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Shapes of Nuclei
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• The excess neutrons in 208Pb are thought to form a skin on the outside of the 
nucleus
• Similar to how the Fourier transform of the electromagnetic form factor gives 

charge density so too measuring the weak form factor can give the weak 
distribution
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FIG. 4. 208Pb weak and baryon densities from the com-
bined PREX datasets, with uncertainties shaded. The charge
density [46] is also shown.

After the 208Pb run, data were also collected to mea-
sure Ameas

PV for 48Ca (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 208Pb radius experi-
mental proposal at Mainz [5, 57].
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Parity Violation in Electron Scattering (PVES)
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Weak Form Factors and PVES
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• The numerator is dominated by the gamma-Z interaction which picks up (almost 
exclusively) the weak charge of the neutron
• The denominator contains the parity conserving electro-magnetic interaction 

which is several orders of magnitude stronger than the electro-weak interference 
term 
• This leads to very small asymmetries that are on the level of parts-per-million



First Polarized Electrons, PVES; 1970’s
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Iron Foil

Helmholtz B Field
parity-conserving 
purely QED effect
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Accelerator/Experimental Overview
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A

Injector

Hall A

• CEBAF is the ONLY operating facility in 
the world where such an experiment 
could be attempted

A

Inj



Helicity Reversals
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1. Laser Helicity (KHz)
2. Half Wave plate (Hr)
3. Wien flip (slow)



208Pb Targets
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PREX-1 target end-of-life

**Simulation by Silviu Covrig

• For PREX we prepared a complement of 10 
isotopically pure targets in the expectation 
that we would use approximately 6



Absolute Angle Calibration - Watercell
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Momentum [GeV]

Analysis by Siyu Jian

Elastic H peak
Elastic O peak

Energy spectrum from 
water target • Critical to measure the absolute scattering 

angle to high precision
• Nuclear recoil method
• 1H and 16O in one target (same E-loss) 

provides straightforward measurement of 
angle, insensitive to other calibrations

Determined central angle with pointing 
with precision of
δθ = 0.02⁰ (0.45%)

recoil momentum difference ⟶ scattering angle



Spectrometer Isolates 
Elastic events 
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48Ca Spectra

Excited States

Hall A, JLab

Hall A, JLab



Integrating electronics
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• The challenge: all electrons need to 
count the same
• While a thicker “quartz” (fused silica) would 

give you larger number of photo-electrons it 
also increase the likelihood of showers 
which introduces noise to width

• The signal rate was approximately 2.2 
Ghz in a 3x3 cm2 area at the end of the 
detector



Repeat Many Times (PREx Data)
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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 µA is included.

data collected with 240 Hz flip rate and 70 µA 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 (Pb), and the back-
ground dilutions (fi) and asymmetries (Ai) to obtain
Ameas

PV :

Ameas
PV =

1

Pb

Acorr � Pb
P

i Aifi
1�

P
i fi

. (2)

The degree of longitudinal polarization Pb 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 Møller
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 I. The largest dilution (fC = 6.3 ± 0.5%) was due
to the diamond foils, though the correction was small:
APV for 12C and 208Pb 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 e↵ects,
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 �2 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-
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Beam Modulation
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• To span the 5 dimension phase space of 
beam motion at the target (position, angle, 
energy) we made use of a set of 6 coils and 
an energy vernier
• The extra set of air-core dipoles (coils) can be 

used as a cross check to confirm our 
procedure doesn’t introduce unwanted noise
• This modulation is automated and was 

performed throughout the data taking 
period

Beam monitors determine 
trajectory and parameters 
onto target

Beam modulation system 
spans the phase space of 
beam motion



Beam Corrections
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• Steep form-factor and very forward angle: very 
sensitive to beam corrections. Beam jitter noise 
several times greater than counting statistics
• Corrections narrow width to improve statistics
• Corrections remove systematic errors
• Potential for systematic error if average beam 

asymmetries are not well corrected

A = Araw �AQ �
X

i

↵i�xi � ↵EAE

<latexit sha1_base64="qAK0zkS8asj3FnNUtVSHvfXP+Jg="></latexit>

• Multiple techniques used to calibrate the correction 
factors (αi )
• Lots of fancy math used: eg. Lagrangian multipliers…

PREx



Cancel Systematics with Slow Flips
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pling ADCs. The PMT was bench-tested before and af-
ter the run using light sources mimicking the integrated
Cherenkov light response to determine linearity under op-
erating conditions. Linearity was cross-checked through-
out the run by monitoring detector output variation with
beam current. The independent asymmetry measure-
ments from each HRS were combined with equal weight;
the final data set comprised 87M window quartets.

The beam intensity, energy and trajectory at the tar-
get were measured with beam monitors using the same
integrating DAQ. Three radio frequency (RF) cavities
(BCMs) measured the beam intensity, while six RF an-
tenna monitors (BPMs) measured beam position along
the beam line, including at dispersive locations with en-
ergy sensitivity. The polarized source was tuned to mini-
mize the average helicity-correlated changes in beam pa-
rameters on target [36]. Two techniques were used to
reverse the beam polarization relative to the voltage ap-
plied to the Pockels cell. A half-wave plate (HWP) was
inserted in the laser beam path, separating the data sets
into alternating reversal states with a period of about ten
hours. The full production data set was additionally di-
vided into three parts characterized by a change in spin
precession in the low energy injector which reversed (or
not) the polarization sign on target relative to that at
the polarized source. Averaging over these reversals fur-
ther suppressed spurious helicity-correlated asymmetries
in APV.

