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Determining the weak charge form factor, FWðQ2Þ, of nuclei over a continuous range of momentum
transfers, 0≲Q2 ≲ 0.1 GeV2, is essential for mapping out the distribution of neutrons in nuclei. The
neutron density distribution has significant implications for a broad range of areas, including studies of
nuclear structure, neutron stars, and physics beyond the Standard Model. Currently, our knowledge of
FWðQ2Þ comes primarily from fixed target experiments that measure the parity-violating asymmetry in
coherent elastic electron-ion scattering. Fixed target experiments, such as CREX and PREX-1,2, have
provided high-precision weak charge form factor extractions for the 48Ca and 208Pb nuclei, respectively.
However, a major limitation of fixed target experiments is that they each provide data only at a single value
of Q2. With the proposed electron-ion collider (EIC) on the horizon, we explore its potential to impact the
determination of the weak charge form factor. While it cannot compete with the precision of fixed target
experiments, it can provide data over a wide and continuous range of Q2 values, and for a wide variety of
nuclei. We show that with data corresponding to an integrated luminosity of L ∼ 500=A fb−1, where A is
the nucleus atomic weight, the EIC can significantly impact constraints by lifting degeneracies in
theoretical models of the neutron density distribution. Ensuring EIC detector coverage at low Q2 and large
negative pseudorapidities will be essential for such FWðQ2Þ measurements.
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Introduction. The distribution of protons and neutrons in
nuclei, characterized by the electric and weak charge form
factors, respectively, is a long-standing and central question
in nuclear physics. It has significant implications for a
broad range of areas, including understanding nuclear
structure, atomic physics, astrophysical phenomena, and
physics beyond the Standard Model (SM). For example,
precision measurements of nuclear densities for stable
nuclei are needed for a precise determination of the nuclear
saturation density [1,2], a fundamental parameter corre-
sponding to the density at which nuclear matter is most
stable. The saturation density is expected to be universal
across stable heavy nuclei due to the short range nature of
nuclear forces. Nuclear density measurements can also
constrain the form of the isovector component [3] of the
effective nuclear interaction, sensitive to differences in
the distributions of protons and neutrons in nuclei. It is the
main driver of nuclear symmetry energy [4,5] which

characterizes the energy required to deform nuclei from
a symmetric state of equal numbers of protons and
neutrons. Correspondingly, such effects are especially
important for understanding the structure and stability of
neutron-rich nuclei, shedding light on binding energies, the
nuclear drip line, and neutron skin thickness.
On the astrophysical front, neutron stars provide macro-

scopic realizations of neutron-rich nuclear matter, where
both the SM and general relativity are needed to describe
the relevant phenomena [6–12]. The isovector nuclear
interactions play an important role for understanding
properties of neutron stars [13] which can reach densities
that are comparable to or greater than the nuclear saturation
density in their crust and several times greater in their core.
It affects the equation of state, the symmetry energy, and
other properties such as the neutron star stiffness, tidal
deformity, and radius. These neutron star properties in turn
influence multimessenger observations [14,15] in astro-
physics and cosmology.
Coherent elastic neutrino-nucleus scattering (CEνNS) is

proportional to the square of the nuclear weak charge form
factor. CEνNS [16–21] can probe nonstandard neutrino
interactions [22–39]. Furthermore, CEνNS is responsible
for the neutrino fog [40–43], an irreducible background in
direct searches for dark matter that rely on nuclear recoil
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detection. Understanding these various phenomena
requires accurate theoretical predictions [44–51] of the
CEνNS cross sections, and correspondingly, accurate
knowledge of the weak charge form factor.
Given the far-reaching implications of a precise under-

standing of the distributions of protons and neutrons in
nuclei, there has been a significant effort to measure these
distributions in awide range of experiments. The distribution
of protons is relatively well known [52] from measurements
of coherent elastic electron-nucleus scattering on a wide
range of nuclei, whereas, the neutron distributions require
weakprobes, sensitive to the neutronweak charge.Currently,
the cleanest way to probe neutron distributions in nuclei is
through fixed target experiments [53–56] that measure the
parity-violating asymmetry (APV) in coherent elastic elec-
tron-ion scattering.1 Such exploration is particularly relevant
in light of the proposed electron-ion collider (EIC) [70]. This
asymmetry is sensitive to theweak charge form factor due to
the Z-boson exchange contribution that plays the role of the
weak probe of neutron distributions. However, a major
limitation of fixed target experiments is that they each have
access to a few nuclei and provide data on the weak charge
nuclear form factor, FWðQ2Þ, only at a single value of
momentum transfer, Q2, limiting the breadth of available
data.2 For example, the CREX [54] and PREX-1,2 [55,56]
experiments have each made high precision extractions of
FWðQ2Þ for 48Ca and 208Pb, respectively, at a single value
ofQ2. The ab initio approaches to theneutrondistributions of
48Ca and 208Pb are presented in [6,73], respectively.However,
determining and testing the distribution of neutrons in
the nucleus requires knowledge of the weak charge form
factor over the continuous range of momentum trans-
fers, 0 ≤ Q2 ≲Oð0.1Þ GeV2.
In this Letter, we explore the potential of an electron-ion

