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We report a precision measurement of the parity-violating asymmetry Apv in the elastic scattering
of longitudinally polarized electrons from 2°®Pb. We measure Apy = 550 & 16(stat) = 8 (syst) parts
per billion, leading to an extraction of the neutral weak form factor Fiy (Q? = 0.00616 GeV?) =
0.368 4+ 0.013. Combined with our previous measurement, the extracted neutron skin thickness is
R, — R, = 0.283 £ 0.071 fm. The result also yields the first significant direct measurement of the
interior weak density of 2°®Ph: pf, = —0.0796 & 0.0036 (exp.) & 0.0013 (theo.) fm~* leading to the



interior baryon density pJ = 0.1480 % 0.0036 (exp.) & 0.0013 (theo.) fm 2. The measurement accu-
rately constrains the density dependence of the symmetry energy of nuclear matter near saturation
density, with implications for the size and composition of neutron stars.

The equation of state (EOS) of nuclear matter [1-5]
underlies the structure and stability of atomic nuclei, the
formation of the elements, whether stars collapse into
neutron stars or black holes, and the structure of neutron
stars themselves. It is remarkable that the physics of
systems that vary in size by 18 orders of magnitude are
governed by the same EOS.

Observed properties of the full range of atomic nuclei,
characterized by a nearly constant central density, pro-
vides critical input to the EOS which is in turn applied to
infer the properties of neutron stars, first discovered by
Jocelyn Bell Burnell [6]. The EOS has been used to rule
out the possibility that the recently observed 2.6 solar
mass object is a neutron star [7, 8], and could be used to
infer evidence of new forms of nuclear matter, such as the
presence of a significant nonzero strangeness component
in the neutron star interior [9, 10].

Additional constraints to the EOS are obtained from
detailed studies of neutron star properties (such as size,
structure, and cooling). For example, the NICER x-ray
telescope has determined a pulsar radius to better than
10% [11], and gravitational wave data from LIGO from a
neutron star merger event has constrained neutron star
tidal deformability [12-18].

The extensive data on atomic nuclei used by EOS
models do not yet constrain one critical EOS parame-
ter, namely L, the density dependence of the symmetry
energy. Recent progress with chiral effective field the-
ory has improved theoretical constraints on L [19]. A
promising avenue to obtain experimental constraints uti-
lizes the strong correlation between L and the neutron
skin thickness in heavy nuclei R,, — R, that is the dif-
ference between the rms radii of the neutron and pro-
ton distributions. Precise data on R, are available but
numerous experimental methods to determine R,, suffer
from uncontrolled uncertainties due to hadron dynam-
ics [5].

A more accurately interpretable method is to measure
the neutral weak form factor Fyy in elastic electron-2%Ph
scattering, exploiting the significantly larger coupling of
the Z° boson to neutrons compared to protons [20, 21] to
achieve an accurate R,, extraction. Such measurements
can provide insights into the dependence of the symme-
try energy on three-nucleon interactions [22] and its role
in relativistic heavy-ion collisions [23]. Weak form fac-
tors of heavy nuclei lead to a more direct extraction of
the nuclear central density, which is governed by mult-
inucleon interactions [24] and may ultimately bridge to
quantum chromodynamics [25]. Well-determined nuclear
weak form factors can improve the sensitivity of dark
matter searches [26] and tests of neutrino-quark neutral

current couplings via measurements of coherent elastic
neutrino-nuclear scattering [27].

A precise Fyy extraction can be accomplished by mea-
suring the parity-violating asymmetry Apy in longitudi-
nally polarized elastic electron scattering off 2°°Pb nuclei:

or+ oL W2raZ Fen(Q?)’

where o, (ogr) is the cross section for the scattering of
left(right) handed electrons from 2°®Pb, G is the Fermi
coupling constant, Fgy, is the charge form factor [28], and
Qw is the weak charge of 2°8Pb. The practical appli-
cation of this formula requires the inclusion of Coulomb
distortions [29] and experimental parameter optimization
such that a single kinematic point yields a precise R,
determination [21]. The first measurement of A for
208Ph was published in 2012 [30] (PREX-1); here we re-
port a new result (PREX-2) with greatly improved pre-
cision.

