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The recent observation of coherent elastic neutrino-nucleus scattering (CEvNS) with neutrinos from
pion decay at rest (z-DAR) sources by the COHERENT Collaboration has raised interest in this
process in the search for new physics. Unfortunately, current uncertainties in the determination of
nuclear parameters relevant to those processes can hide new physics effects. This is not the case for
processes involving lower-energy neutrino sources such as nuclear reactors. Note, however, that a
CEvNS measurement with reactor neutrinos depends largely on a (still-missing) precise determination
of the quenching factor at very low energies, making its observation more challenging. In the
upcoming years, once this signal is confirmed, a combined analysis of z-DAR and reactor CEvNS
experiments will be very useful to probe particle and nuclear physics, with a reduced dependence on
nuclear uncertainties. In this work, we explore this idea by simultaneously testing the sensitivity of
current and future CEvNS experiments to neutrino nonstandard interactions (NSIs) and the neutron
root mean square (rms) radius, considering different neutrino sources as well as several detection
materials. We show how the interplay between future reactor and accelerator CEUNS experiments can
help to get robust constraints on the neutron rms and to break degeneracies between the NSI
parameters. Our forecast could be used as a guide to optimize the experimental sensitivity to the

parameters under study.
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I. INTRODUCTION

The process of coherent elastic neutrino-nucleus scatter-
ing (CEvNS) was theoretically proposed more than 40 years
ago [1]. In this process, a relatively low-energy neutrino
interacts with a nucleus as a whole, and, as a result of the
interaction, the nucleus acquires a kinetic recoil energy
that can be measured. Given its low-energy signal, CEVNS
was not observed until 2017, when the COHERENT
Collaboration reported its first experimental measurement
by using neutrinos from the Spallation Neutron Source
(SNS) and a cesium iodide (Csl) detector [2] at Oak Ridge
National Laboratory. A second measurement was per-
formed by the same collaboration in 2020 [3], this time
by using a liquid argon (LAr) detector, and a more recent
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dataset from the CsI detector was also released in 2021 [4].
Since then, CEvNS has been widely used to test Standard
Model (SM) parameters [5,6], to study nuclear physics
parameters through the neutron root mean square (rms)
radius [7,8], as well as to constrain new physics scenarios.
These include neutrino nonstandard interactions (NSIs)
[9-13], neutrino electromagnetic properties [14—17], neu-
trino generalized interactions [18-20], CP-violating effects
[21], light mediators [22-24], sterile neutrinos [25,26], and
dark fermion production [27], among many other scenarios.
A recent combined analysis of COHERENT CsI and LAr
data can be found in Ref. [28].

The coherent character of CEvNS comes from the fact
that, for energies up to some tens of MeV, the contribution
to the cross section from the neutrons inside the nucleus
adds up coherently, giving as a result a characteristic
quadratic dependence on the number of neutrons of the
target material. Because of the incoming neutrino energy
range needed for coherency, neutrinos from pion decay at
rest (7-DAR) sources are suitable to study CEvNS. This is
the case of the COHERENT Collaboration, which uses
neutrinos produced at the SNS [29]. In addition, many other
collaborations aim to measure CEvNS from different
7-DAR sources in the following years, such as the
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Coherent CAPTAIN-Mills experiment [30], as well as the
experimental proposal at the future European Spallation
Source (ESS) [31].

After the two successful measurements of CEvNS by
COHERENT, there has been a wide interest from the
community on measuring CEvNS by using different target
materials and neutrino sources. For instance, using various
materials can help to unambiguously corroborate the cross
section’s quadratic dependence on the number of neutrons
of the target material. In fact, the complete COHERENT
program includes detectors using different technologies
such as Ge and Nal [32], as well as a proposed cryogenic
CsI detector [33] at the SNS. As an alternative, the
feasibility of using different isotopes of the same material
to test the CEvNS cross section has also been proposed in
[34]. This approach can also be useful in the searches for
new physics with CEUNS. It has been shown, for example,
that degeneracies in the determination of neutrino NSIs
with matter can be lifted when combining CEvNS results
from different detectors [35]. As for practical purposes, the
applicability of CEuvNS for reactor monitoring has also
been studied [36].

Likewise, the interest in measuring CEvNS from differ-
ent neutrino sources has been increasing throughout the
years. Indeed, very low thresholds in dark matter (DM)
detectors will soon become sensitive to CEVNS from solar
neutrinos as part of their backgrounds. However, the most
promising channel for CEuvNS detection through new
neutrino sources is that of reactor neutrinos. These neu-
trinos are in a lower energy regime than those coming from
7-DAR sources, and, hence, their detection is significantly
important. In the case of 7-DAR neutrinos, the cross section
is sensitive to the nuclear structure of the target material
through the form factor. In contrast, for reactor neutrino
energies, nuclear distribution effects do not play a signifi-
cant role, and so they are negligible (see Sec. III). This
feature can be exploited to obtain complementary mea-
surements that can help to study new physics effects
without the uncertainties that come from nuclear effects.

Regarding the current status of CEvNS searches using
reactor neutrinos, suggestive evidence of a positive signal
has been reported in [37]. Note, however, that its inter-
pretation is highly dependent on quenching factor mea-
surements. Beyond this result, many experimental efforts
are currently under development with the aim of measuring
CEvNS from reactor neutrinos, as is the case of experi-
ments like CONUS [38], vGeN [39], CONNIE [40], and
Red-100 [41], among many others. Then, a detailed
forecast of the complementarity between current and future
experiments of different neutrino sources is needed. In this
work, we explore how the combination of CEvNS experi-
ments that use neutrinos produced from different sources
could help us to constrain both NSIs and nuclear param-
eters. This kind of analysis was first explored in [42] for a
single flavor-conserving NSI parameter. Here, we extend

the analysis to both nonuniversal and flavor-changing
NSIs. In the case of z-DAR sources, we first make use
of the latest data from the COHERENT CslI detector. In
addition, we explore the expected sensitivity to the same
parameters of two future z-DAR source experiments: a Ge
detector located at the SNS and a proposed Xe detector at
the future ESS. As for reactor neutrinos, we explore their
near-future expected sensitivity to NSIs by considering the
detector characteristics and background models of a
CONUS-like [38] and a vGeN-like experiment [39], each
under a different quenching factor (QF) assumption, since
the observation of CEvNS for reactor neutrinos largely
depends on this quantity. With this approach, our estima-
tion of the sensitivity of future CEUNS experiments will be
as realistic as possible.

The remainder of this paper is organized as follows. In
Sec. II, we discuss the theoretical features of CEVNS, the
role of the rms radius, and the general framework of NSIs.
In Sec. III, we describe in detail the different neutrino
sources considered in this work as well as the character-
istics of the analyzed neutrino detectors. In Sec. IV, we
discuss the analysis procedure followed to obtain the
sensitivities on the nuclear physics and new physics
scenarios investigated, with the corresponding results
presented in Sec. V. Finally, we draw our conclusions
in Sec. VL.