The helicity-correlated integrated beam charge asym-
metry was controlled using active feedback, and averaged
to -89 ppb over the run. Modulations of air-core mag-
nets and an accelerating RF cavity placed upstream of
all BPMs were used to calibrate detector sensitivities.
This calibration was crosschecked with a regression anal-
ysis based on intrinsic beam fluctuations. The individual
quartet measurements of APV were corrected for beam
intensity, trajectory and energy fluctuations; the helicity-
correlated correction averaged to 53±5 ppb over the run.
Consistency checks demonstrated that the residual detec-
tor asymmetry fluctuations were dominated by counting
statistics.

Two polarimeters measured the longitudinal beam po-
larization Pb upstream of the target. Operating continu-
ously through the run, the Compton polarimeter used a
calorimeter to measure the energy of photons scattered
by the electron beam traversing an optical cavity of cir-
cularly polarized green laser light [37]. Calibration un-
certainties were minimized by integrating the calorimeter
response for each helicity window, thereby eliminating a
low-energy threshold. Another polarimeter that detected
Møller-scattered electrons from a polarized iron foil tar-
get in a 4 T magnetic field was deployed 9 times periodi-
cally during the run. The results were consistent between
polarimeters and combined to yield Pb = 87.10 ± 0.39%.

Calibration data were collected at reduced beam cur-
rent (100 nA to 1 µA) to enable counting and tracking

of individual electrons. With Cherenkov detector PMT
gains increased to detect individual particle pulses in co-
incidence with drift chamber tracks and trigger scintil-
lators hits, the reconstructed scattering angle and mo-
mentum were calibrated using scattered electrons from
a thin carbon target and a steel-walled water flow tar-
get, mounted on a separate, water-cooled target ladder.
The momentum recoil di↵erence between elastic scatter-
ing from hydrogen and oxygen in the water target cali-
brates the central angle to 0.02� absolute accuracy.
Similar counting data collected with the production

48Ca target were used to estimate the fractional contribu-
tion from the first three low-lying excited states in 48Ca,
which totaled 1.4% of the accepted rate. Calculation of
the excited state asymmetries and conservative uncer-
tainties [31] lead to the APV corrections listed in Table I.
The 48Ca parity-conserving transverse single-spin asym-
metry AT was independently measured [38] and, along
with counting data, used to estimate a 13 ppb uncertainty
in the AT correction to APV, due to potential residual
transverse beam polarization coupled to imperfect sym-
metry in the left-right and top-bottom acceptance.
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FIG. 1. Measurements of APV with statistical uncertainty;
each ⇡40 hour period includes two states with complementary
HWP settings. The three run periods demarcate injector spin
orientation reversals.

Using a theoretically computed APV(40Ca) = 2430 ±
30 ppb [31], the APV contribution from the assayed 7.95%
40Ca target fraction was calculated to be 19 ± 3 ppb.
Figure 1 shows APV measurements after all corrections in
roughly uniform periods, with the global average APV =
2668± 106 ppb.
To compare this result to a theoretical model, the ac-

ceptance function ✏(✓) provides the distribution of scat-
tering angles intercepting the Cherenkov detectors:

hAi =
R
d✓ sin ✓A(✓) d�

d⌦ ✏(✓)
R
d✓ sin ✓ d�

d⌦ ✏(✓)
(2)

where d�
d⌦ is the di↵erential cross-section and A(✓) is the

modeled parity violating asymmetry as a function of scat-
tering angle [39]. Simulation modeling of the calibration



Polarimetry

16

• Continuous, non-invasive measurement
• Utilized integrating technique with photon 

detector 

• Polarimeter runs taken continuously 
alongside main detector data

Compton Polarimetry

• Low-current, invasive measurement
• 3-4T field provides saturated magnetization 
perpendicular to the foil

• Polarimeter runs were taken approximately every few 
days

Moller Polarimetry



Compton + Moller polarimeter results, over 
the run

Average Compton polarization:
87.10 ± (0.52% dP/P) 

October 12, 2021 17DNP

Average Moller polarization:
87.06 ± (0.85% dP/P) 

Spans
~ +-1.3% 
relative 
error

CREX Polarimetry Result:
Pe=87.09 +/- (0.44% dP/P) 

1 Spring
Right (In/Out)

2 Spring
Left (In/Out)

3 Summer
Right (In/Out)

Acknowledgments: A.J. Zec, J. C. Cornejo, M. Dalton, C. Gal, D. Gaskell, C. Palatchi, K. Paschke, A. Premithilake, B. Quinn 
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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 o↵set 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 di↵er-
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
4.71±0.02� and 4.67±0.02� for the left and right HRS re-
spectively, with a four-momentum transfer squared, aver-
aged over the combined acceptance, of hQ2i = 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 Ameas

PV 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 di↵erence 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 ⇥ 3.5 ⇥ 0.5 cm3) 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 e↵ects 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 Ameas
PV = 550 ppb from

the full dataset of 96 slugs.

