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1 Introduction

The recent observation [1] of coherent neutrino-nucleus elastic scattering [2], or CEvNS
for short, provides a novel window to probe standard and beyond standard physics in the
neutrino sector. A key feature of CEvNS is that it only takes place when the momentum
transferred to the nucleus is relatively small, near or below the MeV scale, so that the
neutrino can coherently scatter off the whole nucleus instead of distinguishing its individual
nucleons. The coherence of the interaction results in sensitivity to the square of the total
weak charge of the nucleus, which could enhance the coherent scattering cross section by
a factor 10-100 when compared to neutrino-nucleon scattering. In addition, new non-
standard interactions of neutrinos with matter can be enhanced at low recoil energies if
the new interaction is mediated by a light particle [3]. The light mediator can be a new
beyond standard model (BSM) particle, such as a B − L gauge boson or a light scalar,
but it can also be the photon, if the neutrino possesses a magnetic dipole moment. Both
possibilities would signal the presence of new BSM physics.

While the low momentum transfer results in the so-called coherent enhancement, which
is a unique advantage of CEvNS, it also poses the main challenge in leveraging this new
interaction channel. Detecting low energy nuclear recoils and distinguishing it from back-
grounds such as those induced by cosmic rays or neutron-nucleus scattering is a difficult
experimental task. As a result, CEvNS has yet to be conclusively observed [4–9] with
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reactor neutrinos due to their low energy, despite reactors being the most intense artificial
source of neutrinos.

A novel technology that has yet to be exploited for CEvNS is that of Skipper charged
coupled devices, or Skipper-CCDs. A basic explanation of the Skipper-CCD technology can
be found in our previous work [10], but we highlight here two key features of these detectors:
(1) Skipper-CCDs are endowed with single-electron counting capability [11, 12], which
allows them to observe energy deposits as low as a few electronvolts; and (2) the readout
time for this technology is relatively large, about 1 millisecond per 15 µm by 15 µm pixel,
which makes impractical to use active vetos in order to reduce cosmic ray backgrounds.

The low thresholds of Skipper-CCDs are of major importance for two reasons. First,
detectors with very low recoil thresholds can probe lower energy neutrinos whose interaction
is not affected by possible loss of coherence in CEvNS due to larger momentum transfer.
The loss of coherence with increasing momentum transfer is typically parametrized by form
factors which may contain large uncertainties in the coherent-incoherent transition region.
Thus, focusing on low nuclear recoils may help in controlling form factor systematics.1
Second, a low energy threshold allows for using the most intense artificial source of neutrinos
known, antineutrinos from nuclear reactors.

In this work, we will estimate the sensitivity to new physics in the neutrino sector of
an experimental design similar to the recently proposed Neutrino Interaction Observation
with a Low Energy Threshold Array (vIOLETA) experiment: a 10 kg Skipper-CCD detector
placed 12 meters away from a commercial nuclear reactor core. Although a vast body of
work is available in beyond standard model (BSM) physics searches using CEvNS or related
experiments [3, 17–57], there is not much work done in the direction of characterizing the
physics reach of a setup like vIOLETA.

Neutrino-electron scattering, on the other hand, is a well known process that nowadays
serves as a standard candle for different experiments [58, 59]. One important advantage that
measurements of neutrino-electron interaction have over CEvNS is the lack of dependence
on the quenching factor. Nevertheless, the cross-section for this process is several orders of
magnitude smaller than neutrino-nuclei cross sections. Still, it offers a great environment
to search for BSM physics, specially if such physics hides in low energy regimes [60–63].
In fact, the XENON1T collaboration presented recently results related to searches of low
recoil electrons finding an excess that could be explained if neutrinos have a non-zero
magnetic moment [63]. An experiment like vIOLETA, having a noticeably low threshold
to observe electrons, could measure neutrino-electron interactions at small momentum
transfer regimes, thus being able to test different BSM scenarios. As illustrative cases,
we will analyze the experimental sensitivity to non-standard neutrino magnetic moment,
specially to the XENON1T hint, and light mediators coupling to neutrinos and quarks
or electrons. Interestingly, since both neutrino-electron and CEvNS interactions have the
same experimental signature in a Skipper-CCD, there will be a non-trivial interplay between
them in the sensitivities that will be derived for vIOLETA.