II. THEORETICAL FRAMEWORK

A. Coherent elastic neutrino-nucleus scattering
Within the SM, the CEvNS cross section is given by [1]

do _G%M MT V2
(dT)SM_ T (1_2@)(QW)’ ()

where G is the Fermi constant, M is the mass of the target
material, 7 is the nuclear recoil energy, E, is the energy
of the incoming neutrino, and Q}, is the weak charge,
given by

(OW)* = (ZF2(4*) gy + NFy(q*)gh)*. (2)

with g} =1/2 —2sin’ 0y, and ¢, = —1/2 the coupling
constants defined in the SM and 6y, the weak mixing
angle. Notice that, within the SM, the CEuNS cross
section is flavor independent, with small corrections that
have been studied in [43] but that are not relevant for
current experimental sensitivities. The functions F(g?)
and Fy(q?) in Eq. (2) are called the proton and neutron
form factors, respectively, and they describe the distribu-
tion of the corresponding protons and neutrons within the
nucleus as a function of the momentum transfer, g. We can
find different parametrizations to these form factors in the
literature, including the symmetrized Fermi [44], the
Helm [45], and the Klein-Nystrand [46] parametrizations.
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Our results are independent of the parametrization, and we
use the Klein-Nystrand one, which is given by

GIRx  \1+1q|*az

with X = Z, N standing for protons and neutrons, respec-
tively. In this equation, j; is the spherical Bessel function
of the order of 1, a; = 0.7 fm, and each Ry satisfies [47]

W[

R} = (R}, — 6a;) (4)
and

R =

W | W

(R — 6ay). (5)

with R, and R, the proton and neutron rms radius,
respectively. Thanks to the electromagnetic coupling of
protons, there are many experimental measurements of the
parameter R, for different materials, with experimental
precision of O(107% fm) and even O(10~2 fm) for some
nuclei [48]. In contrast, the neutron rms radius is more
difficult to determine, and, therefore, it is known only for a
few nuclei [49]. Theoretical inputs for the neutron rms
radius exist for a variety of nuclei like “°Ar [50], among
other nuclei relevant for CEvNS detection [51]. These
predictions, derived, for instance, from shell models,
strongly constrain the neutron rms radius, based on
predictions of the nuclear skin, R, — R ,, with an estimated
theoretical uncertainty of O(107> fm), arising from the
calculation of the weak form factors in Eq. (3) [43]. Note,
however, that these uncertainties strongly rely on theo-
retical assumptions and, depending on the model, may
increase to O(1072 fm) [43]. A correct estimate of the
uncertainty on the neutron rms radius is crucial, since it
has a significant impact on the computation of the CEvNS
cross section. On the experimental side, measurements
of the neutron rms radius, determined through parity-
violation electron scattering, currently exist for nuclei like
208pp [52] and *8Ca [53]. Moreover, the neutron skin has
been estimated from antiprotonic x-ray data for a few
nuclei [49], with a precision of up to O(1072 fm). Besides
those results, as recently shown, the study of CEvNS can
be used to determine the neutron rms radius [7]. In
particular, the neutron rms radius for Csl has been con-
strained using latest COHERENT data with an uncertainty
of the order of O(10~! fm) [5]. Larger statistics and better
control of systematic uncertainties will allow one to

'A complete discussion of the relevant theoretical uncertainties
in the calculation of the CEvNS cross section from effective field
theories, accounting for radiative corrections, can be found in
Ref. [43].

improve this uncertainty soon, enhancing the importance
of a correct characterization of CEvNS detectors.

B. Nonstandard interactions

The formalism of NSIs accounts for possible new
physics at low energies in the lepton sector of the SM
and may affect neutrino interactions in their production,
propagation, or detection. Here, we focus on the case of
NSIs at the detection point, which was first studied in [54].
In general, NSIs can be of either charged or neutral current
character. For the case of neutral current NSIs, our topic of
interest, the Lagrangian that needs to be added to the SM,
parametrized in terms of the Fermi constant, is given by

LR = —2V2Gr Y el (0" Prvg)(FrPcf).  (6)
a.p

where Greek characters run over the three neutrino
flavors, C = L, R stands for the chirality, and f represents
any of the SM charged fermions. The NSI constants efl/f
parametrize the new physics strength of interaction
weighted by Gp. Then, we expect these interactions to
be below O(1) so that they are subdominant with respect
to the SM weak force. Since we are interested in the
interaction of neutrinos with a nucleus, we will focus on
the case where the fermions are the up and down quarks
within the nucleus. Then, once NSIs are introduced for an
incoming neutrino of flavor a, the weak charge defined in
Eq. (2) is modified to [55]

QW = [ZF () (g + 2ey + edl)
+ NFy(q?) (g} + €4y + 2ed0))?
+ ZIZFz(qZ)(%ZX +ed¥)

fa
% (7)

+NFy(q?)(eqy + 2¢5)
where we have defined the vector coupling constants as’

% R L
egﬁ = egﬁ + Sgﬂ. (8)

In contrast to the SM, where the weak force is universal
and flavor conserving, NSIs can be either nonuniversal
(a = p) or flavor changing (a # /). For a general review
on neutrino NSIs, we refer the reader to Ref. [56].

III. NEUTRINO SOURCES FOR CEvNS

In this section, we briefly describe two neutrino sources
that can be used for the study of CEvNS: stopped pion
neutrinos and reactor neutrinos. Although we focus on

?Axial contributions in CEvNS interactions are expected to be
of the order of 1/A, and, hence, they are negligible for the nuclei
of interest.
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these sources, we would like to remind the reader that very
low threshold DM experiments will be sensitive to the
CEvNS contribution from solar neutrinos. Besides discus-
sing the relevant neutrino sources, in this work, we also
discuss several potential detectors that could be used in
future CEUNS searches. Our working scenarios can be
regarded as futuristic or optimized versions of current
detectors, such as COHERENT, CONUS, or vGeN.

A. n-DAR sources

Neutrinos from these sources are produced through the
collision of high-energy proton beams with a large-density
target material. Spallation sources represent a particular
kind of z-DAR sources on which proton beams are
delivered in pulses with a well-determined frequency.
This feature plays an important role in the determination
and characterization of backgrounds for CEUNS experi-
ments. Here, charged pions are produced as a by-product of
the proton collision. Then, pions are thoroughly stopped,
and they decay at rest, producing muon neutrinos. Since
this is a two-body decay, these neutrinos, often referred to
as prompt neutrinos, have a fixed energy, and the corre-
sponding flux can be described with a delta function:

dN, mlzz —m?
“(E,)) =nd <Ev - 7”) . 9)

Here, m, is the mass of the pion, m, is the mass of the

muon, and § = rNpgyp/4xL? is a normalization factor that
depends on the distance from the source to the detector, L,
and on the number of protons on target, Npor. The pion
yield r gives the ratio of produced z* per POT and, hence,
quantifies the number of neutrinos of each species
produced for each POT. As pions decay, there is also a
production of muons, which eventually also decay at rest,
producing electron neutrinos and muon antineutrinos.
Since this last decay is a three-body process, the energy
of the released neutrinos, known as delayed neutrinos, is
no longer fixed, and it is described by the following
distributions:

dN, 64E2 (3 E

“(E,) = L2z, 10
i ) =1 ¢ m) (10)
dN, 192E2 (1 E
Y (E)) = vi—__—¥v , 11
dED( L) =1 pre <2 m,,) (11)

where # is the same normalization factor defined above.
Then, the total flux at z-DAR sources will be the sum of
the three neutrino contributions in Egs. (9)—(11). Once the
cross section is known, the number of events for each
neutrino flux component at a CEvNS experiment can be
computed as