TABLE I. Corrections and systematic uncertainties to extract
Ameas

PV 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 ± 1.4 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 17.7 ± 8.2 3.2 ± 1.5

Ameas
PV 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

Blinded

Blinded APV:
(549.4 ± 16.1)ppb
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data was used to calculate ✏(✓). Radiative and rescat-
tering e↵ects in the target change the average accepted
angle by 1.5%. The mean kinematics were found to be h✓i
= 4.51� ± 0.02� and hQ2i = 0.0297 ± 0.0002 (GeV/c)2.
Alternative acceptance functions, calculated using geo-
metric and magnetic tolerances but still constrained to
match spectra from calibration runs, were used to calcu-
late an uncertainty of ±24 ppb on APV due to possible
variation of ✏(✓).

TABLE I. APV corrections and corresponding systematic un-
certainties, normalized to account for polarization and back-
ground fractions.

Correction Absolute [ppb] Relative [%]

Beam polarization 382 ± 13 14.3 ± 0.5
Beam trajectory & energy 68 ± 7 2.5 ± 0.3
Beam charge asymmetry 112 ± 1 4.2 ± 0.0
Isotopic purity 19 ± 3 0.7 ± 0.1
3.831 MeV (2+) inelastic �35 ± 19 �1.3 ± 0.7
4.507 MeV (3�) inelastic 0 ± 10 0 ± 0.4
5.370 MeV (3�) inelastic �2 ± 4 �0.1 ± 0.1
Transverse asymmetry 0 ± 13 0 ± 0.5
Detector non-linearity 0 ± 7 0 ± 0.3
Acceptance 0 ± 24 0 ± 0.9
Radiative corrections (QW ) 0 ± 10 0 ± 0.4

Total systematic uncertainty 40 ppb 1.5%
Statistical uncertainty 106 ppb 4.0%

Table I lists all significant corrections and correspond-
ing uncertainties; the total systematic uncertainty is
40 ppb.

The weak form factor is directly related to APV in
Eqn 1, and is the Fourier transform of the weak charge
density ⇢W,

FW(q) =
1

QW

Z
d3r j0(qr)⇢W(r). (3)

We assume a shape for ⇢W (r) and calculate APV, includ-
ing Coulomb distortions and integrating over the accep-
tance ✏(✓). After adjusting the radius parameter in the
⇢W (r) model [31] to reproduce the measured APV, we
evaluate FW(q) in Eq. 3 using this ⇢W (r) at the reference
momentum transfer q = 0.8733 fm�1. This procedure is
insensitive to the form of the model ⇢W and yields the
results in Table II.

While the extracted value of FW depends on Fch,
FW/Fch and Fch � FW are quite insensitive to Fch. In
order to determine Fch(q) =

R
d3r j0(qr)⇢ch(r)/Z, we use

a composite charge density for 48Ca starting with an ac-
curate sum of Gaussians density for 40Ca [40] and add a
Fourier Bessel expansion for the small di↵erence between
the charge densities of 48Ca and 40Ca [32, 41], see [31].
This procedure yields a 48Ca charge radius of 3.481 fm,
close to the experimental value of 3.477 fm [42].

TABLE II. CREX form factor results for 48Ca, with q and
Fch input values. The uncertainties are due to statistics and
experimental systematics, respectively.

Quantity Value ± (stat) ± (sys)

q 0.8733 fm�1

FW(q)/Fch(q) 0.8248 ± 0.0328 ± 0.0124
Fch(q) 0.1581
FW(q) 0.1304 ± 0.0052 ± 0.0020

Fch(q)� FW(q) 0.0277 ± 0.0052 ± 0.0020

A main result of this paper is a measurement of the
di↵erence between charge and weak form factors,

Fch(q)� FW(q) = 0.0277± 0.0055 (exp). (4)

The uncertainty is the quadrature sum of the experimen-
tal statistical and systematic uncertainties, referred to
henceforth as the experimental error (exp), dominated
by counting statistics. We emphasize that the Eq. 4 re-
sult is model-independent and quite insensitive to the
assumed shape for the weak density ⇢W (r).

FIG. 2. Di↵erence between the charge and weak form fac-
tors of 48Ca (CREX) versus that of 208Pb (PREX-2) at their
respective momentum transfers. The blue (red) data point
shows the PREX-2 (CREX) measurements. The ellipses are
joint PREX-2 and CREX 67% and 90% probability contours.
The gray circles (magenta diamonds) are a range of relativistic
(non-relativistic) density functionals. For clarity only some of
these functionals are labeled. The complete list is in ref. [31].

