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The only available electroweak measurement of the 2%Pb neutron skin AR, performed by the PREX-IT
Collaboration through polarized electron-lead scattering, shows a mild tension with respect to both the theoretical
nuclear-model predictions and a host of measurements. However, the dependence on the weak mixing angle
should be incorporated in the calculation, since its low-energy value is experimentally poorly known. We first
repeat the PREX-II analysis confirming their measurement by fixing the weak mixing angle to its standard
model value. Then, we show the explicit dependence of the PREX-II measurement on the weak mixing angle,
obtaining that it is fully degenerate with the neutron skin. To break this degeneracy, we exploit the weak mixing
angle measurement from atomic parity violation on lead, obtaining a slightly thinner neutron skin but with
about doubled uncertainties, possibly easing the PREX tension. Relying on the theoretical prediction, AR},“;J ~
0.13-0.19 fm, and using it as a prior in the fit, we find a weak mixing angle value about 1.20° smaller than
the standard model prediction. Thus, we suggest a possible solution of the PREX-II tension by showing that,
considering its underlying dependence on the weak mixing angle, the PREX-II neutron skin determination could
be in agreement with the other available measurements and predictions if the weak mixing angle at the proper

energy scale is smaller than the standard model prediction.

DOI: 10.1103/PhysRevC.105.055503

I. INTRODUCTION

The neutron skin ARy, = R, — R,, of a nucleus quantifies
the difference between the neutron and the proton nuclear
distribution radii, R, and R, respectively. Polarized electron-
nucleus scattering happens through both the weak and the
electromagnetic currents, therefore it provides an interesting
way to assess the nuclear structure. Indeed, it is possible
to isolate the weak-interaction contribution, which strongly
depends on the neutron nuclear density, from the electro-
magnetic one, which mainly probes the already highly tested
proton nuclear density.

Recently, the PREX-II Collaboration released their new
measurement of the lead neutron skin through polar-
ized electron-lead scattering, namely ARPRXT(**%Pb) =
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0.278 & 0.078 fm [1], after a previous less precise measure-
ment, ARPREX=I(2%8Pb) = 0.30 4 0.18 fm [2,3]. The combi-

nation of these results leads to AREEEX’C"”‘b (*%®Pb) = 0.283 +
0.071 fm [1] indicating a preference for relatively large values
of the skin. In particular, our analysis is focused on the PREX-
II measurement, which is significantly more precise.

The PREX-II measurement is in tension with the other
available determinations, such as those coming from electric-
dipole polarizability [4-6], antiprotonic atoms [7-9], proton-
nucleus scattering [10,11], coherent pion photoproduction
[12], and the indirect measurements of neutron-star ob-
servables [13-24]. All these nonelectroweak measurements
are in fair agreement with each other, being also com-
patible with the predictions of different energy density
functional (EDF) nuclear models [4-6], AR;‘;C‘“(Z()ng) =
0.13-0.19 fm, and the first ab initio estimate of the lead neu-
tron skin, ARZpino(2%pp) = (.14-0.20 fm [25]. Although
the hadronic probes have been shown to be affected by un-
controlled theoretical uncertainties [26], and the astrophysical
constraints are rather indirect, the global picture that emerges
indicates a preference for a thinner lead neutron skin with
respect to PREX, which, however, is considered to be model
independent being a nonhadronic probe. So far, no solution to
such a dilemma has been found, even if a reasonable compro-
mise seems to be allowed for a specific set of quantified EDFs
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[27]. Motivated by such a tension, we attempt to reconcile
the PREX observation with all the other determinations by
incorporating the so far neglected dependence on the weak
mixing angle, sin’ 6y = s, which is a key parameter of the

electroweak theory [28].

