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We propose the use of isotopically highly enriched detectors for the precise study of coherent-elastic
neutrino-nucleus scattering (CEvNS). CEvNS has been measured for the first time in CsI and recently
confirmed with a liquid argon detector. It is expected that several new experimental setups will measure this
process with increasing accuracy. Taking Ge detectors as a working example, we demonstrate that a
combination of different isotopes is an excellent option to do precision neutrino physics with CEvNS, test
Standard Model predictions, and probe new physics scenarios. Experiments based on this new idea can
make simultaneous differential CEvNS measurements with detectors of different isotopic composition.
Particular combination of observables could be used to cancel systematic errors. While many applications
are possible, we illustrate the idea with three examples: testing the dominant quadratic dependence on the
number of neutrons, N, that is predicted by the theoretical models; constraining the average neutron root
mean square (rms) radius; and testing the weak mixing angle and the sensitivity to new physics. In all three
cases we find that the extra sensitivity provided by this method will potentially allow high-precision robust
measurements with CEvNS and particularly, will resolve the characteristic degeneracies appearing in new
physics scenarios.

DOI: 10.1103/PhysRevD.105.033001

I. INTRODUCTION

Neutrinos in the energy region (1MeV≤Eν ≤ 50MeV)
such as those generated in reactors or pion decay-at-rest
sources (π-DAR), provide a new means of testing the
Standard Model (SM) and its possible extensions. Precise
measurements are required to understand the nature of the
neutrino, to elucidate the phenomena that give rise to its
unique properties and to determine its impact on the
evolution of the Universe. After more than forty years of
being proposed [1], the coherent elastic neutrino nucleus-
scattering (CEvNS) was observed for the first time in 2017
by the COHERENT collaboration [2,3] through a CsI
detector located at the Spallation Neutron Source (SNS) at
Oak Ridge National Laboratory (ORNL). This process has

also been confirmed by the same collaboration by using a
liquid argon detector [4,5].
A precise measurement of CEvNS is of interest for many

fields such as nuclear physics, particle physics, and
applications. Just to mention some examples, CEvNS
can help to extract detailed information about the nuclear
radius for different target materials [6–9], form factors [10],
precision physics [11] as well as to constrain parameters
which describe physics beyond the SM such as nonstandard
interactions [12–14], light mediators [15], neutrino mag-
netic moments [16,17] or sterile neutrinos [18–20]. An
application of considerable interest of reactor antineutrino
detection using CEvNS is in nuclear security [21].
We propose a novel approach for the precise study of

CEvNS; namely, the use of isotopically highly enriched
detectors. We discuss Ge as a concrete example to show
feasibility, but the proposed technique of using isotopically
enriched material has much more general applicability. A
detector array based on multi-isotope detectors would have
a particular combination of observables providing a fast
unambiguous signature of antineutrino detection.
It was noticed, since the first theoretical proposal of

CEvNS by Freedman [1], that its corresponding cross
section has a quadratic dependence on the number of

*uribarri@ornl.gov
†omr@fis.cinvestav.mx
‡gsanchez@fis.cinvestav.mx

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 105, 033001 (2022)

2470-0010=2022=105(3)=033001(10) 033001-1 Published by the American Physical Society

https://orcid.org/0000-0001-7450-404X
https://orcid.org/0000-0002-0310-7060
https://orcid.org/0000-0003-1830-2325
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.105.033001&domain=pdf&date_stamp=2022-02-03
https://doi.org/10.1103/PhysRevD.105.033001
https://doi.org/10.1103/PhysRevD.105.033001
https://doi.org/10.1103/PhysRevD.105.033001
https://doi.org/10.1103/PhysRevD.105.033001
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