Figure 2 displays Eq. 4 for 48Ca along with the
PREX-2 result Fch � FW = 0.041 ± 0.013 for 208Pb at
a smaller momentum transfer of 0.3977 fm�1 [5]. The
figure also shows a series of relativistic energy functional
models with density-dependent symmetry energy slope
parameter L [43, 44] that varies over a large range from
small negative values at the lower left to large positive
values at the upper right. Additionally, a diverse col-
lection of non-relativistic density functional models are

Blinded Corrected Asymmetry Acorr:
2080.3 ± 84 ppb
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Blinded APV:
(549.4 ± 16.1)ppb

“Blinding box”:  an additive term on every octet asymmetry, 
randomly selected (flat) at the start of the run, 

from ± 160 (900) ppb for PREx (CREx)

Unblinded APV:
(550.0 ± 16.1)ppb

Blinded APV:
2334.8 ± 112.4ppb (4.8%)

Unblinded APV:
2658.6 ± 113.2ppb (4.3%)
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TABLE II. Ameas
PV for di↵erent HWP-Wien state combinations.

HWP/Wien Acorr sign Ameas
PV [ppb] �2 #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:

hAPV i =
R
d✓ sin ✓A(✓) d�d⌦✏(✓)R

d✓ sin ✓ d�
d⌦✏(✓)

, (3)

where d�
d⌦ is the di↵erential cross section and A(✓) 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 ✏(✓) was determined using a simulation
that took into account initial and final state radiation
and multiple scattering.

Our final results for Ameas
PV and FW with the acceptance

described by ✏(✓) and hQ2i = 0.00616 GeV2 are:

Ameas
PV = 550± 16 (stat.)± 8 (syst.) ppb

FW (hQ2i) = 0.368± 0.013 (exp.)± 0.001 (theo.).

where the experimental uncertainty in FW 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 208Pb nucleus.
Rch [46] is shown for comparison.

The correlation between APV and the 208Pb weak ra-
dius RW 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 Ameas

PV and its 1-� experimental uncer-
tainty.

Single nucleon weak form factors are folded with point
nucleon radial densities to arrive at the weak density dis-
tribution ⇢W (r), using QW = �117.9 ± 0.3 which incor-
porates one-loop radiative corrections including �-Z box
contributions [47–50] as an overall constraint. The cor-
relation slope in Fig. 3 is determined by fitting ⇢W (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 RW

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

RW = 5.795± 0.082 (exp.)± 0.013 (theo.) fm

Rn �Rp = 0.278± 0.078 (exp.)± 0.012 (theo.) fm.

The normalization constant in the Fermi-function form
of ⇢W (r) used to extract RW is a measure of the 208Pb
interior weak density [37]:

⇢0W = �0.0798± 0.0038 (exp.)± 0.0013 (theo.) fm�3.

Combined with the well-measured interior charge density,
the interior baryon density determined solely from the
PREX-2 data is ⇢0b = 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 Rn � Rp = 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 208Pb. Uncertainties include both experimental and the-
oretical contributions.
208Pb Parameter Value

Weak radius (RW ) 5.800 ± 0.075 fm
Interior weak density (⇢0W ) �0.0796 ± 0.0038 fm�3

Interior baryon density (⇢0b) 0.1480 ± 0.0038 fm�3

Neutron skin (Rn �Rp) 0.283 ± 0.071 fm

Exploiting the strong correlation between Rn � Rp

and the density dependence of the symmetry energy
L, the PREX result implies a sti↵ symmetry energy
(L = 106 ± 37 MeV [53]), with important implications
for critical neutron star observables. Figure 4 shows
the inferred radial dependence of the 208Pb charge, weak
and total baryon densities together with their uncertainty
bands. The precise 2.5% determination of ⇢0b for 208Pb
will facilitate a sensitive examination of its close relation-
ship to the nuclear saturation density [24].
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shown [31]. Here, Fch and FW include proton and neu-
tron densities folded with single nucleon electric and mag-
netic form factors and spin orbit currents [45]. The mod-
els that best reproduce both the CREX and PREX-2 re-
sults tend to predict Fch�FW slightly below the PREX-2
result for 208Pb and slightly above the CREX result for
48Ca.

FIG. 3. The di↵erence between the charge and weak form fac-
tors for 48Ca as a function of momentum transfer q =

p
Q2.

The curves show results for non-relativistic (SI, SLY4, UN-
EDF0, UNEDF1) and relativistic (NL3) density functional
models. The CREX measurement is indicated by a circle
with the inner black error bar showing the contribution from
statistics and the total experimental error bar in red.

Figure 3 shows the momentum transfer dependence of
Fch �FW as predicted by a few non-relativistic and rela-
tivistic density functional models. It is evident that some
model results cross as a function of q, emphasizing the
somewhat di↵erent q dependence. In the limit q ! 0,
Fch(q)�FW(q) ⇡ q2(R2

W �R2
ch)/6, where RW is the rms

radius of ⇢W (r) and Rch is the charge radius. Since this
equation is not valid at the larger q of CREX, the extrac-
tion of RW �Rch introduces some model dependence.