Ti+] T/ max
NCENS :N/ dTg(T)/ dT'G(T,T')
T 0

E™dN, d
x / dE, e (£) Y (g, 1), (12)
E'Dni" (T/) dEI/ dT

where i corresponds to the ith energy bin and N is the
number of targets inside the material. For a z-DAR
experiment, N' = N mge /Mo, With N4 the Avogadro
number, mgy, the mass of the detector, and M, the molar
mass of the material. The limits on the integral over E, are

such that EM™" = /MT’/2, while E™** corresponds to the
maximum energy for the incoming neutrinos, which for
7-DAR sources is approximately 52.8 MeV. The resolution
of the detector is accounted for by using the smearing
function G(7T, T"), which depends on the true recoil energy
of the nucleus, 7’, and the reconstructed energy, 7. In
addition, Eq. (12) includes the efficiency of the detector
€(T). The total number of events for an energy bin i/ is given
by the sum over the three neutrino flux components:

Lo

NiCE’/NS — NCEUNS . ( 1 3)
2

In some cases, timing distributions for the measured
CEvNS events are provided by the experiment. Accounting
for this information when necessary, the number of events
associated to an energy bin i and a timing bin j can be
calculated as

Ljt1
N,-CjE”NS — ZNE‘EUNS/J F(De 0V (14)
a tj

where f,(t) is the flavor-dependent timing distribution
and ¢,(¢) is the timing efficiency. In this work, we consider
the latest dataset of the COHERENT Csl detector, as well
as two future data samples involving z-DAR sources.
For the latter, we simulate future results to be obtained by
an undergoing Ge detector from the COHERENT
Collaboration at the SNS, and we analyze the sensitivity
of a proposed Xe-based detector at the still-under-con-
struction ESS.

1. COHERENT Csl detector at the SNS

In 2021, the COHERENT Collaboration reported an
updated data set of the Csl detector used to measure
CEUNS [4]. The Csl detector was located at 19.3 m
from the neutrino source, and, for the running time of
the experiment, the collaboration reported a value of
Npor = 3.198 x 10%, with a number of neutrinos per
flavor of r = 0.0848 [4]. These parameters are summarized
in Table I and allow us to compute the total neutrino flux
expected at the experiment. The smearing function
G(T,T'), as well as the efficiency shape for the detector,
is provided by the collaboration in supplemental material in
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TABLE I. Relevant parameters for the simulation of the CEUNS signal at z-DAR source experiments.

Experiment Mass (kg) Distance (m) r Npor (x10%) T (keV,,)
Csl 14.3 19.3 0.0848 3.198 4.18

Ge 16 22 0.0848 2.24 2.272
Xe 20 20 0.3 2.8 0.9

Ref. [4] as a function of the number of photoelectrons (PEs)
emitted by the scintillating material. These PEs result from
the nuclear recoil energy and satisfy

PE =LY x T, (15)
where LY is the light yield (13.35 PE/keV,. [2]) and T, is
the electron-equivalent recoil energy. This quantity is
related to the nuclear recoil energy T through

Tee = QF x T, (16)

where QF is the quenching factor, defined as the fraction of
kinetic recoil energy detected for the recoil of a heavy
particle when compared to an incident electron of the same
energy. For Csl, the electron-equivalent energy T, is a
function of the nuclear recoil energy 7, with a polynomial
of order four dependence, which is provided in supple-
mental material in Ref. [4], and from which one can extract
the QF at a given energy. Finally, the COHERENT
Collaboration has also provided information on the timing
distribution of CEvNS events. Then, to compute the
expected number of events due to CEUNS, we use
Eq. (14), with the timing shape taken from [57] and the
corresponding efficiency from [4]. In Fig. 1, we show a
projection of the obtained expected number of events in the
nuclear energy recoil parameter space (left panel) and in
the timing space (right panel). In the same figure, we also
show the backgrounds as provided by the COHERENT
Collaboration [4]. For the SNS, the reported dominant

NCEWNS
Fm NSSB
NNIN | BRN

0001 00z 003 004
T (keVyy) t (us)

FIG. 1. Predicted number of CEVNS events by the SM for the
Csl detector used by the COHERENT Collaboration. The left
panel shows the results in the recoil energy 7, parameter space,
while the right panel shows the distribution in time. Besides
CEvNS data (pink), the associated backgrounds are also indicated
in the figure: SSB in purple and NIN + BRN in cyan.

contribution to them comes from steady state backgrounds
(SSBs), which are those coming from natural sources such
as cosmic rays. In addition, there is a minor contribution
from beam-related neutrons (BRNs), produced as the result
of the original proton collisions, and neutrino-induced
neutrons (NINs), produced by charged and neutral current
interactions of neutrinos with the lead shield surrounding
the detector. The different bin widths in energy recoil in
Fig. 1 are taken so that they match the PE width shown by
the collaboration in Ref. [4].3

2. COHERENT Ge detector at the SNS

So far, the COHERENT Collaboration has reported
CEvNS measurements with two different detectors, one
based on Csl, as discussed above, and another one using
LAr. However, the complete experimental program of
COHERENT includes two other detectors: COH-Ge-1
and COH-Nal-2 [32]. Here, we will focus on the expected
sensitivity from COH-Ge-1, a germanium-based detector
array that, when completed, will consist of eight p-type
point-contact Ge detectors with an approximate mass of
2 kg each, giving a total mass of around 16 kg of detector
material, located at 22 m from the neutrino source [32].
Regarding SNS characteristics, this facility currently oper-
ates at a proton beam energy of 1 GeV, with a power beam
of 1.4 MW, although it is expected to be increased up to
2 MW in the near future. For our simulation, we consider
this last value of the beam power, corresponding to Npop =
2.24 x 10?? for one calendar year of SNS operations and to
approximately 5000 h of data taking [32]. For the number
of neutrinos per flavor released, we take the current
reported value of r = 0.0848 [4]. Regarding the energy
resolution of the detector, we consider a Gaussian smearing
function with 85 keV,, FWHM, and we assume a
conservative efficiency of 95%. A summary of all the
parameters considered for the calculation of the number of
events for this experiment is given in Table 1. With all these
considerations, we simulate the spectrum for one calendar
year of SNS operations, as shown in the left panel in Fig. 2,
where the bin size corresponds to 1 keV,, assuming a
constant QF of 0.22. Besides the spectrum of CEvNS
events, we also include in the figure the three main
expected sources of backgrounds: SSB and NIN + BRN.
The distribution of background events, taken from [58],

*For more details of the binning distribution and background
treatments, we refer the reader to Ref. [28].
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T T r
NCEWNS 1 I ) ]
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FIG. 2. Expected number of events after one year of data taking
at the 7-DAR source experiments under consideration. The left
panel corresponds to the signal (CEvNS + backgrounds) pre-
dicted for the Ge detector experimental setup, while the right
panel presents the spectrum expected for the xenon detector at the
ESS described in the text. For clarity, the blue line corresponds to
the square root of the expected SSB backgrounds, denoted

as VNSSB,

shows that SSB constitutes the dominant contribution for
backgrounds at the SNS.