The measurement technique [31] is driven by the re-
quirement to measure a small asymmetry, and conse-
quently the need to measure a high scattered electron
flux. At the optimized kinematic point, Apy is on the
level of half a part per million. Elastically scattered
electrons are isolated by a magnetic spectrometer and
the high (multi-GHz) rates are measured through analog
integration of detector signals. AB{* is the fractional
change in detected signal between right- and left-handed
electrons, repeatedly measured in short time periods us-
ing a rapid helicity flip.

The data measuring AB{*® totaled 114 Coulombs of
charge from a 953 MeV electron beam on a diamond-
lead-diamond sandwich target at an average current of
70 pA in experimental Hall A [32] at Thomas Jefferson
National Accelerator Facility (JLab). The average thick-
nesses of the diamond and lead foils, each known to bet-
ter than 5% accuracy, were 90 mg/cm? and 625 mg/cm?
respectively. The scattered electrons that passed the
acceptance-defining collimator at the entrance of each
High Resolution Spectrometer (HRS) [32] were momen-
tum analyzed and focused by three magnetic quadrupoles
and a dipole. Both the left and right HRS were equipped
with identical detector packages and were positioned at
their most forward angle ~12.5°. A septum magnet pair
extended the reach of the spectrometers to the average
desired laboratory scattering angle of ~5°. The spec-
trometer achieved a momentum resolution of 0.6 MeV,
ensuring that the detector intercepted only elastic events;
the closest inelastic state at 2.6 MeV was ~0.5 MeV from
the detector edge. The independent measurements in the
left and right HRS were combined with equal statistical
weight.
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Individual asymmetries are formed from 33 ms quar-
tet or octet sequences of beam helicity, depending on the
frequency of helicity reversal (either 120 or 240 Hz) cre-
ated by a Pockels cell (PC) [33] in the polarized source.
The first helicity sign in the sequence was chosen pseu-
dorandomly, with the rest determined to form either a
+ — —+ or + — — + — + +— flip sequence or its com-
plement, ensuring cancellation of 60 Hz power line noise.
A blinding offset was added to each sequence asymmetry
during decoding and maintained throughout the analy-
sis. The dataset contained a little over 50 million such
sequences.

Approximately every eight hours, a half-wave plate
(HWP) in the injector laser setup was toggled IN or
OUT, facilitating a complete asymmetry sign reversal
with no other change. The data taken between each
such reversal were combined into “slugs.” Furthermore,
spin manipulation in the injector beam line (using the
“double-Wien” [33]) was changed twice during the run
to add a 180° precession, thereby flipping the measured
asymmetry sign. With approximately equal amounts of
data at each HWP/Wien state combination, these slow
reversals provided critical additional cancellation of po-
tential sources of spurious asymmetries.

The scattering angle was calibrated using the differ-
ence in nuclear recoil between scattering from hydrogen
and heavier nuclei in a water target, with tracks mea-
sured using the vertical drift chambers in the HRS [32].
The rate-averaged scattering angle was determined to be
4.7140.02° and 4.6740.02° for the left and right HRS re-
spectively, with a four-momentum transfer squared, aver-
aged over the combined acceptance, of (Q?) = 0.00616 +
0.00005 GeV2.