Relativistic and non-relativistic density functional
model predictions of RW � Rch are plotted in Fig. 4(a)
versus Fch(q) � FW(q) . The somewhat di↵erent ⇢W (r)
shapes lead to the vertical spread in the non-relativistic
models. Figure 4(b) shows a similar plot of point neu-
tron minus proton radii Rn �Rp versus Fch(q)� FW(q).
To calculate Rn � Rp given Fch � FW one must include

full current operators including spin orbit (~L · ~S) con-
tributions [41]. Relativistic models tend to have some-
what larger ~L · ~S currents. As a result the gray circles
in Fig. 4(b) are somewhat lower than those in Fig. 4(a)
when compared to non-relativistic models. Lines with
slope matching that of the relativistic model variation
are drawn to enclose the full range of displayed models,
providing the model range and central values listed in

FIG. 4. (a) 48Ca weak minus charge rms radius versus charge
minus weak form factor at the CREX momentum transfer.
The CREX experimental value and uncertainty is shown (red
square). The gray circles (magenta diamonds) show a range
of relativistic (non-relativistic) density functionals. (b) 48Ca
neutron minus proton rms radius versus charge minus weak
form factor.

Table III. This underscores the fact that the CREX 48Ca
Rn�Rp has significant modeling uncertainty, in contrast
to the PREX 208Pb Rn � Rp, see [31]. Reduced model
uncertainty would result if theoretical predictions were
compared to the model-independent Fch � FW in Fig. 2
rather than to Rn �Rp in Fig. 5.

TABLE III. Extracted RW�Rch and Rn�Rp radii. The first
uncertainty is experimental and the second reflects the shape
uncertainty in ⇢W (r) estimated from the spread in Fig. 4.

.

Quantity Value ± (exp) ± (model) [fm]

RW �Rch 0.159± 0.026± 0.023
Rn �Rp 0.121± 0.026± 0.024

Rn � Rp for 48Ca versus Rn � Rp for 208Pb is shown
in Fig. 5. A number of models including the micro-
scopic coupled cluster calculations [8] are consistent with
our results, slightly under-predicting 208Pb while slightly
over-predicting 48Ca. Dispersive optical model calcula-
tions agree well for 208Pb but substantially over-predict
Rn �Rp for 48Ca [46].
In conclusion, we have reported a new and precise

measurement of the PVES asymmetry from 48Ca and a
model-independent extraction of the di↵erence between
the charge form factor and the weak form factor Fch�FW

at q = 0.8733 fm�1. In addition, we have extracted, with
a small model dependence, the weak skin RW �Rch and
the neutron skin Rn�Rp of 48Ca and compared it to that
of 208Pb. The extracted neutron skin of 48Ca (CREX) is
relatively thin compared to the prediction of most mod-

5

shown [31]. Here, Fch and FW include proton and neu-
tron densities folded with single nucleon electric and mag-
netic form factors and spin orbit currents [45]. The mod-
els that best reproduce both the CREX and PREX-2 re-
sults tend to predict Fch�FW slightly below the PREX-2
result for 208Pb and slightly above the CREX result for
48Ca.

FIG. 3. The di↵erence between the charge and weak form fac-
tors for 48Ca as a function of momentum transfer q =

p
Q2.

The curves show results for non-relativistic (SI, SLY4, UN-
EDF0, UNEDF1) and relativistic (NL3) density functional
models. The CREX measurement is indicated by a circle
with the inner black error bar showing the contribution from
statistics and the total experimental error bar in red.

Figure 3 shows the momentum transfer dependence of
Fch �FW as predicted by a few non-relativistic and rela-
tivistic density functional models. It is evident that some
model results cross as a function of q, emphasizing the
somewhat di↵erent q dependence. In the limit q ! 0,
Fch(q)�FW(q) ⇡ q2(R2

W �R2
ch)/6, where RW is the rms

radius of ⇢W (r) and Rch is the charge radius. Since this
equation is not valid at the larger q of CREX, the extrac-
tion of RW �Rch introduces some model dependence.

Relativistic and non-relativistic density functional
model predictions of RW � Rch are plotted in Fig. 4(a)
versus Fch(q) � FW(q) . The somewhat di↵erent ⇢W (r)
shapes lead to the vertical spread in the non-relativistic
models. Figure 4(b) shows a similar plot of point neu-
tron minus proton radii Rn �Rp versus Fch(q)� FW(q).
To calculate Rn � Rp given Fch � FW one must include

full current operators including spin orbit (~L · ~S) con-
tributions [41]. Relativistic models tend to have some-
what larger ~L · ~S currents. As a result the gray circles
in Fig. 4(b) are somewhat lower than those in Fig. 4(a)
when compared to non-relativistic models. Lines with
slope matching that of the relativistic model variation
are drawn to enclose the full range of displayed models,
providing the model range and central values listed in

FIG. 4. (a) 48Ca weak minus charge rms radius versus charge
minus weak form factor at the CREX momentum transfer.
The CREX experimental value and uncertainty is shown (red
square). The gray circles (magenta diamonds) show a range
of relativistic (non-relativistic) density functionals. (b) 48Ca
neutron minus proton rms radius versus charge minus weak
form factor.