collider environment to provide much needed data on
nuclear weak charge form factors over a wide and con-
tinuous range ofQ2 values, and for a wide variety of nuclei,
through measurements of APV in coherent elastic electron-
ion scattering. This is a particularly timely and relevant
exploration, given the planned construction of the electron-
ion collider (EIC) at the Brookhaven National Laboratory
over the next decade.
The EIC will not be able to directly compete with the

precision of fixed target experiments like CREX and
PREX-1,2, due to its much lower luminosity. However,
its access to a wide and continuous range of Q2 values can
allow for weak charge form factor measurements that
significantly impact existing constraints from CREX and
PREX-1,2. In particular, additional EIC measurements of

the weak charge form factor can break existing degener-
acies in the parameter space of theoretical models of the
neutron density distribution. We show that the EIC would
need to include far-backward detectors and collect
500=A fb−1 of data, where A is the nucleus atomic weight,
in order to significantly impact constraints derived from the
CREX and PREX-1,2 data.
As long as s ≫ Q2, the EIC weak charge form factor

measurements will be insensitive to the center of mass
energy per nucleon,

ffiffiffi
s

p
∼ 20–140 GeV, up to Coulomb

distortion and dispersion corrections [74,75]. Folding in
these corrections, one can combine the requisite data over
various runs at the EIC. This also facilitates accumulating
data from other planned future electron-ion collider facili-
ties [76], operating at different center of mass energies
per nucleon,

ffiffiffi
s

p
∼ 15–20 GeV. A second interaction point

[70,77] at the EIC can effectively double the accumulated
integrated luminosity. All of these factors can be used
toward accumulating the needed integrated luminosity of
L ∼ 500=A fb−1. The required electron signal events are
predominantly in the far backward direction (ηe ≲ −4),
motivating the study of additional detector instrumentation
in this region.
In addition, the EIC can operate a broad selection of ion

beams [70], allowing for measurements of the weak charge
form factor for a wide range of nuclei, including those for
which no data exists. Correspondingly, in Supplemental
Material [78], we also provide EIC projection analyses for
the extraction of the weak charge form factors for the 132Xe
and 40Ar nuclei, relevant for dark matter direct search and
CEνNS experiments. The EIC also provides a unique
opportunity to study the neutron distributions of unstable
radioactive isotopes, which aremuch less accessible in fixed-
target experiments.

Background and formalism. In the nonrelativistic limit,3 the
electric (Fe) and weak (FW) charge form factors are the
Fourier transforms of the electric (ρe) and weak (ρw) charge
densities in the nucleus, respectively, and can be written as

FiðQ2Þ ¼ 1

Qi

Z
d3r

sinðQrÞ
Qr

ρiðrÞ; i ¼ fe;Wg; ð1Þ

for spherically symmetric density distributions, and we use
Q ¼

ffiffiffiffiffiffi
Q2

p
. The electric and weak nuclear charges are

Qe;W . The corresponding form factors are normalized as
Fið0Þ ¼ 1. The electric and weak nuclear charges for a
nucleus with atomic weight A and Z protons are Qe ¼ Ze
and QW ¼ ZQp

W þ ðA − ZÞQn
W , respectively. Here Qp

W ¼
1–4 sin2 θW ≃ 0.05 and Qn

W ¼ −1 denote the weak charges
of the proton and neutron, respectively, and θW is the weak
mixing angle. Since the neutron is electrically neutral,
FeðQ2Þ effectively determines the distribution of protons

1Other probes of neutron distributions can be found in
Refs. [57–69].