The beam current was monitored with three radio fre-
quency (rf) cavity beam current monitors (BCMs). The
integrated charge asymmetry between positive and neg-
ative helicity bunches was determined every 7.5 seconds,
and fed back to a control system which used the injector
PC to minimize this quantity. The cumulative charge
correction was 20.7 £ 0.2 parts per billion (ppb). This
was cross-checked to be consistent among the multiple
BCMs, with a sensitivity significantly better than the
ultimate AByP° statistical uncertainty. The beam trajec-
tory throughout the accelerator complex was monitored
using rf beam position monitors. Careful configuration
of the polarized electron source ensured that the helicity-
correlated difference in the electron beam trajectory was
small: ~1 nm in beam position and ~1 ppb in beam
energy averaged over the entire dataset.

The scattered electrons were detected by two identi-
cal thin fused-silica tiles (16 x 3.5 x 0.5 cm?®) in each
spectrometer. With the long side of each tile oriented
along the dispersive direction, approximately 7 cm was
used to sample the elastically scattered electrons. The
rest of the tile was a light guide to the photomultiplier
tube (PMT) on the high-energy side of the elastic peak

and contributed negligible background rate. The large
scattered flux (/2.2 GHz per arm) made it impractical
to count individual pulses; the integrated PMT response
over each helicity period provided an adequate relative
measure. The PMT and beam monitor signals were inte-
grated and digitized by 18-bit sampling ADCs originally
built for the Qweak experiment [34].

The effects of beam trajectory and energy fluctuations
on the detected flux were calibrated and checked using
two techniques: regression over the intrinsic jitter in the
beam parameters, and a dedicated, intermittent system
which employed air-core dipole magnets and an rf ac-
celeration cavity to create 15 Hz modulations of beam
trajectory or energy. The dedicated calibration system
was activated several times an hour throughout the data
collection period.

Table I lists the necessary corrections and their sys-
tematic uncertainties to extract AE{?® = 550 ppb from
the full dataset of 96 slugs.

TABLE I. Corrections and systematic uncertainties to extract
ARV listed on the bottom row with its statistical uncertainty.

Correction Absolute [ppb] Relative [%]
Beam asymmetry —60.4 + 3.0 11.0 £ 0.5
Charge correction 20.7 £ 0.2 3.8 £0.0
Beam polarization 56.8 &+ 5.2 10.3 £ 1.0
Target diamond foils 0.7+ 14 0.1 £0.3
Spectrometer rescattering 0.0 £ 0.1 0.0 £ 0.0
Inelastic contributions 0.0 + 0.1 0.0 £ 0.0
Transverse asymmetry 0.0 £0.3 0.0=+0.1
Detector nonlinearity 0.0 £ 2.7 0.0 £0.5
Angle determination 0.0 + 3.5 0.0 £ 0.6
Acceptance function 0.0 £ 2.9 0.0 £ 0.5
Total correction 177 £ 8.2 3.2+ 1.5

Py and statistical error 550 £ 16  100.0 £ 2.9

The beam asymmetry correction accounts for helicity-
correlated fluctuations in the beam trajectory (position
and angle in two transverse coordinates) and energy. A
set of six beam position monitors measured the trans-
verse coordinates at locations of varying energy disper-
sion. The correction was calculated using a regression
analysis over all measured coordinates, constrained to be
consistent with the dedicated modulation data, thus op-
timizing precision while accounting for instrumental cor-
related noise and resolution. The corrections were consis-
tent throughout the dataset, and for the grand average,
with the alternative (but less precise) methods based on
only regression or direct modulation-calibrated sensitivi-
ties.

The asymmetry data are free from any unanticipated
bias as can be seen in Fig. 1, which shows the distribution
after beam corrections of the sequence asymmetry for
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FIG. 1.  Distribution of 30 million asymmetries measured

over 1/30 s sequences formed with 240 Hz helicity flips. Only
data taken with a beam current near to 70 pA is included.

data collected with 240 Hz flip rate and 70 pA beam cur-
rent (=62% of the statistics). The remarkably high level
of agreement between the data and the normal distribu-
tion fit over five orders of magnitude is achieved without
the application of a single helicity-correlated data quality
cut on any measured parameter.