Table III. This underscores the fact that the CREX 48Ca
Rn�Rp has significant modeling uncertainty, in contrast
to the PREX 208Pb Rn � Rp, see [31]. Reduced model
uncertainty would result if theoretical predictions were
compared to the model-independent Fch � FW in Fig. 2
rather than to Rn �Rp in Fig. 5.

TABLE III. Extracted RW�Rch and Rn�Rp radii. The first
uncertainty is experimental and the second reflects the shape
uncertainty in ⇢W (r) estimated from the spread in Fig. 4.

.

Quantity Value ± (exp) ± (model) [fm]

RW �Rch 0.159± 0.026± 0.023
Rn �Rp 0.121± 0.026± 0.024

Rn � Rp for 48Ca versus Rn � Rp for 208Pb is shown
in Fig. 5. A number of models including the micro-
scopic coupled cluster calculations [8] are consistent with
our results, slightly under-predicting 208Pb while slightly
over-predicting 48Ca. Dispersive optical model calcula-
tions agree well for 208Pb but substantially over-predict
Rn �Rp for 48Ca [46].
In conclusion, we have reported a new and precise

measurement of the PVES asymmetry from 48Ca and a
model-independent extraction of the di↵erence between
the charge form factor and the weak form factor Fch�FW

at q = 0.8733 fm�1. In addition, we have extracted, with
a small model dependence, the weak skin RW �Rch and
the neutron skin Rn�Rp of 48Ca and compared it to that
of 208Pb. The extracted neutron skin of 48Ca (CREX) is
relatively thin compared to the prediction of most mod-
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shown [31]. Here, Fch and FW include proton and neu-
tron densities folded with single nucleon electric and mag-
netic form factors and spin orbit currents [45]. The mod-
els that best reproduce both the CREX and PREX-2 re-
sults tend to predict Fch�FW slightly below the PREX-2
result for 208Pb and slightly above the CREX result for
48Ca.

FIG. 3. The di↵erence between the charge and weak form fac-
tors for 48Ca as a function of momentum transfer q =

p
Q2.

The curves show results for non-relativistic (SI, SLY4, UN-
EDF0, UNEDF1) and relativistic (NL3) density functional
models. The CREX measurement is indicated by a circle
with the inner black error bar showing the contribution from
statistics and the total experimental error bar in red.

Figure 3 shows the momentum transfer dependence of
Fch �FW as predicted by a few non-relativistic and rela-
tivistic density functional models. It is evident that some
model results cross as a function of q, emphasizing the
somewhat di↵erent q dependence. In the limit q ! 0,
Fch(q)�FW(q) ⇡ q2(R2

W �R2
ch)/6, where RW is the rms

radius of ⇢W (r) and Rch is the charge radius. Since this
equation is not valid at the larger q of CREX, the extrac-
tion of RW �Rch introduces some model dependence.

Relativistic and non-relativistic density functional
model predictions of RW � Rch are plotted in Fig. 4(a)
versus Fch(q) � FW(q) . The somewhat di↵erent ⇢W (r)
shapes lead to the vertical spread in the non-relativistic
models. Figure 4(b) shows a similar plot of point neu-
tron minus proton radii Rn �Rp versus Fch(q)� FW(q).
To calculate Rn � Rp given Fch � FW one must include

full current operators including spin orbit (~L · ~S) con-
tributions [41]. Relativistic models tend to have some-
what larger ~L · ~S currents. As a result the gray circles
in Fig. 4(b) are somewhat lower than those in Fig. 4(a)
when compared to non-relativistic models. Lines with
slope matching that of the relativistic model variation
are drawn to enclose the full range of displayed models,
providing the model range and central values listed in

FIG. 4. (a) 48Ca weak minus charge rms radius versus charge
minus weak form factor at the CREX momentum transfer.
The CREX experimental value and uncertainty is shown (red
square). The gray circles (magenta diamonds) show a range
of relativistic (non-relativistic) density functionals. (b) 48Ca
neutron minus proton rms radius versus charge minus weak
form factor.

Table III. This underscores the fact that the CREX 48Ca
Rn�Rp has significant modeling uncertainty, in contrast
to the PREX 208Pb Rn � Rp, see [31]. Reduced model
uncertainty would result if theoretical predictions were
compared to the model-independent Fch � FW in Fig. 2
rather than to Rn �Rp in Fig. 5.

TABLE III. Extracted RW�Rch and Rn�Rp radii. The first
uncertainty is experimental and the second reflects the shape
uncertainty in ⇢W (r) estimated from the spread in Fig. 4.

.

Quantity Value ± (exp) ± (model) [fm]

RW �Rch 0.159± 0.026± 0.023
Rn �Rp 0.121± 0.026± 0.024

Rn � Rp for 48Ca versus Rn � Rp for 208Pb is shown
in Fig. 5. A number of models including the micro-
scopic coupled cluster calculations [8] are consistent with
our results, slightly under-predicting 208Pb while slightly
over-predicting 48Ca. Dispersive optical model calcula-
tions agree well for 208Pb but substantially over-predict
Rn �Rp for 48Ca [46].
In conclusion, we have reported a new and precise

measurement of the PVES asymmetry from 48Ca and a
model-independent extraction of the di↵erence between
the charge form factor and the weak form factor Fch�FW

at q = 0.8733 fm�1. In addition, we have extracted, with
a small model dependence, the weak skin RW �Rch and
the neutron skin Rn�Rp of 48Ca and compared it to that
of 208Pb. The extracted neutron skin of 48Ca (CREX) is
relatively thin compared to the prediction of most mod-
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shown [31]. Here, Fch and FW include proton and neu-
tron densities folded with single nucleon electric and mag-
netic form factors and spin orbit currents [45]. The mod-
els that best reproduce both the CREX and PREX-2 re-
sults tend to predict Fch�FW slightly below the PREX-2
result for 208Pb and slightly above the CREX result for
48Ca.