1Nevertheless, other uncertainties are relevant in the low recoil energy region, particularly those related
to the fraction of nuclear recoil energy that goes into ionization [10], that is, the quenching factor; and
those related to other phenomena such as the Migdal effect [13–16].
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This work is organized as follows. In section 2, we establish our theoretical framework,
and describe in some detail the BSM models that we will undertake. We give special
emphasis to the magnetic moment, in order to be as self-contained as possible. Section 3
details the key properties of the Skipper-CCD technology that will de the basis of our
sensitivity studies. Sections 4 and 5 we present the procedure and results of our analysis
of new light physics. Finally, we present our conclusions in section 6. We use natural units
where ~ = c = kB = 1 throughout this manuscript, unless otherwise stated.

2 Searching for physics beyond the Standard Model

Given the large statistics expected in a reactor experiment using the Skipper-CCD tech-
nology — O(105) CEvNS events for a 2 GWth reactor, and 3 kg-year exposure, — we can
anticipate improvements on existing constraints on physics beyond the Standard Model.
Here, we will focus on two main categories for such BSM scenarios: first, models which
alter specific neutrino properties, such as its magnetic moment; and second, additional low-
energy interactions mediated by new, light degrees of freedom which impact the scattering
rate of neutrinos with the targets on the detector.

In order to grasp the effect of BSM scenarios, let us first establish our notation by
formulating the SM cross sections for the relevant scatterings that will be considered,
neutrino-electron elastic scatterring and CEvNS.

• Antineutrino-electron scattering. Neutrino-electron elastic scattering is one of the
most relevant and well-known neutrino scattering channels. Since the reactor flux
is composed only by electron antineutrinos, let us first record the differential cross
section for νe + e− → νe + e− in terms of the electron recoil energy ER,

dσνe
dER

∣∣∣∣
SM

= 2G2
Fme

π

[
sin4θW+

(1
2+sin2θW

)2(
1−ER

Eν

)2
−sin2θW

(1
2+sin2θW

)
meER
E2
ν

]
,

≈4.3×10−51
[
4sin4θW+

(
1+2sin2θW

)2
(

1−ER
Eν

)2
]

cm2

eV (2.1)

where GF is the Fermi constant, θW is the weak mixing angle, me the electron
mass, and Eν the incoming neutrino energy. In the following, we consider the sine
squared of the weak mixing angle to be sin2 θW = 0.238, value obtained from the MS
renormalization scheme [64].

• CEvNS. Coherent scattering is a purely neutral current process where a neutrino (or
antineutrino in our case) elastically scatters off a nucleus, producing a small recoil
which is the experimental signature for these events. The differential cross section as
function of the recoil energy is

dσCEvNS
dER

∣∣∣∣
SM

= G2
FmN

4π
(
QSM
V

)2
(

1− mNER
2E2

ν

− ER
Eν

)
F2(ER)

≈ 2.3× 10−38
(
QSM
V

14

)2(
mN

28mp

)(
1− mNER

2E2
ν

) cm2

eV (2.2)
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where QSM
V = N+(4 sin2 θW −1)Z corresponds to the SM weak coupling between the

nucleus and neutrinos, N , Z are the number of neutrons and protons; and F2(ER)
is a nuclear form factor. For simplicity we use the Helm form factor [3, 65, 66]

F(ER) = 3e−k2s2/2 [sin(kr)− kr cos(kr)] /(kr)3 (2.3)

where k ≡
√

2mNER, s ' 1 fm is the nuclear skin thickness, r =
√
R2 − 5s2, and

R ' 1.14 (Z + N)1/3 is the effective nuclear radius. The approximation done in the
second line of eq. (2.2) assumes silicon as target (N = Z = 14), ER � Eν , and
F2(ER) ≈ 1 which holds for the energy regime of reactor antineutrinos.