The cumulative beam asymmetry correction was
—60.4 + 3.0 ppb, where the systematic uncertainty re-
sults from assuming a 3% uncorrelated uncertainty in the
correction from each of the five beam parameters, con-
sistent with cross-checks among various regression and
beam-modulation analyses.

The beam-corrected asymmetry data are dominated by
statistical fluctuations around a single mean, as demon-
strated in Fig. 2. This plot shows the deviations from the
grand average asymmetry for all 5084 ~5-minute data
segments, with each entry normalized to its own statis-
tical uncertainty of ~1 ppm. The data describe a nor-
mal distribution with unit variance and zero mean, as
expected.

The beam-corrected asymmetry Acorr must be further
corrected for the beam polarization (Py), and the back-
ground dilutions (f;) and asymmetries (A;) to obtain
AR

meas __ LACOH - Pb Zz Azfz
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The degree of longitudinal polarization P, of the elec-
tron beam was maximized at the beginning of data taking
using the injector Mott polarimeter [35]. It was periodi-
cally measured just in front of the target using a Mgller
polarimeter [32, 36] in dedicated low current runs that
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FIG. 2. Distribution of normalized deviations from the av-
erage (blue) for ~5-minute asymmetry datasets after beam
corrections, compared to a Gaussian fit(red).

were interspersed throughout the data taking period.
The average beam polarization result was (89.7 + 0.8)%.
The determination of the polarimeter target foil polar-
ization was the largest contribution to the uncertainty

(0.6%).

The main background corrections are also listed in Ta-
ble 1. The largest dilution (f¢ = 6.3 + 0.5%) was due
to the diamond foils, though the correction was small:
Apvy for '2C and 2°8Pb are numerically similar. The ef-
fect of a tiny amount of scattering from magnetized pole
tips in the spectrometer was found to be negligible. A
0.26 ppb systematic uncertainty accounted for a possible
imperfect cancellation from a residual transverse electron
beam polarization component; no correction was applied.

The linear response of the integrated detector signal
was demonstrated to be better than 0.5% in a bench test
using a calibration system with multiple light sources.
The linearity of the detector response was also monitored
throughout the data taking period by comparison with
BCM measurements of beam current fluctuations. The
resulting systematic uncertainty was 2.7 ppb; no correc-
tion was applied.

As a final sensitive test for unknown systematic effects,
the data were separated into four time periods depend-
ing on the sign of the HWP and double-Wien states. The
results are statistically consistent, as summarized in Ta-
ble II. The x? for averaging over the slugs in each con-
figuration is shown.

For a direct comparison of the measurement to theoret-
ical predictions one must convolve the predicted asymme-



TABLE II. ARy for different HWP-Wien state combinations.
HWP/Wien Acorr sign ARV [ppb]

x? #slugs

IN / Left - 540.7 £ 29.9 46.9 27
OUT / Left + 598.8 £29.1 31.6 29
IN / Right + 506.2 £ 34.1 18.3 19
OUT / Right - 536.4 £ 37.7 16.0 21

try variation with the acceptance of the spectrometers:

(Apy) = [ dOsin0A(0)9Z€(0)
[dOsin092e(0)

3)

where 92 is the differential cross section and A(6) is the

modeled parity violating asymmetry as a function of scat-
tering angle. The acceptance function €() is defined as
the relative probability for an elastically scattered elec-
tron to make it to the detector [37]. The systematic
uncertainty in €(f) was determined using a simulation
that took into account initial and final state radiation
and multiple scattering.

Our final results for AR and Fyy with the acceptance
described by €(f) and (Q?) = 0.00616 GeV? are:

WA — 550 4 16 (stat.) = 8 (syst.) ppb
Fiw ((Q%) = 0.368 = 0.013 (exp.) = 0.001 (theo.).

where the experimental uncertainty in Fyy includes both
statistical and systematic contributions.
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FIG. 3. Extraction of the weak radius (left vertical axis)

or neutron skin (right vertical axis) for the *°*Pb nucleus.
R [46] is shown for comparison.

