Coulomb corrections. models. As we have shown, deviations of neutron distribu-
Another way of understanding the above result is to comiions could modify atomic PNC observables at levels poten-
pare the function multiplying,(r) in the form factor inte-  tially significant for tests of nevinonstandard modephys-

gral of Eq.(5.1) [i.e., jo(qr)] and in the convolution integral 'S The dependence of atomic PNC on nuclear structure
of Eq. (6.1 [i.e., f(r)]. Since we are not interested in the involves a linear combination of all moments of the neutron

volume integral of the weak charge density, which is Welld'$tr'.bUt'on’ while a sngle PVES measgrement invohees,
known, we can subtract botf(r) andjo(qr) from 1, and priori, a different(andQ“ dependentcombination. We have
plot the remainder to study the relative sensitivity to thefounOI that at the low momentum transfers appropriate for

radius and to the surface thickness. This is shown in Fig. g57°Ndly constrainingR;, the relative contribution of the
For q=0.30 fm %, 1—jo(qr) is nearly proportional to 1 neutron skin thickness is matched in the two observables. To

—f(r), and thus at thi©? one is sensitive to the same ratio the extent that contributions from still higher order shape

of surface and radius in a parity experiment and in an atomigorrections are negllglblez a single PVES mea;urement on
experiment. The curves far=0.45 fn ! are also shown, in the appropriate nucleus will thus allow a rather direct extrac-

this case the curves are not identical but are similar enougHOn of the nu_clear structure correction to the atomic PNC
so much of the error from an unknown surface thicknesé)bservable' without any need to go t.hrough any intermediate
cancels when comparing the two integrals. (model dependennuclear structure fits.

For lead, ignoring the effects of skin thickness, we found
above that the rms neutron radius should be known at
roughly the=1% level to ensure that neutron structure un- In Sec. Il of this paper we have collected existing theo-
certainties are smaller than present standard model radiativetical and experimental results on neutron densities. Section

orrection uncertaintiesroughly =0.2, or about+0.16%,
or the weak charge Again ignoring thickness, Table I

VIl. SUMMARY AND CONCLUSION
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[l reviewed the Born approximation formalism for the parity shape of nuclei. They therefore can have a fundamental and
violating asymmetry. The results in these two short sectiongasting impact on nuclear physics.

are not new, however, they help to introduce our new calcu-

Furthermore, PVES measurements have important impli-

lations and make this paper more self-contained. We haveations for atomic parity nonconservatidPNC) experi-
presented in Sec. IV new calculations of the optimal kine-ments which in the future may become the most precise tests
matics for a neutron density measurement. Also, in Sec. \Pf the standard model at low energies. We have shown that

we have presented several new calculations of corrections £ @ 9ood approximation, sufficient for testing the standard
the asymmetry from many different sources. Finally, Sec. vimodel, the dependence on nuclear shape parameters enters

presented new calculations of how atomic parity honconse
vation measurements depend on the shape of the neutr
density and how this shape dependence is closely related

that for elastic electron scattering.

With the advent of high quality electron beam facilities
such as CEBAF, experiments for accurately measuring th
weak density in nuclei through parity violating electron scat-

ithe PVES and PNC observables the same way; therefore, the
{’nVES measurements are directly applicable to the interpre-

ation of atomic PNC if measured on the same nucleus.
Measurements of the weak density lead to the neutron

density distribution with unprecedented accuracy. As we

have discussed in this paper, PVES yield significant im-

Brovement in the accuracy of neutron densities compared to

hadronic probes or magnetic scattering. We have shown that

tering (PVES are feasible. The measurements are cleanlyhe corrections due to strange quarks, neutron electric form
interpretable, analogous to electromagnetic scattering fofactors, parity admixtures, dispersion corrections, meson ex-
measuring the charge distributions in elastic scattering. Frorshange currents, and several other possible effects in realistic
parity violating asymmetry measurements in elastic scattefexperiments are all small. Further, an asymmetry measure-
ing, one can extract the weak density in nuclei after correctment from a heavy nucleus with 3% accuracy will both es-

ing for Coulomb distortions, which have been accurately caltablish the existence of the neutron skin and characterize its

culated.

thickness. The neutron skin is an important, qualitative fea-

By a direct comparison to theory, these measurements tesire of heavy nuclei which has never been cleanly estab-
mean field theories and other models that predict the size arlgshed in a stable nucleus.
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