neutrons due to its coherent character. This enhancement
makes the process very attractive both experimentally and
theoretically [12]. The large cross section makes it the
dominant process at low energies and opens a new
detection channel that can give new independent physical
information. Despite this advantage, the heavy mass of the
nucleus implies the detection of a very low energy recoil
and makes the measurement an experimental challenge.
Nuclear recoil signals at low energies are not well cali-
brated and the ability to observe CEvNS from a reactor flux
is very dependent on low-energy quenching factors (QF).
These are not well known and their uncertainties are
considerable. Significant progress has been made recently
to better understand the associated systematic effects
[22,23]. An example is the dramatic reduction of uncer-
tainties on the QF’s for CsI from 25% in 2017 (first
observation of CEvNS) to less than 5% in 2021 [24,25].
Long experiments might require corrections due to small
drifts or for nonlinearities in the signal digitizer. Besides, as
the process is testing a new energy region, it is natural that
theoretical uncertainties will appear. That is the case, for
instance, of the mean neutron radius of the target nuclei, for
which, usually, only theoretical predictions exist. As a first
step to test physics beyond the SM, the variables under
discussion have to be well determined.
In this concept paper we propose a general experimental

method to improve the CEvNS accuracy by using an array
of detectors of the same element but different isotopes. The
use of such an array will help to diminish systematic errors
(from flux uncertainties, for instance) and to mitigate the
dependence on form factors (FF), allowing a better knowl-
edge of the cross section and making it an even better
tool for testing new physics. Currently, there are several
proposals either ongoing or planned to measure CEvNS
with a stopped-pion neutrino source or with reactor anti-
neutrinos using different target materials. For example,
CONNIE using Si-based CCDs [26,27]; COHERENT [28],
CONUS [29], νGEN [30], and TEXONO [31], using
ionization-based Ge semiconductors; and MINER [32],
NuCLEUS [33], and RICOCHET [34] using cryogenic
detectors (Si, Zn, Ge). The proposed technique discussed
here could be applied to any of these technologies, but to
illustrate the idea, we will only consider the germanium
case. The process of isotopically enriching germanium is
a well-developed technology that has provided highly-
enriched 76Ge for detectors used in the search for neutrino-
less double beta decay [35,36]. Furthermore, isotopically
modified Ge detectors depleted in 76Ge have been produced
and showed identical performance as those produced
previously from natural germanium material [37,38].
Mitigation or cancelation of the effect of systematic
uncertainties is a crucial issue in many fields of Physics.
The high isotopic purity of 90% or better that can be
achieved in the detector materials (e.g., Ge) and the
possibility of producing identical detectors that differ only

in the number of neutrons provides a unique laboratory for
the study of the CEvNS interaction.
We present how such an array of Ge detectors could test

and constrain different parameters involving nuclear and
particle physics. In Sec. II, we study the N2 CEvNS
dependence. We study the sensitivity of the method to
constrain the neutron rms radius on Sec. III, which is
relevant for the characterization of dark matter detectors.
We discuss in Sec. IV the expected constraints for the weak
mixing angle at low energies and nonstandard interactions
(NSI) parameters. In all the cases, we show the impact of
the correlation between systematic uncertainties on the
determination of these observables. We focus our discus-
sion on these examples, but it is important to remark that
there is a wide margin to drastically improve other
observables with this experimental approach.
Furthermore, it will be shown that the differential nuclear

recoil spectra have a nontrivial relative shape between the
different isotopes. Its understanding will also help to inform
the N dependence of CEvNS and other observables, by
conveniently choosing the appropriate region of energy. We
will show that this setup of different germanium detectors
can probe this rule. As with any CEvNS experiment, these
measurements are inevitably affected by systematic uncer-
tainties that mainly result from quenching and form factors.
However, in this particular case, the system of coupled
detectors shares the same systematic effects and the
correlations help to make a cleaner statement about the
relative value of the cross sections.
Within the SM, the explicit form of the CEvNS cross

section is

�
dσ
dT

�
coh

SM
¼ G2

FM
π

�
1 −

MT
2E2

ν

�
½ZgpVFZðq2Þ þ NgnVFNðq2Þ�2

ð1Þ

with M the mass of the nucleus, Eν the incident neutrino
energy, and FX the nuclear form factors, with X ¼ Z, N for
protons and neutrons, respectively. The factors gpV ¼ 1=2 −
2 sin2 θW and gnV ¼ 1=2 are the weak coupling constants.
Notice that gpV ≪ gnV and, in consequence, the main
dependence in this formula goes as N2.
A precise confirmation, for instance, of the N2 depend-