In general, the presence of any BSM physics will modify the previous cross sections,
thus altering the expected number of events in a detector. In a general fashion, we write
the total cross section in the presence of BSM as

dσ

dER
= dσ

dER

∣∣∣∣
SM

+ dσ

dER

∣∣∣∣
BSM

, (2.4)

where the first term is the SM cross section for either neutrino-electron and CEvNS inter-
actions, and the second is the modification created by the BSM interactions. Note that any
possible interference effect that can appear according to the nature of the new mediators
are included in the BSM cross section.

2.1 Neutrino electromagnetic properties: general framework

One of the simplest scenarios of BSM interactions corresponds to studying the electromag-
netic properties of neutrinos. In order to consider such interactions, let us first establish
our notation, and discuss the current experimental constraints on the neutrino magnetic
moment coming from solar and reactor neutrinos. We begin with the following effective
Hamiltonian for neutrino interactions with photons [67, 68]

Heff = jµA
µ = νiΛikµ νkAµ, (2.5)

where i, k are mass eigenstate indexes, and Λikµ is the vertex function containing the infor-
mation on the electromagnetic neutrino properties. Choosing the initial and final neutrino
momenta to be pi and pf , with q ≡ pi−pf , allows us to write the most general parametriza-
tion of Λikµ (pf , pi) ≡ 〈νi(pf , hf )|jµ|νk(pi, hi)〉 [69], as

〈νi(pf , hf )|jµ|νk(pi, hi)〉 = u(pf )
{

[f ikQ (q2) + f ikA (q2)q2γ5](γµ − qµ/q/q2)

− iσµνqν [f ikM (q2) + if ikE (q2)γ5]
}
u(pi), (2.6)

where f ikX , X = {Q,M,E,A}, correspond to the form factors related to electric charge,
magnetic, electric and anapole moments, respectively and σµν is defined as usual, σµν =
1
2 [γµ, γν ]. Notice that these form factors are matrices in the mass eigenstate space, so we
can have “diagonal” and “transition” form factors.
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At zero-momentum transfer (q2 = 0), the diagonal form-factors indicate the couplings
between real-photons and neutrinos. Thus, we can interpret them as the neutrino electric
charge, magnetic, electric, and anapole moments, respectively

qik = f ikQ (0), µik = f ikM (0),
εik = f ikE (0), aik = f ikA (0).

Furthermore, depending on the neutrino fermionic nature, the diagonal charge, magnetic
moment and electric moment form factors can vanish (Majorana) or be non-zero (Dirac).
For both Dirac and Majorana cases, the transition form factors can be non-vanishing.

We have assumed so far a general parametrization of the neutrino electromagnetic
interactions. Nevertheless, one may wonder if these different terms can arise from some
UV complete theory. From the point of view of the SM Effective Field Theory (SMEFT),
the magnetic and electric moments can be generated from high dimensional operators. As
demonstrated in previous works [70–73], the specific operators will depend on the neutrino
nature. In the Dirac case, after introducing additional right-handed singlet states νiR, the
following dimension six operators generate magnetic and electric moments [70, 72, 73]

OijRB = Liσ
µννjRH̃Bµν , OijRW = Liσ

µννjRσIH̃W
I
µν , (2.7)

where Li, H are the lepton and Higgs doublets with H̃ = iσ2H
∗, respectively, whilst

Bµν ,W
I
µν correspond the field strengths associated to gauge bosons of the SU(2)L and

U(1)Y groups, respectively, and σI are the Pauli matrices. For Majorana neutrinos, and
considering only SM fields, one needs to go to higher dimensions, specifically to dimension
seven operators [71]

OijB = (Lciσ2H)σµν(HTσ2L
c
j)Bµν , OijW = (Lciσ2H)σµν(HTσ2σIL

c
j)W I

µν , (2.8)