FIG. 3. The di↵erence between the charge and weak form fac-
tors for 48Ca as a function of momentum transfer q =

p
Q2.

The curves show results for non-relativistic (SI, SLY4, UN-
EDF0, UNEDF1) and relativistic (NL3) density functional
models. The CREX measurement is indicated by a circle
with the inner black error bar showing the contribution from
statistics and the total experimental error bar in red.

Figure 3 shows the momentum transfer dependence of
Fch �FW as predicted by a few non-relativistic and rela-
tivistic density functional models. It is evident that some
model results cross as a function of q, emphasizing the
somewhat di↵erent q dependence. In the limit q ! 0,
Fch(q)�FW(q) ⇡ q2(R2

W �R2
ch)/6, where RW is the rms

radius of ⇢W (r) and Rch is the charge radius. Since this
equation is not valid at the larger q of CREX, the extrac-
tion of RW �Rch introduces some model dependence.

Relativistic and non-relativistic density functional
model predictions of RW � Rch are plotted in Fig. 4(a)
versus Fch(q) � FW(q) . The somewhat di↵erent ⇢W (r)
shapes lead to the vertical spread in the non-relativistic
models. Figure 4(b) shows a similar plot of point neu-
tron minus proton radii Rn �Rp versus Fch(q)� FW(q).
To calculate Rn � Rp given Fch � FW one must include

full current operators including spin orbit (~L · ~S) con-
tributions [41]. Relativistic models tend to have some-
what larger ~L · ~S currents. As a result the gray circles
in Fig. 4(b) are somewhat lower than those in Fig. 4(a)
when compared to non-relativistic models. Lines with
slope matching that of the relativistic model variation
are drawn to enclose the full range of displayed models,
providing the model range and central values listed in

FIG. 4. (a) 48Ca weak minus charge rms radius versus charge
minus weak form factor at the CREX momentum transfer.
The CREX experimental value and uncertainty is shown (red
square). The gray circles (magenta diamonds) show a range
of relativistic (non-relativistic) density functionals. (b) 48Ca
neutron minus proton rms radius versus charge minus weak
form factor.

Table III. This underscores the fact that the CREX 48Ca
Rn�Rp has significant modeling uncertainty, in contrast
to the PREX 208Pb Rn � Rp, see [31]. Reduced model
uncertainty would result if theoretical predictions were
compared to the model-independent Fch � FW in Fig. 2
rather than to Rn �Rp in Fig. 5.

TABLE III. Extracted RW�Rch and Rn�Rp radii. The first
uncertainty is experimental and the second reflects the shape
uncertainty in ⇢W (r) estimated from the spread in Fig. 4.

.

Quantity Value ± (exp) ± (model) [fm]

RW �Rch 0.159± 0.026± 0.023
Rn �Rp 0.121± 0.026± 0.024

Rn � Rp for 48Ca versus Rn � Rp for 208Pb is shown
in Fig. 5. A number of models including the micro-
scopic coupled cluster calculations [8] are consistent with
our results, slightly under-predicting 208Pb while slightly
over-predicting 48Ca. Dispersive optical model calcula-
tions agree well for 208Pb but substantially over-predict
Rn �Rp for 48Ca [46].
In conclusion, we have reported a new and precise

measurement of the PVES asymmetry from 48Ca and a
model-independent extraction of the di↵erence between
the charge form factor and the weak form factor Fch�FW

at q = 0.8733 fm�1. In addition, we have extracted, with
a small model dependence, the weak skin RW �Rch and
the neutron skin Rn�Rp of 48Ca and compared it to that
of 208Pb. The extracted neutron skin of 48Ca (CREX) is
relatively thin compared to the prediction of most mod-
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data was used to calculate ✏(✓). Radiative and rescat-
tering e↵ects in the target change the average accepted
angle by 1.5%. The mean kinematics were found to be h✓i
= 4.51� ± 0.02� and hQ2i = 0.0297 ± 0.0002 (GeV/c)2.
Alternative acceptance functions, calculated using geo-
metric and magnetic tolerances but still constrained to
match spectra from calibration runs, were used to calcu-
late an uncertainty of ±24 ppb on APV due to possible
variation of ✏(✓).

TABLE I. APV corrections and corresponding systematic un-
certainties, normalized to account for polarization and back-
ground fractions.