ence is challenging. The uncertainties coming from very
different detectors with different exposure to the flux makes
this task nontrivial. Aswe show, the use ofmultiple enriched
detectors under simultaneous exposure time, would solve
the issue of dealing with different systematic uncertainties.
Indeed, for elements with multiple isotopes, theN2 depend-
ence of CEvNS can provide a significant variation in the
measured number of events for each nuclei. In particular, for
germanium (Z ¼ 32) we have five stable natural isotopes:
70Ge, 72Ge, 73Ge, 74Ge, and 76Ge, implying a difference of up
to 15% in the relative number of neutrons.
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It is important to notice the behavior of the nuclear recoil
energy spectra due to the neutron number. We would expect
that the main difference between any two isotopes should
be dominated by the variation between the squares of
the corresponding number of neutrons for each isotope.
However, the different masses of the isotopes also play an
important role, especially at the high energy tail of the
recoil energy spectrum. We can illustrate this by consid-
ering two different isotopes, having N1 and N2 neutrons
and a mass given approximately by ðZ þ NiÞmN with mN
the mass of an average nucleon. Taking only leading
terms, the difference between their cross sections will
be, approximately,

δ ¼ dσðN2Þ
dT

−
dσðN1Þ
dT

¼ GFmN

π

�
aðN1; N2; ZÞ − bðN1; N2; ZÞ

mNT
2E2

ν

�
ð2Þ

with

aðN1; N2; ZÞ ¼ gnV
2ðZðN2

2 − N2
1Þ þ ðN3

2 − N3
1ÞÞ

bðN1; N2; ZÞ ¼ gnV
2ðZ2ðN2

2 − N2
1Þ þ 2ZðN3

2 − N3
1Þ

þ ðN4
2 − N4

1ÞÞ: ð3Þ

For the case of 70Ge and 76Ge, we will have a=b ≃ 0.01,
which means that the difference, δ, will vanish for
T ¼ 0.02E2

ν=mN . For example for a reactor antineutrino
of Eν ¼ 6 MeV this happens around T ≈ 0.7 keV, while
for a π-DAR source for a neutrino of Eν ¼ 40 MeV, the
same situation arises at T ≈ 32 keV. The more appealing
result is that δ will be negative for recoil energies above
these values, that is, despite our expectation of a higher
number of events for heavier isotopes, this is not the case in
the tail of the recoil spectrum, an odd feature that could help
to test the predicted CEvNS cross section. This is illustrated

in Fig. 1 for reactor and π-DAR neutrinos, where we show
the expected differential rate for two different isotopes after
integrating over the incoming neutrino energy in each case.
In general, to study the response of the proposed array of

isotopically enriched detectors, we start by defining the
expected number of events, given by the convolution of the
differential cross section, dσ=dT, and the neutrino flux,
ϕðEÞ, that is:

N theo ¼ ND

Z
T
AðTÞdT

Z
EMax

Emin

dEϕðEÞ dσ
dT

; ð4Þ

with ND the effective number of target nuclei within the
detector during the running time of the experiment, and
AðTÞ an acceptance function.
We can use the total number of events predicted by

Eq. (4) to perform different tests. In general, given a set of
different detectors for which correlations are present, we
can use a simple χ2 analysis by minimizing the function:

χ2 ¼
X
ij

ðN theo
i −N exp

i Þ½σ2ij�−1ðN theo
j −N exp

j Þ; ð5Þ

where σ2ij is the covariant matrix and N exp
i the ‘exper-

imental’ measurement, which we will take as the SM
prediction in each case. The theoretical number of events,
N th

i , depends on the set of parameters under study, and
the indices i, j run over the number of detectors within
the array.
To illustrate the idea, we can consider an experimental

array of three different germanium isotopes: lGe, mGe, and
nGe (with l,m, and n the total number of nucleons), located
at the same distance from the neutrino source and taking
data simultaneously. Under these conditions, the detectors
will be exposed to the same neutrino flux, regardless of
any variations through the running time, and there will be
correlations among the systematic uncertainties which, as
we will see, will be useful to test the observable under
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FIG. 1. Differential event rate in terms of the nuclear recoil for two different isotopes (70Ge and 76Ge) exposed to a stopped-pion
neutrino source (left) or a reactor flux (right). As discussed in the text, we can see that for higher energies the lighter 70Ge has higher
predicted rates per keV in both cases.
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study. This approach can easily be extended to more
isotopes and different materials. In our particular example,
the covariance matrix is a 3 × 3 matrix with nonzero
elements outside the diagonal due to the correlation

between the detectors. Denoting by A and B the most
significant sources of errors within the experiment, with σAk
and σBk (k ¼ l; m; n) their corresponding uncertainties for
each isotope, we have:

σ2 ¼

0
BB@

σstatl
2 þ σAl

2 þ σBl
2 σAlσ

A
m þ σBlσ

B
m σAlσ

A
n þ σBlσ

B
n

σAlσ
A
m þ σBlσ

B
m σstatm

2 þ σAm
2 þ σBm

2 σAmσ
A
n þ σBmσ

B
n

σAlσ
A
n þ σBlσ

B
n σAmσ

A
n þ σBmσ

B
n σstatn

2 þ σAn
2 þ σBn

2

1
CCA: ð6Þ

This notation allows us to generalize the matrix elements
for experiments with different neutrino sources and detec-
tion technologies. The superscript in each case denotes the
systematic uncertainty source, while the sub-index makes
reference to the associated isotope. In what follows, we will
show how this particular approach can be used to study
different parameters regarding nuclear and particle physics.

II. TESTING THE N2 DEPENDENCE OF CEvNS

The dominance of the CEvNS cross section, when
compared to other processes, comes from the characteristic

N2 dependence. Here we show some predictions consistent
with this dependence when comparing the relative mea-
surements between detectors that differ only in the number
of neutrons. To do so, we replace the N factor in Eq. (1) by
a variable, N0, which will test how much an experimental
measurement deviates from the N2 dependence. Just as the
number of neutrons, this factor will be different for each
nucleus, and we can express the predicted number of events
for a particular detector as:

N theo ¼ N02
�
gn

2

V ND
G2

FM
π

Z
T
AðTÞdT

Z
EMax

Emin

dE

�
1 −

MT
2E2

ν

�
ϕðEÞF2

Nðq2Þ
�

þ N0
�
ZgpVg

n
VND

G2
FM
π

Z
T
AðTÞdT

Z
EMax

Emin

dE

�
1 −

MT
2E2

ν

�
ϕðEÞFZðq2ÞFNðq2Þ

�

þ Z2gp
2

V ND
G2

FM
π

Z
T
AðTÞdT

Z
EMax

Emin

dE

�
1 −

MT
2E2

ν

�
ϕðEÞF2

Zðq2Þ ð7Þ

The first term in Eq. (7) explicitly shows the dominant
quadratic dependence on the number of neutrons for
N0 ¼ N. An N2 rule would be absolute if gpV ≪ gnV so that
the second and third terms would be negligible. Indeed, this
is close to the real case since gpV=g

n
V ≈ 0.05; nevertheless, in

all our computations we consider the complete expression
of Eq. (7). We have explicitly checked that our results for
the limiting case gpV → 0 are qualitatively similar. To test
the sensitivity to the N2 rule we can perform a χ2 analysis
following the covariant matrix approach introduced in the
previous section, where the parameters under study will be
the N0

k factors, where the sub index k has been introduced
to remark that N0 is different for each isotope. In all our
computations we will assume an array of the three different
isotopes: 70Ge, 72Ge, and 76Ge, so we take l ¼ 70,m ¼ 72,
and n ¼ 76 in Eq. (6). Other combinations can be taken
among all of the stable isotopes of germanium. Regarding
systematic uncertainties, for π-DAR neutrinos we take the
most significant contributions for systematic uncertainties

as those coming from quenching factors (A ¼ QF) and
form factors (B ¼ FF). Furthermore we consider two
scenarios, one where these contributions are of σAk ¼
25% and σBk ¼ 10%, respectively, and another scenario
where both contributions are of 5%. For reactor sources, we
take the main sources of systematic uncertainties as those
coming from the quenching factor (A ¼ QF), and the
neutrino flux itself (B ¼ NF), with the same numerical
configurations as in the case of π-DAR sources. In addition,
for all our computations we consider background effects by
adding a 10% contribution of the SM prediction to the
statistical uncertainty.
We consider now a neutrino flux from a stopped-pion