3. Xenon detector at the ESS

Here, we will also analyze the expected sensitivity of a
CEwNS detector located at the future ESS. Even though this
facility is still under construction, several experimental
proposals are considering its particle physics potential [59],
including the possibility of measuring CEvNS with differ-
ent detection materials. As a working example, we consider
the case of a Xe-based detector with the same character-
istics as proposed in [31] and summarized in Table I. One of
the main advantages of using the ESS is its relatively large
maximum beam energy of 2 GeV and its beam power of
5 MW, under which r = 0.3. This allows for having
Npor = 2.8 x 10?3 in a calendar year of operation, which,
as in the case of the SNS, corresponds to approximately
5000 h. Regarding backgrounds, we consider the model
given in [31], according to which the contributions of BRN
and NIN in this facility are expected to be negligible.
However, one finds that the lower-frequency pulse of the
ESS in comparison to the SNS slightly reduces the SSB
background discrimination power of the experiment.4 The
relevant parameters necessary to calculate the expected
number of CEvNS events are shown in Table 1. For the
detector, we considered a Gaussian smearing function and
an efficiency of 80% following the prescription given in
[31]. The obtained spectrum and modeled backgrounds are
shown in the right panel in Fig. 2. Our result is consistent
with the spectrum reported in Ref. [35], where they

*In the bins that represent the 80% of the CELNS signal for our
experimental setups, the signal to background ratio lays between
1.77 and 2.93 for the Ge (SNS) detector and between 0.19 and
0.54 for the Xe (ESS) detector.

consider a three-year data taking for the same detector
characteristics.

B. Reactor experiments

As discussed in the introduction, there is great interest
within the community to pursue new CEvNS measurements
from neutrino sources other than z-DAR. Nuclear reactors
can constitute a very interesting source for CEvNS neutrino
experiments. There, electron antineutrinos are emitted by
the beta decay of neutron-rich elements produced in the
chain reactions that take place inside the reactor. The main
contribution to this neutrino flux comes from the decay of
four elements with different average proportions, which
depend on the characteristics of the nuclear reactor [60].
Here, we will assume 25U: 0.56, 2*°Pu: 0.31, 23%U: 0.07,
and ?*'Pu: 0.06. These fission fractions vary over time as
the fuel inside the reactor burns, so one can consider an
average value. For energies above 1.8 MeV, where kin-
ematics allows the detection of reactor antineutrinos via
inverse beta decay, the antineutrino spectrum can be
modeled by the Huber-Mueller parametrization [61,62]

6
HE) =S oot (10
m k=1

where f,, are the fission fractions discussed above and the
coefficients «,,; are defined in Refs. [61,62]. Below the
kinematic threshold for inverse beta decay, the antineutrino
spectrum can be modeled as in Ref. [63]. However, for
current detector thresholds regarding CEvNS experiments,
only neutrino energies above 2 MeV are relevant.” The
total number of events for a given reactor experiment is
determined from Eq. (12), by substituting the z-DAR
neutrino spectrum by the normalized reactor spectrum in
Eq. (17) multiplied by the corresponding flux.

Following the description above, we have estimated the
sensitivities of possible future CEUNS searches at reactor
neutrino experiments. The proposed experimental setups
are based on the reported configuration for backgrounds,
thresholds, and masses of the CONUS [38] and vGeN [39]
experiments. One of the main advantages of studying
CEvNS with reactor neutrinos is that, due to their energy,
the expected signal is blind to the effects of the proton and
neutron form factors. This is not the case for stopped pion
neutrinos, where the role of form factors is relevant and can
be confused with other new physics contributions to the
CEvNS cross section. Therefore, the combined analysis of
CEvNS experiments using 7z-DAR and reactor neutrino

3 Assuming a QF of 0.22 (0.19) and a 200 keV,, threshold for a
Ge detector, the associated nuclear recoil energy is 7 = 0.90 keV
(1.05 keV), which requires a minimum neutrino energy of
~5.5 MeV (5.9 MeV).
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TABLE II. Different cases analyzed for the CONUS-like and vGeN-like reactor experiments.
CONUS-like vGeN-like
d=17m, ¢ =23 x 103 cm™2s"! d=11m, ¢ =4x10" cm 257!

Case Time (yr) Mass (kg) ROI (keVe.) Case Time (yr) Mass (kg) ROI (keV,.)
1 1 4 [0.296, 0.446] 1 1 1.4 [0.32, 0.36]
2 1 16 [0.296, 0.446] 2 1 16 [0.32, 0.36]
3 1 4 [0.276, 0.446] 3 1 1.4 [0.30,0.45]
4 1 16 [0.276, 0.446] 4 1 16 [0.28, 0.45]
5 1 4 [0.216, 0.446] 5 1 1.4 [0.24, 0.45]

sources can help disentangle the nuclear physics parameters
from the potential signals of physics beyond the SM.

1. CONUS-like Ge detector

CONUS was a CEvNS experiment having the reactor at
the Brokdorf power plant as its neutrino source [64], with a
thermal power of 3.9 GW and a total flux of 2.3 x 103
antineutrinos percm?/s for an average distance of 17 m
from the detector to the reactor. The CONUS Collabo-
ration has not observed a positive signal of CEvNS but has
reported upper limits to the associated cross section [38].
The upgrade of the detector to CONUS+- is currently under
way [65]. Here, we study the sensitivity that a detector
similar to CONUS can reach in a scenario where the
measurement of CEvNS is achieved. During its first two
runs, CONUS used four high-purity p-type Ge detectors,
each with an approximate mass of 1 kg. As reported in
Ref. [38], each detector had different thresholds and
regions of interest for data analysis. To study the future
sensitivity of a CONUS-like experiment, we will assume
four detectors with the same characteristics as the detector
C1 in Ref. [38], for one year of data taking. This means
that we assume 4 kg of total fiducial mass and a threshold
of 0.296 keV,.. A summary of the relevant parameters for
the calculation of the total number of events is given in
Table II (see Sec. V C). The background model for the
analysis is taken from Ref. [38] and scaled to one year
of data taking. Note that the dominant contribution to
backgrounds comes from cosmic rays, and, then, it is
not correlated with reactor backgrounds, which are negli-
gible [66]. Note as well that the background spectrum is
presented in bins of width 0.01 keV... To convert this
signal into the equivalent one in nuclear recoil energy, we
assume an average QF of 0.19 in the region of interest. As
for the smearing function, by following the prescription
in [38], we assume a detector efficiency of 95% and a
Gaussian smearing with 85 keV., FWHM. Under these
assumptions, we get the distribution shown in the left panel
in Fig. 3, where we have considered a °Ge detector. For
reference, the yellow band in the figure indicates the region
of interest for the C1 detector, conveniently chosen by the

collaboration to increase the efficiency and reduce back-
grounds [38].