The correlation between Apy and the 29%Pb weak ra-
dius Ry is obtained by plotting the predictions for these
two quantities from a sampling of theoretical calcula-
tions [8, 40-45], as shown in Fig. 3, along with the green
band highlighting AB{*® and its 1-0 experimental uncer-
tainty.

Single nucleon weak form factors are folded with point
nucleon radial densities to arrive at the weak density dis-
tribution pw (1), using Qw = —117.9 £ 0.3 which incor-
porates one-loop radiative corrections including v-Z box
contributions [47-50] as an overall constraint. The cor-
relation slope in Fig. 3 is determined by fitting pw (r) as
a two-parameter Fermi function over a large variety of
relativistic and nonrelativistic density functional models,
determining for each model a size consistent with Ry,
and a surface thickness a. This also determines the small
model uncertainty, shown in Fig. 3 (dashed red lines),
corresponding to the range of a [24, 37, 51].

Projecting to the model correlation to determine the
weak radius or alternatively the neutron skin (left and
right vertical axes respectively), the PREX-2 results are

Ry = 5.795 4 0.082 (exp.) = 0.013 (theo.) fm
R, — R, = 0.278 £ 0.078 (exp.) # 0.012 (theo.) fm.

The normalization constant in the Fermi-function form
of pw(r) used to extract Ry is a measure of the 2°°Pb
interior weak density [37]:

Pl = —0.0798 = 0.0038 (exp.) & 0.0013 (theo.) fm™>.

Combined with the well-measured interior charge density,
the interior baryon density determined solely from the
PREX-2 data is p) = 0.1482 £ 0.0040 fm~3 (combining
experimental and theoretical uncertainties).

This result is consistent with the results from the
PREX-1 measurement, which found R, — R, = 0.30 &+
0.18 fm [52]. Table III summarizes nuclear properties of
208Pb from the combined PREX-1 and PREX-2 results,
including a 4 ¢ determination of the neutron skin.

TABLE III. PREX-1 and -2 combined experimental results
for 2°8Pb. Uncertainties include both experimental and the-
oretical contributions.
208ph Parameter

Weak radius (Rw )

Interior weak density (o9 )
Interior baryon density (p})
Neutron skin (R, — Rp)

Value

5.800 £ 0.075 fm
—0.0796 + 0.0038 fm 3
0.1480 + 0.0038 fm 3

0.283 £ 0.071 fm

Exploiting the strong correlation between R, — R,
and the density dependence of the symmetry energy
L, the PREX result implies a stiff symmetry energy
(L = 106 £ 37 MeV [53]), with important implications
for critical neutron star observables. Figure 4 shows
the inferred radial dependence of the 298Pb charge, weak
and total baryon densities together with their uncertainty
bands. The precise 2.5% determination of pY for 2°°Ph
will facilitate a sensitive examination of its close relation-
ship to the nuclear saturation density [24].



0.16
L 208
P

0.14}\ Pb

0.12— Interior Baryon Density
o F
E 01—
— - Extracted from PREX
< 0.08
2z L
= C
0,06 T T
g C
= [ — p,data

004~ - 2-parameter Fermi fit TR Y

0.02 E Fon 5 Rw

C Weakskin/li/f
ol Lo Lo b b Lo Bl L was
0 8 9 10
radiusr [ fm ]
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bined PREX datasets, with uncertainties shaded. The charge
density [46] is also shown.

After the 298Pb run, data were also collected to mea-
sure AR for ¥Ca (CREX) [54]. The improved sys-
tematic control of helicity correlated beam asymmetries
and several other PREX experimental innovations will
inform the design of future projects MOLLER [55] and
SoLID [56] at JLab measuring fundamental electroweak
couplings, as well as a more precise 2°8Pb radius experi-
mental proposal at Mainz [5, 57].
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