neutrino source; specifically one with similar character-
istics to the SNS at ORNL [39]. In such case, the total
incident neutrino flux is given by three different contribu-
tions which result from the decay of pions and muons. To
calculate the expected number of events, we consider a
mass of 10 kg for each isotope, a time of exposure of one
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year, a Helm distribution for protons and neutrons, and an
acceptance function equal to a step function.
The χ2 function in Eq. (5) is a three variable function that

defines a volume in the parameter space N0
k for the allowed

values of these factors which are consistent with the theory
at a desired C.L. Three projections are shown in the left
panel of Fig. 2 at a 90% C.L. for the configuration where
both systematic uncertainties contribute with a 5%. For
instance, the magenta region shows the simultaneously
allowed N0

k values for 72Ge and 76Ge when marginalizing
the information about 70Ge. As we can see, the expected
region forms an ellipse that restricts the values of N0

k to lie
in correlation to one another according to the N2 rule. A
similar analysis is shown in green for the pair 70Ge, 72Ge
and in blue for the pair 70Ge, 76Ge. Notice that the centroid
of the regions are separated from the diagonal, in propor-
tion to the difference in neutron number, as expected.
We also consider the case of the same detector array,

exposed now to a reactor antineutrino flux [40–42]. In this
case, the flux from the reactor will be composed of only
electron antineutrinos. For our computations we assume a
neutrino flux of 1 × 1013 ν=cm2=s (a typical flux for
several CEvNS experiments [29]), one year of data taking
and a mass of 10 kg for each isotope. The incoming flux
will be higher in this case, although the nuclear recoil
energy threshold is more demanding. Despite this, if a
1 keV recoil-energy threshold level can be reached, it is
expected that this set of detectors can test the N2 rule with
good significance, as shown in the right panel of Fig. 2,

where we considered 1 keV < T < 2 keV. We see a clear
improvement in the resolution for this rule. For illustration,
we show the two considered configurations of systematic
uncertainties. The colored regions represent the scenario for
which the main contributions to the systematic uncertain-
ties have an impact of 25% and 10%, while the dashed
contours represent the corresponding case where each of
them contribute with a 5%. We can see that the larger
systematic errors have an impact on the length of the
ellipses, while the width is still dominated by the statistical
error.
We now comment on the viability of this array to test the

predictions of the CEvNS cross section regarding the
number of events for a given experiment. To this end we
can refer to Fig. 1, where we see that the number of events
in each detector depends on the nuclear recoil energy
region chosen. Taking advantage of the high statistics data
that can be obtained with a reactor source, we can explore
the expected results for three different regions under the
same previously discussed conditions. We show in Fig. 3
the regions where we expect to have a measurement of the
number of events when comparing the data from different
detectors by pairs, again marginalizing the information of
the third detector, and considering the correlation effects for
different nuclear recoil energy intervals. Indeed, if the N2

rule holds, the different measurements in the germanium
detectors will be correlated. The top panels refer to the
conservative case of large systematic uncertainties, while
the lower panels refer to the case where each contributes