2. vGeN-like Ge detector

As a second working example of reactor sources, we
consider the characteristics of the vGeN experiment [39].
As in the case of CONUS, a signal of CEvNS has not been
reported by the vGeN Collaboration yet. Then, here
we will analyze the potential sensitivity of the vGeN-like
experimental setup assuming a positive measurement
can be achieved. Currently, the vGeN experiment is
located at the Kalinin nuclear power plant, with a thermal
power of 3.1 GW and an impressive flux of 4 x 10"
antineutrinos per cm?/s for a detector located 11 m from
the core of the reactor. The experiment consists of a
p-type Ge detector with a current fiducial mass of 1.4 kg
that can be further extended. As indicated in Ref. [39], the
region of interest for this detector goes from 0.32 to
0.36 keV,.. To convert those energies into nuclear recoil
equivalent energies, we assume a constant QF of 0.20. A
summary of the detector characteristics is given in Table II
(see Sec. VC). Regarding the smearing, we assume a
Gaussian distribution with 10.4 keV,.. FWHM, and we take

o7 1T Frr T T T 7 ]
L conus NE] 3 0F  ygeN P
40F N [ — N ]
L ROI | ] [ ROI ]
r ] 30F .
@ 30F = a L ]
g [ 5 I ]
S 20F 4 8 20p ]
10F 3 10p ]
G:I...I...I...I...: ] SR R IR E———
14 16 18 20 22 1.6 18 20 22
T (keVyr) T (keVny)
FIG. 3. Expected CEvNS spectrum at reactor experiments. The

left panel shows the expected signal at the considered CONUS-
like experiment described in the text. The right panel shows the
corresponding expected events for the GeN-like experiment. In
both cases, the squared root of the cosmic ray backgrounds, NCR,
is shown in blue, and the experimental region of interest is
indicated between yellow bands.
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the efficiency from [39]. Under these assumptions, we
simulate the expected event rate shown in the right panel in
Fig. 3, where we also present the backgrounds taken from
Ref. [39] and scaled to one-year data taking, again with a
dominant contribution from cosmic rays. Yellow bands in
the figure indicate the region of interest reported by the
collaboration.

IV. ANALYSIS

Once we have presented the different experimental
setups under consideration, we now describe the strategy
used to test the neutron rms radius as well as to constrain
NSI parameters. Our ultimate goal will be combining
different neutrino sources to constrain these parameters
when simultaneously studied. The procedure we follow is
essentially based on Ref. [42], although here we consider
additional NSI parameters and present our results with the
up-to-date data from the CsI COHERENT detector.
Besides, we consider more realistic scenarios of back-
grounds and efficiencies regarding future experiments.

We first analyze the current data from the CslI detector at
the SNS using the following Poissonian y? function [28]:

Nexp

2 h exp exp

X —2;[Nt( ) = NP + N, ln<Nth( ))]
3

2
Ay ﬂk
D Y S (18)
m=1 Oa,, aﬂk

k=1

with

NB(X) = (1 + a) ) NSNS (X ay. )
+ (14 BNSE + (14 ) NERN (ay)
+ (1 + B3NN (a3). (19)

Here, the i index runs over recoil energy bins, and the j
index runs over the time bins, N *? being the measured
number of events at each bin® and N f}j‘( ) the predicted total
number of events, which includes CEvNS interactions (as a
function of a set of the parameters under test, X), as well as
the contributions from SSB, BRN, and NIN background
events, denoted as N ,SJ.SB, N B-RN, and N ZUN, respectively. The
parameters «,, and f,, in Eqs. (18) and (19) are nuisance
parameters with respect to which we perform the mini-
mization process, each with its associated systematic
uncertainty o, and opz, which values are taken from
[28]. The parameters indicated as a,, have an impact on
the CEvNS signal and background predictions, @; being
solely associated with the flux normalization and QF. On
the other hand, the parameter a; is introduced as in [28] to

®See Ref. [67] and Appendix in Ref. [28].

account for the CEvNS efficiency uncertainty and a5 for the
uncertainty in timing distribution, which also has an effect
on the BRN and NIN background distributions. In addition,
P parameters are introduced to account for background
normalizations, with k£ = 1, 2, 3 for SSB, BRN, and NIN,
respectively.

In the case of future experiments, we do not consider
timing distribution, and we perform the analysis by
minimizing the function

2 =2) [NMX) = N{® 4+ NP N7
R V69

ay B
+5+ Zg (20)
a) k 3

with

N(X) = (1+a)NFENS(X) + ) (14+BIN; 5 (21)

where the i index runs over recoil energy bins. In the
previous equation, N"(X) is the theoretical number of
events expected at each bin by considering the contribution

from CEuNS, N¥ENS(X), and the corresponding back-

bekg-k .
grounds N, ¥, The parameter a; has the same meaning as

in Eq. (19), and the parameters f; are associated with
background normalizations. The nature and number of the
different background contributions will be different
depending on the experiment under analysis. In the case
of a Ge detector at the SNS, we consider two nuisance
parameters (k = 1, 2): one denoted as f3;, associated to SSB

events (NSSB = N" 1) "and another one, denoted as f5,,

for BRN + NIN events (NERNNIN = NPke2y Op the other
hand, for the Xe detector at the ESS, we follow the
procedure in Ref. [31], and we neglect the BRN + NIN
contribution to the number of events. For reactors, we
consider only one dominant contribution to backgrounds
coming from cosmic ray muons (NR = N"*¢) and,
hence, one single nuisance parameter f3,. For both neutrino
source experiments, N; © refers to the measured number of
events, which, as we are considering future experiments,
we will assume as the SM prediction plus background
contributions as described in the previous section.
Following this procedure, we will be able to estimate the
sensitivity of a given experiment to the parameter under
study through its impact on the CEVNS predicted signal.

V. RESULTS

In this section, we present our main results for the
sensitivity of the current and future discussed experiments
to both the neutron rms radius and NSI parameters. We
begin by studying the parameters individually, then we
simultaneously study both parameters on z-DAR sources,

095044-8



PROBING NUCLEAR PROPERTIES AND NEUTRINO PHYSICS ...

PHYS. REV. D 109, 095044 (2024)

which are sensitive to the neutron rms radius, and, finally,
we combine the results of the two different sources.

A. Nuclear physics from z-DAR experiments

As discussed in the introduction, the process of CEUNS is
sensitive to the neutron rms radius of the target material
through the form factor defined in Eq. (3). Experimentally,
this parameter has been measured only for a few materials.
For instance, the rms radius for 29%Pb and **Ca were
determined from parity-violating processes at the Lead
(Pb) Radius Experiment (PREX) [52,68] and Calcium
Radius Experiment (CREX) [53] experiments, respectively.
A precise determination of this parameter for the target
materials considered here is of particular interest for
neutrino physics. For instance, Ge detectors are used in
the searches for neutrinoless double beta decay, and Xe
detectors are also used in dark matter searches, where the
CEwNS signal may contribute to the so-called neutrino floor,
an irreducible neutrino background for dark matter direct
detection. To test the sensitivity of z-DAR experiments to
the neutron rms radius, we consider the cross section
introduced in Eq. (1), and we compute the number of events
by varying the parameter R, in Eq. (5) while keeping the
proton rms radius R, to a fixed value. An analysis involving
the R, parameter alone for Csl data has already been
discussed in Ref. [28], so we start our discussion with the
expectations for the future proposals introduced in Sec. I11.

We first consider a "*Ge detector at the SNS with the
characteristics described in Sec. III for one calendar year of
SNS operations and with R, = 4.06 fm [48]. The results of
the analysis are shown in the left panel in Fig. 4. For the
analysis, we have considered a conservative systematic
error uncertainty of 6, = 10%. In addition, we considered
the SSB and BRN + NIN backgrounds as discussed in
Sec. III, with their corresponding uncertainties of 65 = 5%
and op, = 25%, which were motivated by the current status
of the Csl and LAr detectors used by the COHERENT
Collaboration. The 90% CL expected sensitivity of the
experiment is given by

10—

A,\/Z
A/\/Z

Ry (fm)

Ry (fm)

FIG. 4. Expected sensitivity of z-DAR experiments to the
neutron rms radius. The left panel shows the results for a Ge
detector at the SNS, and the right panel assumes a Xe detector
located at the ESS. In both cases, one year of operations has been
assumed.