II. PREX-II ANALYSIS

The PREX-II Collaboration measures the lead neutron skin
exploiting 953 MeV polarized electrons scattering at forward
angles on 2%®Pb nuclei [1]. The polarization of the incoming
electrons permits to isolate the weak-interaction contribution
by building a parity-violating asymmetry Ay, , as discussed in
Ref. [1]. Adopting the plane-wave Born approximation, the
asymmetry shows explicitly its dependence on the nuclear
weak charge Qw, and the weak Fy, and charge F, form
factors

~ GrQ* QwFw (0%
a2 ZFa(Q%)

ey

where Gy is the Fermi constant, Q is the momentum transfer,
« is the fine-structure constant, and Z is the atomic number
of the target nucleus. In particular, the weak and charge form
factors represent the Fourier transforms of the corresponding
weak and charge densities py and pcp.

The charge distribution of a lead nucleus has already been
precisely tested through electromagnetic scattering processes,
resulting in a charge distribution radius of R (*°*Pb) =
5.503 £ 0.002 fm [29]. The charge distribution mainly de-
pends on the proton nuclear density, so that R can be
translated into a determination of the proton root-mean-
squared radius [3,30], leading to R,(*®*Pb) = 5.449 fm [3].

However, the distorted-wave Born approximation (DWBA)
[31-33], which incorporates the Coulomb distortion effects on
the incoming electron approaching the target nucleus, must be
adopted to properly describe heavy nuclei, such as lead [34].

From Eq. (1), it is clear that PREX-II determines the weak
form factor value at the experimental mean momentum trans-
fer, Oprex-11 =~ 78 MeV [1]. After adopting a symmetrized
two-parameter Fermi (2pF) function for the weak nuclear
density [35], it is possible to translate the weak form factor
measurement into a determination of the weak nuclear radius
Ry . In particular, the employed weak nuclear density reads
[35]

3 Qw sinh (c/a)
4c (c? + m2a?) cosh (¢/a) + cosh (r/a)’
)

ow(r,c,a) =

where r is the radius, c represents the half density radius, and a
is the so-called diffuseness, related to the thickness parameter
t through ¢t = 4aln(3). We fixed the diffuseness parameter to
the EDFs average value a = 0.605 &+ 0.025 fm, as done by
the PREX Collaboration in Ref. [1]. The corresponding weak
charge radius Ry can be obtained using [3,35]

1 3 7
R}, = Q—W/d3rr2pw(r, c,a) = gcz + gnzaz’ 3)

which in turn can be translated into the neutron distribution
radius by the relation [3]

Z+N,,
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where N is the neutron number, (ri(n)) is the charge radius
of a single proton (neutron), namely, (rlz)) =0.7071 fm? and

(rf) = —0.1161 fm? [28], (rsz) the nucleon strangeness ra-
dius ((r2) ~ —0.013 fm* [36]) and Q};” is the weak nucleon
charges, defined as twice the opposite of the couplings of
electrons to nucleons, gifv and g%y, Using the standard model
(SM) prediction of the weak mixing angle at low energies,
s3,5M = 0.23857 £ 0.00005, and taking into account radiative
corrections [28,37,38], one obtains gffV,SM = —0.0357 and
&3 sm = 0.495, where the coupling to protons is suppressed.
The weak charge of the nucleus, which enters directly both py
and A,,, is the weak coupling to the nucleus, and it is defined
as

Qw(N. Z,53y) = =2[Zg (siy) + Neiw ] + L)% (5

For 2®Pb, Z = 82 and N = 126. Thus, taking into account the
radiative corrections and the total y-Z correction [, 7 for lead,
the weak charge is predicted to be Q3M(*®Pb) = —117.9(3)
[39] in the case of polarized electron scattering.

As shown in Eq. (1), PREX-II depends on the weak mixing
angle at its experimental energy scale, where the latter is not
well constrained. Indeed, despite the PREX-II measurement
is said to be negligibly dependent on s3, [40], its dependence
should be taken into account.