FIG. 2. Left panel: expected measurement of the N dependence in the case of different Germanium detectors within the same
experimental setup. We assume that the three detectors, with equal mass, will be exposed to the same π-DAR neutrino beam with equal
contribution of σAk ¼ σBk ¼ 5% from the main systematic errors (see the text for details), that the systematic errors will be correlated, and
we consider events from 5 to 30 keV nuclear recoil. We show the allowed regions for N0 values by pairs of isotopes with total nucleons
(k1, k2). The green, magenta and blue regions correspond, respectively, to the results of 70Ge vs 72Ge, 72Ge vs 76Ge and 70Ge vs 76Ge at a
90% C.L. when marginalizing over the missing detector. The first number in the ordered pair on the inset corresponds to the horizontal
axis and the second to the vertical axis. Right panel: we show for comparison the case of a reactor based experiment with an electron
recoil energy from 1 to 2 keV. Here we explicitly show the comparison of the results for different systematic uncertainties assumptions.
Colored regions refer to the pessimistic case of σAk ¼ 25% and σBk ¼ 10% main systematic contributions. Dashed contours refer to the
case of 5% equal contributions.
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with a 5%. If the detector technology is such that allows a
very low nuclear recoil energy threshold, then we get a
relation as seen in the left panels of Fig. 3, where an energy
region between 0.4 and 0.8 keV has been assumed. We can
distinguish two clearly separated regions due to the high
statistics of events. In the central panels we show the
intermediate energy region corresponding to 0.7–1.0 keV,
showing an overlap of the predicted regions since we are
considering an energy interval corresponding to a neigh-
borhood of the crossing point of the differential spectrum
shown in the right panel of Fig. 1. Finally, in the right
panels of Fig. 3, we take a recoil energy spectrum from
1 keV to 2 keV, and the ordering of the ellipses is
interchanged since the lightest isotope detector will mea-
sure more events than the heavier one. Even in this case the
sensitivity would be enough to clearly distinguish different
pairs of measured event rates. For comparison, the dashed
contours show the result of the expected measured number
of events for the pair 70Ge, 76Ge in the case where we do not
have any correlations. It is clear that the effect of correlation
is of the highest importance.1 This impressive resolution
could be also useful to strongly constrain physics beyond
the Standard Model, especially if we can forecast a
difference in the spectral shape of the events. The above

discussion applies for both configurations of systematic
uncertainties presented so far, the only difference being
the length of the axis of the ellipses when we consider the
different correlations.

III. CONSTRAININGTHENEUTRONRMSRADIUS

As we have pointed out, neutrinos coming from π-DAR
sources are on an energy regime where the nuclear form
factors play an important role in the theoretical prediction
of the total number of events for a given experiment. This
dependence can be used in order to constrain parameters
relevant to nuclear physics as the neutron rms radius (Rn),
defined as the average radius within which neutrons are
distributed in the nucleus. An accurate determination of this
parameter is of general interest not only for nuclear physics,
but also in the characterization of dark matter detectors and
in the experimental measurement of the neutrino floor.
Currently, the neutron RMS radius has only been exper-
imentally measured for a few elements, and the process of
CEvNS can be used as a tool to determine the RMS radius
of the target material. Explicitly, in the Helm parametriza-
tion of the form factor we have:

FHelm
N ðq2Þ ¼ 3

j1ðqR0Þ
qR0

e
−q2s2

2 ð8Þ

where j1ðxÞ is the spherical Bessel function of order one,
and R0 satisfies:

FIG. 3. Expected number of events for the three different Ge detectors exposed to a reactor antineutrino flux. The rate from the higher-
mass of the two isotopes is shown on the vertical axis. Top panels refer to systematic uncertainties of σAk ¼ 25% and σBk ¼ 10%, while
lower panels correspond to 5% each. We show in the left panels the result of integrating on the low recoil energy of the spectrum from
0.4 to 0.8 keV. In the central panels we consider an intermediate energy range from 0.7 to 1 keV, and the right panels a high energy range
from 1 to 2 keV. It can be seen that the blue and green ellipses get interchanged as expected from the energy spectrum shape shown in
Fig. 1. For comparison, the uncorrelated cases for the 70Ge vs 76Ge pair are also shown in the right panels (dashed contours).

1For this reactor example, the error in the antineutrino flux
spectrum will also be a correlated error. However, it is expected
that this error will be smaller than the dominant QF effects.