3.0 fm < RS < 4.9 fm. (22)

As a second scenario, we study the expected sensitivity
to the neutron rms radius of a Xe detector at the ESS with
the characteristics described in Sec. IIl. Again, for the
analysis, we vary the corresponding value of R, while
keeping the proton rms radius fixed to a value of R, =
4.73 fm [48]. The result for one year of ESS operations is
shown in the right panel in Fig. 4, where we have
considered only the contribution to backgrounds from
SSB as described before. Assuming the corresponding
uncertainties as 6, = 10% and o5 = 1% [31], we obtain
the following expected sensitivity at 90% CL:

3.9 fm < RX® < 5.5 fm. (23)

Notice that the two panels in Fig. 4 are not directly
comparable, since we are working with different nuclei
as target materials used for detection. However, we note
that the constraints for the Xe detector are slightly better, as
a consequence of the larger statistics expected for this
detector, since the CEvNS cross section effectively scales
as N2.

B. NSIs from z-DAR experiments

We now turn our attention to the sensitivity of z-DAR
source experiments to neutrino nonstandard interactions at
the detection point for the same experimental setups
considered above. To this end, we now calculate the
predicted number of events using the cross section with
the weak charge as given in Eq. (7) and assuming only one
NSI parameter to be different from zero at a time. This
scenario has been discussed in detail for the Csl detector in
Ref. [28], and here we present the analysis for the future
proposals introduced in Sec. III. The results for a ’Ge
detector at the SNS are presented in Fig. 5, where we show
the expected Ay? profiles for nonuniversal (left panel) and

10_"' LI I I I

dv av
- (Egdast — (Egp)ce

w. w ]
(Sea)Csl (Sea)(}e i

Ax?

avw)

L.
0.6 903 -02-01 0 0.1 02 03

| A
0.2
qv

Cee ger

FIG. 5.
detector at the SNS to nonuniversal (left panel) and flavor-
changing (right panel) NSI couplings with up (pink curves) and
down (blue curves) quarks. Dashed lines (with the same color
code) correspond to the current bounds obtained from the
analysis of COHERENT CslI data [28].

Solid lines show the expected sensitivity of a Ge

095044-9



ROSSI, GARCIA, and TORTOLA

PHYS. REV. D 109, 095044 (2024)

10—

10prrr

dv dv.
- (Eggdest — (Eg)xe ]

. wy
(Eggdest — (Egg)xe

A/\/2

-0.2 0 0.2 -03-02-01 0 0.1 02 03
qv qVv

Cee Cer

FIG. 6. Solid lines show the expected sensitivity of a Xe
detector at the ESS to nonuniversal (left panel) and flavor-
changing (right panel) NSI couplings with up (pink curves) and
down (blue curves) quarks. Dashed lines (with the same color
code) correspond to the current bounds obtained from the
combined analysis of COHERENT data [28].

flavor-changing (right panel) neutrino NSIs with up (pink
curves) and down (blue curves) quarks.

When compared to current bounds on NSIs from CEvNS
(see the dashed lines in the plot), one sees that the expected
constraints for nonuniversal NSIs are slightly better than
the ones obtained from the analysis of COHERENT
measurements [28], which is mainly driven by Csl data.
For the case of nonuniversal NSIs in future experiments, we

see a local minimum at sZeV = 0, corresponding to the SM
solution, and a second minimum at &% ~0.34 and
e ~0.37. This is expected, since, for these values, the
combination of the standard and nonstandard couplings
mimics the SM prediction, as discussed in [35]. At
90% CL, we get the following expected sensitivity to
nonuniversal NSIs:

—0.058 <2 <0.060 U 0310<e? <0428, (24)

—-0.052 <% <0.055 U 0.288<¢4 <0.399. (25)

Regarding flavor-changing NSI couplings, shown in the
right panel in the same figure, there is only one minimum,
corresponding to &%/ = 0. This result is also expected,
since, in this case, there is no possible interference between
the SM and the NSI contribution to the cross section, as
seen from Eq. (7). The expected sensitivity at 90% CL is
ledV| < 0.145, esV] < 0.156. (26)
Notice that, in this case, the proposed future experiment
would not be able to improve the current bounds on flavor-
changing NSIs for one year of data taking. However, in the
next section, we will analyze the impact of combining these
results with future reactor data.
For completeness, we show in Fig. 6 the corresponding
results for a potential Xe detector located at the ESS. As
before, the left panel in the figure shows the results for

0.2 . 0.6

av
8ee

FIG. 7. Expected sensitivity of a CONUS-like detector to
nonuniversal (left panel) and flavor-changing (right panel) NSI
couplings with down quarks. The different configurations are
defined in Table II, and the color code is the same for the two
panels.

nonuniversal NSI couplings, while the right panel presents
the case of flavor-changing NSIs. As in the previous case,
we find two solutions for the nonuniversal NSI couplings

SZ;/ , although here the non-SM local minimum is shifted
with respect to the one obtained for the Ge detector in
Fig. 5. This is because the position of this minimum
depends on the ratio of protons to neutrons in the target
material. The 90% CL expected sensitivity of this exper-

imental setup to el is given by
—-0.058 <edV <0.056 U 0.347<ed <0465, (27)
—-0.052<e4 <0.050 U 0307<e¥ <0411, (28)
while for flavor-changing NSIs we obtain

edV| < 0.145,  etY] < 0.165. (29)

C. NSIs from reactor experiments

As we have already discussed, reactor neutrinos are not
sensitive to the nuclear information of the target material.
Therefore, in this section, we will focus on only the
expected sensitivity of reactor experiments to NSIs. We
first consider a CONUS-like experiment with the back-
ground model and detector characteristics described in
Sec. III. Following the same procedure as in the SNS case,
we assume only one NSI parameter to be different from
zero at a time. The results are shown in Fig. 7 for
nonuniversal (left panel) and flavor-changing (right panel)
NSIs.” The pink lines (labeled as “case 1” in the figure)
correspond to the CONUS reported characteristics regard-
ing mass and threshold, as discussed in Sec. III. Since the

"For comparison, the 90% CL allowed interval on the non-
universal NSI coupling, £4 € (—0.096, 0.069) U (0.279, 0.437),
has been obtained in Ref. [69] from the suggestive evidence of
CEvNS from reactors reported in [37].
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FIG. 8. The same as Fig. 10 for a vGeN-like detector for the
experimental setups indicated in Table II. The color code is the
same for the two panels.

results are qualitatively similar for up and down quark
couplings (see Fig. 5), here we focus on the sensitivities to
NSIs with down quarks, exploring as well the sensitivity of
eventual future scenarios for a CONUS-like experiment.
Thus, besides case 1, we consider four additional possibil-
ities, allowing for larger detector masses and lower energy
thresholds; see Table II.

Coming back to Fig. 7, the left panel shows that, for
case 1, at 90% CL the coupling €% is constrained to a
single interval that contains the two minima discussed
before. By lowering the threshold, as in case 3, the
sensitivity is improved and the degeneracy breaks at
90% CL. This enhanced sensitivity can also be obtained
by increasing the mass of the detector from the original
CONUS configuration of 4 kg to 16 kg while keeping the
original threshold; see case 2. Under these conditions, the
degeneracy in the determination of the NSI parameter is
clearly broken, and now we have two separate intervals at
a2 90% CL. Another optimistic scenario is given in case 4,
where both the mass and threshold are significantly
improved with respect to case 1. Finally, in case 5, we
study the impact of an even lower threshold of 210 keV,
as reported by the CONUS Collaboration in Ref. [70],
from where we have also extracted the background model
for the additional bins. We can clearly see from the figure
that the best sensitivity is achieved in this last scenario. In
the right panel in the figure, we show the corresponding
results for the flavor-changing NSI parameter £4/. As
expected, improving either the mass or threshold of the
detector results in a better sensitivity, getting again the
best expected constraint for case 5.