2The G0 experiment hasmeasured parity-violating asymmetries
over the range of momentum transfers 0.12 ≤ Q2 ≤ 1.0 GeV2, but
only for the lightest nuclei, i.e. the proton and deuteron [71,72]. 3For the relativistic case, see Refs. [80,81].
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within the nucleus. By contrast, since the proton weak
charge is small, and the neutron weak charge is large,
FWðQ2Þ effectively determines the distribution of neutrons
within the nucleus.
The low-Q2 coherent elastic electron-ion scattering cross

section is dominated by single photon exchange, being
primarily sensitive to the electric charge form factor.
Extracting the weak charge form factor requires isolating
weak interaction effects, mediated by the Z boson, which
can be achieved through the asymmetry [82]

APVðQ2Þ≡ dσR=dQ2 − dσL=dQ2

dσR=dQ2 þ dσL=dQ2
; ð2Þ

where dσLðRÞ=dQ2 denotes the differential cross section
with left- (right)-handed electrons, and their expressions in
the low-Q2 limit are given in Supplemental Material [78].
The asymmetry is sensitive to the interference between the
photon and Z-boson exchange contributions. This leads to
the following expression for the asymmetry [82]

APV ≃ −
GFQ2

4
ffiffiffi
2

p
πα

QWFWðQ2Þ
ZFeðQ2Þ ; ð3Þ

where the Fermi constant, GF ¼ 1.166 × 10−5 GeV−2, and
the dependence of the asymmetry on the weak charge form
factor is manifest. Note that this is a tree-level formula,
omitting loop effects such as Coulomb distortion and
dispersion corrections [74,75]. Such corrections can be
significant, particularly at the PREX-1 and -2 experiments,
where the Coulomb distortion correction is roughly 30%
[75]. These loop corrections have nontrivial dependence on
bothQ2 and

ffiffiffi
s

p
, and we do not attempt to estimate them for

the EIC in this exploratory study.
Characterizing the impact of the form factor extractions on

our understanding of the electric and weak charge density
distributions through Eq. (1) requires model parametriza-
tions of ρe and ρW , respectively. While many different
parametrizations [47,83–85] could be used, we choose the
symmetrized two-parameter Fermi (S2 pF) function [86],

ρiðr; ci; aiÞ ¼
3Qi=ð4πÞ

ciðc2i þ π2a2i Þ
sinh ci=ai

cosh r=ai þ cosh ci=ai
; ð4Þ

for i ¼ fe;Wg. The parameters ci and ai correspond to the
half-density radius and the surface diffuseness, respectively.
One of the advantages of this parametrization is that the
nuclear form factors can be solved for analytically [87]

FiðQ2; a; cÞ ¼ 3ã
c̃ðc̃2 þ ã2Þ sinh ã

�
ã sin c̃
tanh ã

− c̃ cos c̃

�
; ð5Þ

where we define the dimensionless parameters, ã≡ πQa,
and c̃≡Qc. The impact of potential EIC measurements of
APV will be characterized by the resulting constraints in the
ðaW; cWÞ parameter space. Similar analyses could be done
using different model parametrizations for the electric and

weak charge density distributions. Since ourmain focus is on
characterizing the impact of EIC measurements, this simple
model parametrization is sufficient. The fiducial aW and cW
values given in Table I are chosen based on relativistic mean-
field theory predictions [88,89].

Current experimental status. While the asymmetry in
Eq. (3) is sensitive to the weak charge form factor, it is
numerically small due to suppression by the factor of
GFQ2, making it a highly nontrivial and challenging
measurement. Correspondingly, very limited data exists.
For the 48Ca nucleus, there is a single precise measurement
of APV from the CREX fixed target experiment at Q2 ¼
0.030� 0.0002 GeV2 [54], yielding ACREX

PV ¼ 2.668�
0.113 ppm and correspondingly, FW ¼ 0.1304� 0.0056.
For 208Pb, there are two precision measurements from
PREX-1 [55] and PREX-2 [56] fixed target experiments.
The PREX-1 and -2 measurements were performed at
slightly different momentum transfers, Q2 ¼ 0.0088�
0.00011 GeV2 andQ2 ¼ 0.0062� 0.00005 GeV2, respec-
tively. The corresponding weak form factor values
extracted are, FW ¼ 0.204� 0.028 [91] and FW ¼
0.368� 0.013 [56], respectively. In the analysis to extract
these form factor values from the asymmetry data, addi-
tional corrections arising from Coulomb distortion effects
[75], not shown in Eq. (3), were also included.