To do so, we modified the DREPHA code [41] to calculate
the asymmetry and cross-section values under the DWBA,
giving pw as an input evaluated for a variety of Ry and
s%v values using the symmetrized 2pF parametrization [35].
Then, the asymmetries have been averaged considering the
experimental angular acceptance €(6), following the PREX-
IT procedure [1]. We fit the measured asymmetry A7® =
550 £ 16 (stat.) &= 8 (syst.) ppb [1], computing the following
x? function:

Av Z,Rn — Ameas 2
P(SW ) pv )’ (6)

Xiorex—11 (S Rn) = ( o
A:)nveas

where O pmeas is the total experimental uncertainty obtained
summing in quadrature the statistical and systematical uncer-
tainties. We first perform a fit of the neutron skin fixing s%, =
s M, leading to AR,y (s3SM) = 0.276 +£0.078 fm, which
confirms the PREX-II published result, AREgEX’H(ZOSPb) =
0.278 £ 0.078 fm [1], via an independent analysis.

Then, leaving s, free to vary, we obtain the result pre-
sented in Fig. 1. The introduction of S%V as a parameter in
the fit produces a fully degenerate diagonal band. There-
fore, smaller values of the neutron skin can be accessed for
lower values of s‘%v, so that a neutron skin compatible with
AR (*%*Pb) can be obtained if s3, ~ 0.225.
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FIG. 1. Favored regions in the sin? 6@y vs AR,,(*®*Pb) plane
given by our reanalysis of the PREX-II data. The gray, brown, and
red shaded areas represent the 1, 2, and 30 confidence level contours.
The red horizontal bar shows the PREX-II result [1] for 53,5 (blue
line). The green vertical band corresponds to the theoretical predic-
tion ARB (*®*Pb).

III. ATOMIC PARITY VIOLATION
EXPERIMENT ON LEAD

To break the degeneracy, we exploit the atomic parity vio-
lation (APV) experiment on 2%*Pb, a weak-interaction process
between the electrons and the nucleus, sensitive to the nuclear
weak charge. Indeed, these probes represent the lowest-energy
determinations of s%v, being the momentum transfer of few
MeVs [42], i.e., Qapv(cs) = 2.4 MeV for cesium atoms and
Oapveyy ~ 8 MeV for lead atoms. So far, the most precise
APV measurement was performed on cesium and it is ex-
tracted from the ratio of the parity violating amplitude Expy
to the Stark vector transition polarizability 8 and by calculat-
ing theoretically Eapy [28,43,44]. The parity nonconserving
nuclear-spin-independent part of the electron-nucleus inter-
action Hamiltonian [45] depends on pw (r). In the original
calculation of Espy, a charge-density distribution has been
used instead of py (r) since the charge radius was better de-
termined. To keep this into account, a so-called neutron-skin
correction was applied to the final calculation using the proper
density distribution [46-50]. For the amplitude calculation of
APV(Pb), a uniformly charged ball density was assumed [45],
with R, C%®Pb) = 5.5010 fm [45].

Once Eapy is obtained, the quantity Ry, = (ImEapy /M| ),
can be defined, where M; is the reduced electric-dipole
transition of the magnetic-dipole operator for the 6p*3P) —
6p? 3P, transition relevant for lead. The theoretical calculated
value is Ry = —10.6(4) x 1078(=Qp"V*/N) [45] while,
experimentally, two measurements are available: Rexp =
—9.86(12) x 1078 [51] and Rexpe = —9.80(33) x 1078 [52].
Therefore, we consider the experimental average value Ry,
The lead weak charge is then obtained through the ratio be-
tween Rexpy and Ry, which gives Q5" ) = —117(5) [45].

The neutron skin correction can be defined as
SExsyR) = [(N/ 23 ™)1 = [gu(Ra) /oD Eapv].  (7)

where g, are the integrals over the proton and neutron nu-
clear densities [46—50], respectively, determined as discussed
in detail in Refs. [53,54]. In the g/, calculation, we employ the
charge density used in the original determination [45], while
for g, calculation the symmetrized 2pF was adopted.

The weak charge measurement is then obtained through

expt

M
QU™ (R,) = —NRY; ( T ) '
Im[Epy + 5EAPV (Rn)] theor.

®)

This procedure has already been exploited in the case of
cesium [53,54].