GALINDO-URIBARRI, MIRANDA, and GARCIA PHYS. REV. D 105, 033001 (2022)

033001-6



R2
n ¼

3

5
R2
0 þ 3s2 ð9Þ

with s the neutron skin. Our proposed experimental array
can be used to constrain Rn for the involved isotope targets.
To this end, we use the same set of germanium detectors
under the same conditions of the analysis presented in
Sec. II for the SNS case. We perform the χ2 analysis, this
time by considering the three neutron rms radii as our
variable of interest. Figure 4 shows the results at a
90% C.L. of the allowed regions for different radii by
pairs when marginalizing the information about the other
radius. Top panels refer to large contributions from sys-
tematic errors and lower panels to small contributions as in
the previous section. Left panel shows the allowed values of
R70 and R72 after marginalizing the information of R76.
The green region shows the results when we consider the
correlations between systematic uncertainties, while the
dashed line in the same figure represents the situation
where no correlations are considered. The central panel of
the same figure shows the allowed region for the pair R70,
R76, and the right panel shows the combination R72, R76.
Here we have considered the background effects as the 10%
of the SM prediction in the number of events. Regardless of
the configuration of systematic uncertainties, the effects of
the correlations are present to a certain degree. Notice that,

physically, Rn > 1.56 fm according to Eq. (9). Different
parametrizations exist for the distribution of both protons
and neutrons within the nucleus. Another common one in
the literature is the symmetrized Fermi (SF) distribution.
We have explicitly checked that similar results can be found
with this case.

IV. CONSTRAINING THE STANDARD MODEL
AND NONSTANDARD INTERACTIONS

PARAMETERS

Besides constraining parameters that are relevant for
nuclear physics, we can perform tests to the SM at low
energies, as well as we can also get information about new
physics scenarios. In the case of the SM, the weak mixing
angle appears in the cross section of CEvNS through the
relation:

gpV ¼ 1

2
− 2 sin2 θW ð10Þ

On the other hand, we consider the formalism of non-
standard interactions (NSI) as the parametrization of new
physics. Including these effects, theCEvNScross section for
an incoming electron (anti)neutrino now reads [12]:

FIG. 4. Neutron rms radius at a 90% C.L. for the pairs R70 vs R72 (left), R72 vs R76 (center), and R70 vs R76 (right), after marginalizing
the information of the third isotope. In all cases the filled region represents the results when considering the correlation between
detectors. The dashed line indicates the uncorrelated case. We consider background effects by adding a 10% contribution of the SM
prediction to the statistical uncertainty. Top panels refer to systematic uncertainties contributions of σAk ¼ 25% and σBk ¼ 10%, while
lower panels correspond to 5% each.
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dσ
dT

ðEν;TÞ≃
G2

FM
π

�
1−

MT
2E2

ν

�
f½ZðgpV þ2εuVee þ εdVee ÞFV

Zðq2Þ

þNðgnV þ εuVee þ2εdVee ÞFV
Nðq2Þ�2

þ
X
α¼μ;τ

½Zð2εuVαe þ εdVαe ÞFV
Zðq2Þ

þNðεuVαe þ2εdVαe ÞFV
Nðq2Þ�2g ð11Þ

Where εfVαβ are the constants that parametrize new
physics. This expression contains nonuniversal (α ¼ β),

as well as flavor changing (α ≠ β) parameters. In this way,
we parametrize physics beyond the SM. The specific
meaning of each of the couplings depends on the model
under study. These include SM extensions like those
considering two Higgs triplets, light mediators, nonunitar-
ity of the mixing matrix, etc. The presence of one or more
of these parameters within the cross section, can induce a
degeneracy in the allowed values of the weak mixing angle,
as well as in the values of NSI’s when considering two
of them to be nonzero at a time. This degeneracy can
be broken when using our proposed array of detectors.

FIG. 5. Allowed values at a 90% C.L. for sin2 θW vs εdVee (left), and εdVee vs εdVτe (right). In both cases the region between dashed lines
represents the case where no correlations are considered. The filled curves indicate the correlated case for the three different nuclear
recoil energy regions under study for reactor neutrinos. We consider the two main systematic error contributions as σAk ¼ 25% and
σBk ¼ 10% (left) and 5% each (central). Background effects are considered by adding a 10% contribution of the SM prediction to the
statistical uncertainty.