Potential impact of the EIC. Given the relatively limited
data available from fixed target experiments, the EIC
provides a unique opportunity to provide the critically
needed additional data. In the coherent electron-ion scatter-
ing process, the recoil electron energy Ee0 depends on the
momentum transfer Q2 and the incoming electron (ion)
beam energies EeðEAÞ. The laboratory frame inelasticity
y≡ ðEe0 − EeÞ=Ee and pseudorapidity ηe of the recoil
electron can be estimated in the limit of Q2 ≪ E2

e ≪ E2
A,

we get y ≃ 0.25Q2=E2
e and ηe ≃ 0.5 logðyÞ. The currently

planned EIC low-Q2 taggers can provide excellent Q2

resolutions for Q2 > 10−3 GeV2. However, the acceptance
for y close to zero is very low [70,92]. Measurements of
APV over the continuous range 10−3 < Q2 < 0.1 GeV2

therefore require upgrades in the far-backward detectors.
For our analysis, we assume these upgrades have been
implemented and set the acceptance to be 100%. We set the
Q2-bin resolution to 5% for 10−3 GeV2 <Q2 < 10−2 GeV2

and 2% for Q2 > 10−2 GeV2. We do not go beyond

TABLE I. Fiducial values of the S2 pF model parameters (ae,
ce) [85,90] and (aW , cW) [89], for 48Ca and 208Pb, used for making
theoretical predictions.

Nucleus a�e [fm] c�e [fm] a�W [fm] c�W [fm] QW

48Ca 0.525 3.715 0.515 3.995 −26.0
208Pb 0.512 6.666 0.614 6.815 −117.9
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Q2 ¼ 0.1 GeV2 since there is a physical gap at the EIC in
the range Q2 ∼ 0.1–1 GeV2 [70].
We demonstrate the potential of the EIC for such

measurements by considering electron-nucleus coherent
scattering with electron and ion beam energies of Ee ¼
10 GeV and EA ¼ 110 × A GeV, respectively. The Ai

PV
value, in the ith Q2 bin, will be diluted by the electron
polarization, Pe, factor

Ai
PV ¼ Pe

Ni
R − Ni

L

Ni
R þ Ni

L
; ð6Þ

where Ni
LðRÞ are the predicted number of events with a

purely left (right)-handed electron beam, and we set
Pe ¼ 80%. The projected statistical uncertainty in the
asymmetry for the ith bin is computed as δAi;stat:

PV ¼
σistat ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ni

R þ Ni
L

p
. We also include a 1% systematic

uncertainty for the asymmetry from the polarization.
Figure 1 shows the theoretical value for APV (black

curve) as a function of Q2 in the S2 pF model of the form
factors, using the parameters in Table I. These parameters
are chosen so that the S2 pF model in Eq. (5) reproduces the
measured PREX-1,2 and CREX form factor values, and
will serve as the fiducial parameters for our analysis.
The projected statistical uncertainty for an integrated
luminosity of 500=A fb−1 is shown by the red curve. A
one percent electron beam polarization systematic uncer-
tainty (δPe ¼ 0.01 Pe, σpol ¼ 0.01 APV) is shown by the
blue curve. We also show the size of the uncertainties on the
measurements of APV in the fixed target experiments
CREX, and PREX-1,2. We see that the EIC cannot compete
with the precision of the fixed target experiments. It can,
however, provide data over a wide and continuous range of
previously unmeasured Q2 values.
From Eqs. (3) and (5), the theory prediction of APV

effectively depends on the two parameters aW and cW ,
given that ae and ce are well known. Thus, APV measure-
ments can be used to constrain the ðaW; cWÞ parameter
space. The FWðQ2Þ extraction from the APV measurement
on 48Ca at CREX leaves a degeneracy in this parameter
space since the measurement is only at a single value ofQ2.
This is seen in the upper panel of Fig. 2, where the 1σ
contour of allowed values corresponds to the green band.
Similarly, the FWðQ2Þ measurements at PREX-1,2 yield
the cyan and green 1σ contours, respectively, in the bottom
panel of Fig. 2. At least two measurements at different Q2

values are necessary to lift the degeneracy in the ðaW; cWÞ
parameter space. However, since the two Q2 values at
PREX-1,2 are still quite similar in value, the combined
PREX-1,2 results cannot fully lift the degeneracy, as shown
by the blue contour. The EIC can help lift these degener-
acies by providing data at significantly lower and higherQ2

values, as seen in Fig. 1.