The APV measurement, contrary to PREX, is mainly sen-
sitive to sﬁ, and only feebly on AR,,. We build the following
x? function for APV(Pb):

APV (2 ) _ APV 2
< w' (i) — Qu ( )>’ )

o APV(Pb) ( S‘Z}V ] Rn)

X/iPV(Pb) (Sew Rn) =

where oAPVPP)(g2 'R,) is the total uncertainty. The weak
charge Qi **V for APV experiments is slightly different
from the one given for polarized electron scattering in Eq. (5),
due to different radiative corrections. In particular, adopting
the description in Refs. [28,54], Qi **Y = —118.79(5). We
perform a combined fit of the APV(Pb) and PREX-II mea-
surements by summing the x? functions in Egs. (6) and (9) to
fully exploit their correlations, requiring s, to be constant be-
tween the corresponding experimental momentum transfers,
8 <0< 78MeV.

In Fig. 2, we show the combined fit result through the
dashed contours. In particular, the different sensitivities on s3,
and ARy, of the two experiments allow us to find an elliptical
closed region in the parameter space with best-fit values equal
to

ARL™ = 0.262 4 0.136 fm, (10)

sin2 Oy (8 < 0 < 78 MeV) = 0.237 £0.014.  (11)

The neutron skin value obtained is slightly smaller than the
PREX-II one [1], but with about double the uncertainty, so
that now it is in agreement with ARS}, as well as with other
nonelectroweak measurements [4—24].

From Fig. 2, it is clear that, to allow for thinner neutron
skins, s%v should be lower than its SM value. In Ref. [54], this
has already been observed for a combined fit of APV(Cs) and
the coherent elastic neutrino-nucleus scattering data from the
COHERENT experiment [55]. Surprisingly enough, looking
at Fig. 3 of Ref. [54], it can be retrieved that to obtain a
cesium skin value around 0.13 fm, S%V should be smaller than
the SM prediction, in agreement with the results found in this
work.

Finally, we combine the two experimental determinations
with a Gaussian prior input on the neutron skin given by
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FIG. 2. Combined fit results of APV(Pb) + PREX-II (dashed
orange and dark red contours) and APV(Pb) + PREX-II + theory
(solid cyan and blue contours, with their corresponding best fits
(orange square and cyan star, respectively), shown in the sin? 6y vs
ARnp(ZOBPb) plane at 1o and 3¢ confidence levels. The side panels
show the one-dimensional marginalizations [red line for APV(Pb)
+ PREX-II, cyan line for APV(Pb) + PREX-II + theory] for both
the fits. The red horizontal bar shows the PREX-II result [1] for
55, M(blue line).

ARr(*®Pb) = 0.16 + 0.03 fm. The result of this combined
fit is shown in Fig. 2 through the solid contours. Clearly, the
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FIG. 3. Summary of the PREX-only (gray long dashed), com-
bined (orange dashed), and combined + theory (cyan solid) lo
confidence level contours in the sin® @y vs AR,,(***Pb) plane. The
orange square and the cyan star points are the best fits of combined
and combined + theory, respectively. The green vertical band shows
AR;‘;, while the red dot the PREX-II result [1] for s32,5M(blue line).
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FIG. 4. Weak mixing angle running with the energy scale Q. The
SM prediction (solid blue curve) is compared with some experi-
mental determinations (black dots) [28,43,60,61,65,66], and future
measurements (purple dots) [62—-64]. The orange dashed and the cyan
solid points come from the combined and the combined + theory
fits, respectively. The cyan result is shifted towards lower energies
for illustrative purposes, as indicated by the arrows. The vertical
arrows indicate the momentum transfer for APV (Pb), PREX-II, and
CREX, while the green dashed curve represents the modified running
of sin® @y in a scenario involving a new mediator [67].

prior forces the fit to favor smaller values of s‘%v. The best-fit
values correspond to

AR — 0,164 = 0.029 fm, (12)

sin2 Oy (8 < 0 < 78 MeV) = 0.228 £ 0.008.  (13)

The s3, best fit results in a value lower than the SM predicted
one, and with smaller uncertainty with respect to the PREX-II
+ APV(Pb) combined fit result.