Correction Absolute [ppb] Relative [%]

Beam polarization 382 ± 13 14.3 ± 0.5
Beam trajectory & energy 68 ± 7 2.5 ± 0.3
Beam charge asymmetry 112 ± 1 4.2 ± 0.0
Isotopic purity 19 ± 3 0.7 ± 0.1
3.831 MeV (2+) inelastic �35 ± 19 �1.3 ± 0.7
4.507 MeV (3�) inelastic 0 ± 10 0 ± 0.4
5.370 MeV (3�) inelastic �2 ± 4 �0.1 ± 0.1
Transverse asymmetry 0 ± 13 0 ± 0.5
Detector non-linearity 0 ± 7 0 ± 0.3
Acceptance 0 ± 24 0 ± 0.9
Radiative corrections (QW ) 0 ± 10 0 ± 0.4

Total systematic uncertainty 40 ppb 1.5%
Statistical uncertainty 106 ppb 4.0%

Table I lists all significant corrections and correspond-
ing uncertainties; the total systematic uncertainty is
40 ppb.

The weak form factor is directly related to APV in
Eqn 1, and is the Fourier transform of the weak charge
density ⇢W,

FW(q) =
1

QW

Z
d3r j0(qr)⇢W(r). (3)

We assume a shape for ⇢W (r) and calculate APV, includ-
ing Coulomb distortions and integrating over the accep-
tance ✏(✓). After adjusting the radius parameter in the
⇢W (r) model [31] to reproduce the measured APV, we
evaluate FW(q) in Eq. 3 using this ⇢W (r) at the reference
momentum transfer q = 0.8733 fm�1. This procedure is
insensitive to the form of the model ⇢W and yields the
results in Table II.

While the extracted value of FW depends on Fch,
FW/Fch and Fch � FW are quite insensitive to Fch. In
order to determine Fch(q) =

R
d3r j0(qr)⇢ch(r)/Z, we use

a composite charge density for 48Ca starting with an ac-
curate sum of Gaussians density for 40Ca [40] and add a
Fourier Bessel expansion for the small di↵erence between
the charge densities of 48Ca and 40Ca [32, 41], see [31].
This procedure yields a 48Ca charge radius of 3.481 fm,
close to the experimental value of 3.477 fm [42].

TABLE II. CREX form factor results for 48Ca, with q and
Fch input values. The uncertainties are due to statistics and
experimental systematics, respectively.

Quantity Value ± (stat) ± (sys)

q 0.8733 fm�1

FW(q)/Fch(q) 0.8248 ± 0.0328 ± 0.0124
Fch(q) 0.1581
FW(q) 0.1304 ± 0.0052 ± 0.0020

Fch(q)� FW(q) 0.0277 ± 0.0052 ± 0.0020

A main result of this paper is a measurement of the
di↵erence between charge and weak form factors,

Fch(q)� FW(q) = 0.0277± 0.0055 (exp). (4)

The uncertainty is the quadrature sum of the experimen-
tal statistical and systematic uncertainties, referred to
henceforth as the experimental error (exp), dominated
by counting statistics. We emphasize that the Eq. 4 re-
sult is model-independent and quite insensitive to the
assumed shape for the weak density ⇢W (r).

FIG. 2. Di↵erence between the charge and weak form fac-
tors of 48Ca (CREX) versus that of 208Pb (PREX-2) at their
respective momentum transfers. The blue (red) data point
shows the PREX-2 (CREX) measurements. The ellipses are
joint PREX-2 and CREX 67% and 90% probability contours.
The gray circles (magenta diamonds) are a range of relativistic
(non-relativistic) density functionals. For clarity only some of
these functionals are labeled. The complete list is in ref. [31].

Figure 2 displays Eq. 4 for 48Ca along with the
PREX-2 result Fch � FW = 0.041 ± 0.013 for 208Pb at
a smaller momentum transfer of 0.3977 fm�1 [5]. The
figure also shows a series of relativistic energy functional
models with density-dependent symmetry energy slope
parameter L [43, 44] that varies over a large range from
small negative values at the lower left to large positive
values at the upper right. Additionally, a diverse col-
lection of non-relativistic density functional models are
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FIG. 5. 48Ca neutron minus proton radius versus that for
208Pb. The PREX-2+PREX-1 experimental result is shown
as a blue square, while that for CREX is shown as a red
square with the inner error bars indicating the experimental
error and the outer error bars including the model error. The
gray circles (magenta diamonds) show a variety of relativis-
tic (non-relativistic) density functionals. Coupled cluster [8]
and dispersive optical model (DOM) predictions [46] are also
shown.

els, while that of 208Pb (PREX) is thick, yet both are
consistent with a number of density functional models
and with the microscopic coupled cluster models [8]. This
will have implications for future energy density functional
calculations and the density dependence of the symmetry
energy.

The small model dependence of this result could be fur-
ther constrained with a future measurement of APV from
48Ca at an additional Q2 [47]. Experimental techniques
from this work, including excellent systematic control
of helicity-correlated fluctuations and demonstration of
high precision electron beam polarimetry, will inform the
design of future projects MOLLER [48] and SoLID [49]
at JLab measuring fundamental electroweak couplings,
as well as P2 and the 208Pb radius experimental propos-
als at Mainz [50].
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