Incoherent electron-ion scattering events, involving ion
breakup, are an important source of background at the EIC.
It is crucial to tag and veto these background events with
extremely high efficiency, especially at higher Q2. For our
analysis, we assume a veto efficiency of ϵveto ¼ 99%.
Results with ϵveto ¼ 99.99%, corresponding to the esti-
mated performance of the second interaction point detector
[93], show slightly improved but qualitatively similar
constraints.
For our EIC analysis, we use the fiducial values for

ðaW; cWÞ in Table I, denoted by the black star in Fig. 2.
Following the procedure outlined in Supplemental Material
[78], in Fig. 2, we show the 1σ-contour regions, obtained
for the integrated luminosities of (200, 500,1000) fb/A
at the EIC by the (purple, orange, red) dashed contours,
respectively. The corresponding solid contours corres-
pond to 1σ-contour regions obtained by combining the
EIC and fixed target experiment data. We see that for
integrated luminosities L ∼ 500/A fb−1, the EIC provides

FIG. 1. SM prediction for APV (black), together with the
expected statistical (red) and systematic (blue) uncertainties from
EIC measurements, shown over theQ2 range from 0.001 GeV2 to
0.1 GeV2. The corresponding values of pseudorapidity ηe or
inelasticity y are displayed on the top axis for Ee ¼ 10 GeV. The
uncertainties from the current PREX-1 and -2 measurements are
shown as a cyan triangle and green square, respectively.
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nontrivial constraints,4 which are further improved when
combined with data from fixed target experiments. Note
that the size of the statistical uncertainty scales as
σstat ∝

ffiffiffiffi
A

p
=Z, due to the Z2 scaling of the coherent elastic

scattering cross section, dominated by the photon exchange

contribution, determining the event counts in each bin, and
the luminosity scaling as L ∝ 1=A. This coherent enhance-
ment for larger nuclei results in more stringent constraints
on 208Pb compared to 48Ca, as seen in Fig. 2. In Fig. 3, we
show the corresponding 1σ uncertainty bands for FWðQ2Þ,
obtained using Eq. (5). We show the uncertainty bands
for CREXvsCREXþ EIC data in the top panel and
PREX-1þ PREX-2 vs PREX-1þ PREX-2þ EIC data in
the bottom panel. We see that the EIC can help significantly
improve constraints on the weak charge form factor, espe-
cially for 208Pb at higher Q2 values, beyond at PREX-1. In
Supplemental Material [78], we show the corresponding
results for the 132Xe and 40Ar nuclei, relevant for dark matter
direct search and CEνNS experiments.

Conclusions. A precise determination of the neutron
density in nuclei has significant implications for our
understanding of nuclear structure, neutron stars, and
physics beyond the SM. A clean extraction of the neutron
density tends to require weak interaction probes, making it
experimentally very challenging. Very limited data is
available from the fixed target experiments, CREX and
PREX-1,2, that have each measured the parity-violating

FIG. 2. 1σ limits on aW and cW for 48Ca (upper panel) and 208Pb
(lower panel). We assume 99% veto efficiency of incoherent
events. The CREX results are shown by green in the upper panel.
In the lower panel, the PREX-1 and -2 results are shown by
cyan and green, respectively. The combined PREX result is
shown by the solid blue curve. The EIC constraints, assuming
(200,500,1000)/fb/A integrated luminosity, are shown by dashed
(purple, orange, red) contours. The combined results of fixed
target experiments and the EIC are shown by the solid contours.
The black stars indicate the fiducial values of a�W and c�W shown
in Table I.

FIG. 3. Constraints on the weak charge form factor in the S2 pF
model using the 1σ allowed region for the ðaW; cWÞ parameters
shown in Fig. 2, using the CREXþ EIC and PREX-1þ
PREX-2þ EIC combined data for 48Ca (upper panel) and
208Pb (lower panel), respectively.

4Note that this could be achieved with L ∼ 250/A fb−1 of
delivered beam luminosity for two detectors.
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longitudinal electron spin asymmetry in coherent elastic
electron-ion scattering to determine the weak charge form
factor at a single Q2 value, for 48Ca and 208Pb, respectively.
Correspondingly, there is a critical need for more data to
extract the weak charge form factor of a wide and
continuous range of Q2 values, and for a variety of nuclei.
The EIC has a unique opportunity to address this critical
need. While it cannot compete with the precision of fixed
target experiments, it can provide data over a broad range of
Q2 values for various nuclei. For integrated luminosities
∼500/A fb−1, the EIC with upgraded far-backward detec-
tors can provide nontrivial constraints, and lift degeneracies
in theoretical models of the neutron density distribution,
especially when combined with CREX and PREX-1,2 data.
We emphasize that this measurement requires high electron
acceptance in the far-backward direction, which will likely
require upgrades and additions to the currently planned

detector designs. This additional detector capability may
also be useful for other physics studies, for example the
detection of light beyond the Standard Model particles
[94,95] and measurement of nucleon axial radius [96].
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