IV. MAIN RESULTS AND DISCUSSION

The lo confidence level contours obtained by the three
presented analysis are summarized in Fig. 3 to underline how
thinner skins are allowed for lower values of 3, .

Focusing on the implications for s%,, in Fig. 4 we sum-
marize the state of the art of the weak mixing angle
measurements in the low-energy regime (Q < 200 MeV)
through processes involving electrons. The lowest-energy de-
termination belongs to APV(Cs), which is 1o lower than the
SM value [28]. The APV(Cs) value corresponds to a neutron
skin correction determined from an extrapolation of neu-
tron skin measurements from antiprotonic data [7,43,56,57],
which is compatible with the EDF estimate on cesium. Let
us note that the APV(Cs) result is currently debated in the
community. The theoretical calculations have gone through
many reevaluations, leading to different weak mixing angle
determinations. For completeness, see the work presented in
Ref. [58] and the recent calculation performed in Ref. [59].
At higher energies (Q ~ 160 MeV), the combined Qyeax [60]
and the E158 [61] measurements precisely determine s‘zV to be
compatible with the SM prediction. The orange square and the
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light blue star points are the results obtained in this work for
the combined PREX-II + APV (PD) fit, see Eq. (11), and the
PREX-II 4+ APV(Pb) + theory fit, see Eq. (13), respectively.
The horizontal error bars indicate that we assume s, to remain
constant between the APV(Pb) and PREX-II experimental
energy scales.

Since PREX-II and APV(Pb) are not so precise in measur-
ing the weak mixing angle, future determinations at the same
energy scale are awaited. In particular, the P2 [62,63] and the
MOLLER [64] experiments are going to measure s3, with
high precision at energies slightly smaller than the PREX-II
one. The sﬁ, dependence on the energy scale is fundamental
in our discussion. In fact, the presence of beyond the SM light
particles could significantly modify the running of s3, only
at low energies. The green dashed curve in Fig. 4 shows an
example of a dark Z boson [68,69] of mass around 50 MeV,
as discussed in Ref. [67]. It shows that 5124/ can sensibly differ
from the SM at low energies while remaining compatible for
Q 2 150 MeV, so that Qye.x and PREX-II could be measuring
different s%, values.

The PREX twin experiment on calcium, CREX [70-72], is
performed at Q ~ 170 MeV, so near the Qy.,x energy scale.
In this regime, the value of s7, is rather precisely measured
to be close to s%VSM, thus, if our interpretation is correct,
CREX is expected to measure a thin calcium neutron skin,
compatible with the prediction of coupled cluster calculations,

ARE;(“Ca) = 0.12-0.15 fm [73].

V. CONCLUSIONS

In summary, we confirm the PREX-II neutron skin mea-
surement via an independent analysis at fixed weak mixing
angle. Questioning the assumptions behind this measurement,

we show the PREX-II neutron skin dependence on s, result-
ing in a fully degenerate band in the s‘%v Vs ARnP(ZOSPb) plane.
Nevertheless, the fit suggests that a much smaller (or larger)
lead neutron skin could be found if S%V(QPREX,H) is small
(or large) enough, so that neglecting such a dependence the
experimental result might be misinterpreted. A combined fit
with APV (Pb) allows us to break this degeneracy and to obtain
a closed favored region in the parameter space. The best fit is
in great agreement with s3,5M and we find a slightly thinner
neutron skin with respect to the PREX-II result, even if with
double the uncertainty, showing that the PREX-II tension can
be eased. We find a smaller favored region in the parameter
space by inserting AR;‘:) as a prior, obtaining that a s%, value
1.20 smaller than the SM one is needed to accommodate for
smaller neutron skins. Further s%, measurements are needed,
such as the upcoming P2 and MOLLER experiments [62—-64],
as well as new neutron skin determinations, such as the one
by the MREX experiment [62], to shed light on this tension.
In conclusion, we discuss the possibility that the upcoming
CREX result could be only feebly affected by the s3, depen-
dence thanks to the higher experimental energy scale, where
s3, is experimentally constrained at the SM value, reconciling
eventual conflicting results between the two twin experiments.
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