FIG. 6. Allowed values at a 90% C.L. for sin2 θW vs εdVee (left), and εdVee vs εdVτe (right). In both cases the region between dashed lines
represents the case where no correlations are considered. The filled curves indicate the correlated case for the three different nuclear
recoil energy regions under study for reactor neutrinos. We consider the two main systematic error contributions as σAk ¼ 25% and
σBk ¼ 10% (left) and 5% each (central). Background effects are considered by adding a 10% contribution of the SM prediction to the
statistical uncertainty.
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Here we exemplify with two different cases. To this end, we
consider reactor neutrinos, since they are on an energy
regime, where the form factor does not play a significant
role, which allows us to study NSI parameters in a cleaner
manner. Again, we perform a χ2 analysis assuming the two
different configurations of systematic error contributions.
Figure 5 shows the analysis when we vary the weak

mixing angle and one nonuniversal NSI parameter (εdVee ).
The regions enclosed by dashed lines are the allowed
regions at a 90% C.L. when no correlations between
detectors are present. Notice that here we have two different
regions, allowing values for sin2 θW even smaller than 0.1
and larger than 0.4, while the NSI can take relatively large
values around 0.4. In the same figure, we show the allowed
regions when we consider correlations between detectors,
where we have separated our results according to the three
regions of the differential recoil energy defined in Sec. II.
The magenta region shows the results for the high energy
tail of the spectrum 1 < T < 2 keV, the blue region for
0.7 < T < 1 keV, and the gray region for the low energy
threshold 0.4 < T < 0.8 keV. We notice that the degen-
eracy of the allowed values for these parameters is broken
for both of the systematic error contribution scenarios. For
comparison, we show the χ2 analysis for the current Ar data
when fixing the weak mixing angle to the low-energy
central value sin2 θW ¼ 0.23865 [43]. We notice that the
degeneracy in the NSI parameter is also present in the Ar
result. We conclude that our proposed method can be used
to break this degeneracy by using a single measurement by
taking advantage of the correlation between different
isotopes.
A similar analysis is show in Fig. 6, this time considering

the weak mixing angle fixed and varying two different NSI
parameters at a time, one nonuniversal, and one flavor
changing. The region between dashed lines shows the case
when no correlations are considered, while the colored
regions show the results when correlations are present
under the same color code as defined in the previous case.
We notice that, again, the degeneracy is broken between
parameters. For comparison, we also show the current
analysis for Ar data when assuming only one of each of the
parameters to be nonzero at a time [43]. We notice that,
again, the current degeneracy on the nonuniversal param-
eter can be broken by using an array of different isotopes.

V. CONCLUSIONS

In summary we present a novel approach for precision
measurements of CEvNS. There are no major obstacles for
constructing and operating multi-isotope detector arrays

based on current technologies. Detailed sensitivity studies
will require of the knowledge of the detector response and
background models associated with the specific experi-
mental conditions. Second order effects in the detectors
attributed to differences in the isotopic composition of its
constituents will have to be taken into consideration such as
departures from 100% enrichment, differences in fiducial
masses, differences of quenching factors and cosmogenic
and neutron-induced backgrounds [44,45].
We have shown that measuring CEvNS from the same

neutrino source at the same time with several isotopically
enriched detectors will improve the accuracy of the
measurement. We have illustrated this idea with a well
motivated array based on three different germanium iso-
topes and applied to the concrete example of confirming the
N2 rule. We have also illustrated how, in the case of a
π-DAR neutrino flux, the measurement of the mean neutron
radius can be improved. For the reactor antineutrino case,
we have shown how the proposed array can provide a
robust test for new physics. The proposal discussed here
will help to achieve the necessary accuracy to untangle
different contributions from nuclear and particle physics
allowing for a reliable constraint on physics beyond the SM
that would be free from neutron charge distribution
uncertainties [8] and can resolve the characteristic degen-
eracies appearing in these scenarios. The same technique
can be applied to other technologies that allow lower
energy thresholds as in the case of bolometers. After the
first detection of CEvNS at the SNS, the next generation of
experiments will aim for precision measurements. Despite
several years and a worldwide effort, detection of CEvNS
at a reactor has not been observed. Neutrino fluxes and
quenching factors remain as considerable sources of
uncertainty. We have shown that with the current level
of uncertainties, this proposed array would allow a clear
signature of (anti)neutrino detection, keeping the different
systematics under control. Our combinations of systematic
error contributions show how future improvements on the
systematics will improve the accuracy of the measurements
for different observables.
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