As a second experimental scenario, we consider a vGeN-
like detector, with the same characteristics and background
model as in Ref. [39]. The sensitivity to neutrino NSIs in
this case is presented in Fig. 8. As before, solid pink lines
represent the expected sensitivity for a detector with the
same characteristics described in Sec. III and labeled as
case 1. The other lines in the figure correspond to more
optimistic scenarios that result from either increasing the
detector mass or broadening the region of interest in nuclear

recoil energy (indicated as the yellow region in the right
panel in Fig. 3) with respect to case 1. The different
experimental setups under consideration are listed in
Table II. Qualitatively, we see that these results are similar
to the case of the CONUS-like detector.

D. Constraining neutron rms radius and NSIs
simultaneously

After analyzing nuclear effects and NSIs individually, we
now proceed to test these two physical cases simultane-
ously at z-DAR sources. The motivation behind this
analysis lies in the fact that the uncertainties in nuclear
form factors and the presence of neutrino NSIs with matter
might be confused in a z-DAR experiment. Thus, a
discrepancy between the predicted and the observed signal
in this type of experiment could be interpreted in terms of
one of these hypotheses or even the combination of the two
of them. Interestingly, the joint analysis with CEvNS
searches at reactor experiments, not sensitive to nuclear
uncertainties, might help to lift the degeneracy between the
two scenarios and improve the determination of nuclear and
NSI parameters.

We start by analyzing the currently available
COHERENT Csl data, allowing simultaneously for differ-
ent values of the neutron rms radius R, and the presence of
neutrino nonstandard interactions with matter. The analysis
follows the strategy presented in Sec. IV. Differently to the
individual analysis in Secs. VA and V B, here we evaluate
the > function in Eq. (18) varying at the same time the set
of parameters X = {R,,, SZ),/}.S The results of our analysis
are presented in Fig. 9. Colored areas in the top panels show
the allowed regions in the plane (R,,, %)) in the left panel,
(R,,€) in the central panel, and (R,,&?)) in the right
panel. The pink regions show the results at 90% CL for two
degrees of freedom. Notice that the presence of nonuni-
versal NSIs allows for values of the neutron rms radius as
low as ~4.2 fm, while in the case of the flavor-changing
NSIs, the rms radius is bounded from below at ~4.7 fm.
This can be understood by considering that, when fitting
the data, the presence of flavor-changing NSIs always
increases the expected number of events, while nonuni-
versal NSIs interfere with the SM prediction and may
increase or reduce the number of expected events. As a
result, the value of R,, is less constrained in the latter case.
For completeness, the colored blue regions in the figure
show the results at the 1o level.

In general, from the colored regions in Fig. 9, we can see
that SNS data alone are not very sensitive to constrain
nuclear parameters when simultaneously considering NSI
effects. Therefore, in this section we are going to inves-
tigate whether the combination with results obtained with

¥A similar analysis on the parameter space (R, e%)) using the
2017 COHERENT Csl dataset was performed in Ref. [42].
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FIG. 9. Top panels: Colored areas indicate the expected 1o (blue) and 90% CL (pink) allowed regions from current CsI COHERENT
data in the (R,, %), (R,,€%), and (R,,e%Y) planes. Dashed contours correspond to the combination with the case 1 CONUS-like
reactor experiment setup at 1o (blue lines) and 90% CL (black lines). Bottom panels: 16 and 90% CL allowed regions from the
combination of Csl data and the scenarios 4 (solid line) and 5 (dashed line) presented in Table II.

different neutrino sources can improve the sensitivity to
these parameters. We combine the previous Csl results with
the expected sensitivity of the reactor experiments
described in the previous section to neutrino NSIs. As a
particular example, we combine COHERENT data with the
CONUS-like reactor experiment studied above. Regions
enclosed by dashed lines in the top panels in Fig. 9 show
the results from the combination of Csl data and the
CONUS-like detector with the experimental characteristics
labeled as case 1 in Table II. Again, the pink color
corresponds to 90% CL and the blue color to lo level.
For the latter, one sees that, in all three panels, the
combination results in a closed region around the SM
solution. Additionally, the bottom panels of the same figure
explore the combination of the results assuming the more
futuristic reactor scenarios indicated as case 4 (solid lines)
and case 5 (dashed lines) in Table II. Notice that, even at
90% CL, and in both cases 4 and 5, we obtain closed
regions in the parameter space in the three panels, making
the determination of the neutron rms radius in the presence
of NSIs more robust from the combination of the two types
of neutrino sources.

After trying to simultaneously constrain the neutron rms
radius and neutrino NSIs with current accelerator data, we
now consider the expected sensitivity of the future z-DAR
source detectors discussed in Sec. Il by minimizing the y?
function defined in Eq. (20). The expected results assuming

a "’Ge detector at the SNS are shown in the top panels in
Fig. 10 as blue (lo) and pink regions (90% CL) in the
planes (R,, %) in the left panel, (R,,e) in the central
panel, and (R,, %)) in the right panel. For nonuniversal
NSIs, we can clearly see the presence of two separate
regions, one around the SM model prediction and another
one preferring nonzero values for the NSIs and, therefore,
allowing for larger values of the neutron rms radius. The
results for flavor-changing NSIs with down quarks in the
right panel show that, the more €4/ deviates from zero,
the larger the allowed value for R,. The corresponding
results for flavor-changing NSIs with up quarks are very
similar, and we do not show them here.

As in the case of Csl, we now proceed to analyze the
combined sensitivity of the future Ge detector at the SNS
described in Table I with our forecast for NSI searches at
upcoming CEvNS searches at reactor experiments.
Contours surrounded by dashed lines in the top panels
in Fig. 10 show the combination with the CONUS-like case
1 indicated in Table II. Since for this case the reactor NSI
constraints are not competitive, the allowed region in each
panel remains almost unchanged and the complementarity
between the two experiments is not evident. The situation is
different when we combine the SNS analysis with the most
optimistic CONUS-like cases 4 and 5, listed in Table II, as
seen from the solid and dashed lines in the bottom panels in
Fig. 10. Here, the improvement obtained with the combined
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FIG. 10. Top panels: Colored areas indicate the expected 1o (blue) and 90% CL (pink) allowed regions from a future Ge detector at the
SNS in the (R,, &%), (R,.€%), and (R,, %) planes. Dashed contours correspond to the combination with the case 1 CONUS-like
reactor experiment setup at 1o (blue lines) and 90% CL (black lines). Bottom panels: 16 and 90% CL allowed regions from the
combination of the Ge detector at the SNS and the cases 4 (solid line) and 5 (dashed line) presented in Table II.

analysis is clearly seen in the three panels, where the
allowed region of R, is reduced and the sensitivity to the
NSI couplings is dominated by reactor data.

To conclude this section, we present the joint analysis
of the future Xe detector at the ESS described in Table I
and a future vGeN-like reactor detector. The results for the
7-DAR Xe detector alone are displayed as colored regions
in the top panels in Fig. 11, with the same color code as in
previous figures, for &4/ (left), €4 (central), and &?"
(right). Dashed lines in the same panels show the results
of the combined analysis from a Xe detector with a
CEvNS reactor neutrino experiment vGeN-like detector,
as described in Sec. III and in case 1 in Table II. The
combination with cases 4 and 5 is presented in the bottom
panels of the figure with solid and dashed lines, respec-
tively. Note that the results presented in Figs. 10 and 11
are not directly comparable, since the chosen target
materials at the SNS and ESS are different. However,
we see some qualitative similarities between the two
analyses, showing the complementarity between the
CEvNS measurements from different neutrino sources.

In the examples above, we have shown how combining
experiments with different sources can help to constrain
the neutron rms radius and, hence, complement the current
list of measured neutron rms radii [49], in the presence of
NSIs. However, considering the theoretical uncertainties
discussed in Sec. II and comparing our results with the

experimental sensitivities achieved for other nuclei [49], a
better sensitivity from our analysis would be desirable. To
this end, in the next subsection, we will discuss how the
sensitivity on the neutron rms radius from CEvS can
eventually be improved by collecting more statistics on
the Ge detectors at the SNS.

E. Constraining neutron rms radius
with improved statistics

The results presented so far show the complementarity
between reactor and accelerator CEvNS data to constrain
nuclear physics and NSI effects. As we have seen, the
combination of the considered experimental setups can
constrain significantly the parameter space, but, unfortu-
nately, it cannot reach competitive sensitivities for the
neutron rms radius. In this section, we try to find out if the
same experiments with larger statistics can contribute to
obtain a better sensitivity on this parameter. To illustrate
this, we redo our previous analysis, considering a scenario
with longer running time for both spallation sources and
reactor CEUNS experiments. The results of this reanalysis
are presented in Fig. 12. The magenta regions in the left
panel show the expected 90% CL sensitivity obtained
considering 5 years of data taking in our germanium
detector model at the SNS alone, while the dashed contours
correspond to the improved sensitivity obtained after
combining with the analysis of case 5 CONUS-like
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FIG. 11.

Top panels: Colored areas indicate the expected 1o (blue) and 90% CL (pink) allowed regions from a Xe detector at the ESS

in the (R,.e%), (R,.€Y), and (R, &%) planes. Dashed contours correspond to the combination with the case vGeN-like reactor
experiment setup at 1o (blue lines) and 90% CL (black lines). Bottom panels: 16 and 90% CL allowed regions from the combination of
the Xe detector at the ESS and the cases 4 (solid line) and 5 (dashed line) presented in Table II.

experimental setup defined in Table II but after a running
period of 5 years. In this case, the neutron rms radius is
constrained to R, € (3.17,4.85) fm at 90% CL when NSI
interactions are also allowed. Our result can be further
improved if we double the detector mass of the germanium
SNS-like detector from 16 to 32 kg, which would be
equivalent to running the experiment for 10 years. The
results of this analysis alone are shown as magenta regions
in the right panel in Fig. 12, while the combined analysis
with a 5-year CONUS-like detector is shown as the dashed

0.6 T 0.6+ T
[ 1 Ge (90% CL) [ 17 Ge (90% CL)
| -- Ge + CONUS case 5 (90% CL) | -- Ge + CONUS case 5 (90% CL)
04F 1 04F o 1
%Qw 0.2+ . %mg 0.2+ -
0—- GRS Ge- 16 kg] [0] Ge-32kg]
5 years F 5 years
_042-....I....I....I.... _0.2-....|....|....|....
3 4 5 6 7 3 4 5 6 7

R, (fm) Ry (fm)

FIG. 12. Left panel: Magenta regions show the 90% CL
sensitivity to (R,,e%) that a 16 kg germanium detector can
reach after 5 years of data taking at the SNS. Dashed contours
show the result after combining with 5 years of data of a CONUS-
like detector under the conditions listed as case 5 in Table II.
Right panel: the same as in the left panel but considering 32 kg for
the germanium detector at the SNS.

contour. Under these conditions, the neutron rms radius
would be constrained to R, € (3.43,4.66) fm at 90% CL
when allowing for NSI interactions, a result that begins to
be competitive with different computations of the neutron
rms radius, as discussed at the end of Sec. I A. Let us
remark that, while the results presented in the previous
section show the information one can extract by combining
data from different sources at CEvNS experiments under a
conservative approach, the (perhaps too optimistic)
assumptions considered here illustrate how sensitive
experiments can be with high enough statistics.

VI. CONCLUSIONS

In this paper, we have studied the complementarity
between CEUNS experiments that use different neutrino
sources as well as various detection target materials to
constrain nuclear uncertainties and new neutrino inter-
actions with matter. Besides analyzing the sensitivity of
current and future experimental setups to these physics
cases individually, one of the main goals of this work
consists of showing the synergies between CEvNS experi-
ments with z-DAR and reactor neutrino sources to simul-
taneously constrain the two scenarios. This analysis is
motivated by the fact that, at CEvNS experiments with
7-DAR sources, nuclear uncertainties parametrized in the
neutron rms radius and neutrino NSIs would produce a
similar impact on the observed neutrino signal. As a result,
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it would be impossible to disentangle the origin of a
potential deviation with respect to the SM predicted signal,
and the sensitivity to new physics beyond the SM would be
strongly affected by that. Indeed, we have shown that, when
analyzing data from stopped pion sources alone, the
presence of nuclear uncertainties relevant for the CEvNS
cross section might allow for rather large values of neutrino
NSI couplings. Fortunately, combined analyses of z-DAR
data with reactor CEvNS experiments, insensitive to
nuclear uncertainties, can help break this degeneracy
and, thus, provide more constraining results.

In our analysis, we have first estimated the sensitivity of
stopped pion CEvNS experiments to nuclear physics and
nonstandard neutrino interactions separately, as well as the
potential of CEvNS reactor neutrino experiments to con-
strain NSIs. As for 7-DAR experiments, we have consid-
ered the latest data from the CsI COHERENT experiment,
the expected signal at the Ge COHERENT detector at the
SNS, and a potential experiment using a Xe detector at the
ESS. In the reactor sector, we have proposed two exper-
imental configurations based on optimized versions of the
existing detectors CONUS and vGeN. We have also
estimated the sensitivity of z-DAR experiments to the
two physics cases simultaneously, showing the presence of
a degeneracy between R, and neutrino NSIs with matter,
for both nonuniversal and flavor-changing interactions.
This degeneracy is particularly relevant in the case of
current CsI COHERENT data, although it also affects the
sensitivity of the Ge detector at the SNS and a potential Xe
detector at the ESS. Even though the combination with the

near-future sensitivity of a CONUS-like CEvVNS reactor
experiment can only slightly improve the sensitivity to the
neutron rms radius, we have shown that a further improve-
ment in the mass and threshold of the detector in a CONUS-
like reactor experiment can have a significant impact on the
determination of the neutron rms radius and the size of the
NSI couplings. This illustrates the complementarity of
CEvNS experiments using different neutrino sources to
constrain the presence of new physics beyond the SM, even
in the presence of nuclear uncertainties that could hinder
this task. The choice of potential future experiments in this
work is mainly based on the optimization of existing
CEvNS experiments and could be regarded as a guide to
enhance the experimental sensitivity to new physics in the
presence of nuclear uncertainties.
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