Lci being the charge conjugated lepton doublet. In the Majorana case the dipole operator
is anti-symmetric, and hence a dipole interaction always leads to a flavor transition. What-
ever the neutrino nature is, a linear combination of the previous operators Cij(R)BO

ij
(R)B +

Cij(R)WO
ij
(R)W , after electroweak symmetry breaking, generates magnetic f ijM and electric f ijE

moment terms, including possible flavor transition operators. A neutrino millicharge, on the
other hand, can arise due to the presence of additional interactions. For instance, consider-
ing anomaly-free U(1)Lα−Lβ scenarios, where L is the lepton number and α, β = {e, µ, τ},
it is possible to modify the definition of lepton hypercharges such that neutrinos obtain a
non-zero charge, Qνα = εQα, ε being a small but free parameter and Qα the neutrino gauge
charge under the new symmetry [74]. In what follows, we will focus on the phenomenology
of a non-standard neutrino magnetic moment, while all other form factors will be set to zero.

2.2 Neutrino magnetic moment

When searching for electromagnetic properties of neutrinos experimentally, neutrino os-
cillations should be taken into account properly. For the case of the magnetic moment,
neglecting all other form factors, one can define an effective parameter dependent on the
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initial neutrino energy Eν and travel distance L, that is, a magnetic moment of the flavor
eigenstate [75]

µ2
να(L,Eν) =

∑
i

∑
k,l

UαkU
∗
αl µikµ

∗
il e
−i∆m2

klL/2E

L→0−−−→
∑
i

∣∣∣∣∣∑
k

U∗αkµik

∣∣∣∣∣
2

, (2.9)

where the second line is valid for short-baseline experiments. We see then that a reactor
neutrino experiment will be sensitive to this effective magnetic moment, dependent on the
magnetic moments of the mass eigenstates, weighted by the mixing matrix elements.

For experiments with solar neutrinos, like Borexino [76], the effective magnetic mo-
ment, µ2

�, is different from the one constrained in reactor experiments, as it needs to take
into account solar neutrino oscillations. Assuming the solar neutrino flux as an incoherent
mixture, µ2

� can be written in terms of the oscillation probabilities as [76]

µ2
�(Eν) ≈ Peeµ2

νe + (1− Pee)(cos2 θ23µ
2
νµ + sin2 θ23µ

2
ντ ), (2.10)

where Pee = sin4 θ13 + cos4 θ13P
2ν
ee , is the electron neutrino survival probability, and P 2ν

ee

is the two-flavor probability, which depends on the neutrino energy [76]. For low energy
solar neutrinos P 2ν

ee → 1 − sin2(2θ12)/2, while for high energy P 2ν
ee → sin2 θ12. Current

constraints on the magnetic moment are (at 90% C.L.):

µ� . 2.8× 10−11µB Borexino [76],
µνe . 2.9× 10−11µB GEMMA [61],
µνµ . 6.8× 10−10µB LSND [77].

Recently, the Xenon-1T collaboration has observed an excess of low recoil energy electrons,
which would be consistent with a non-zero magnetic moment, µ� = [1.4, 2.9]×10−11µB at
the 90% C.L. [63]. Using the parametrization presented in eq. (2.10), we can translate the
XENON1T hint to a value of the magnetic moment of electron (anti)neutrinos — fixing
the oscillation parameters to their best fits — µνe ∈ [1.8, 3.8]× 10−11µB at the 90% C.L.,
assuming µνµ = µντ = 0. We will show that a reactor neutrino experiment using the
Skipper-CCD technology could be able to test the XENON1T hint.

The presence of a non-zero magnetic moment induces modifications to the neutrino-
electron and CEvNS interactions which can be written as (instead of “BSM” we use the
label “µ” to identify the neutrino magnetic moment scenario)

dσνe
dER

∣∣∣∣
µ

= αEMµ
2
νe

[ 1
ER
− 1
Eν

]
(2.11)

dσCEνNS
dER

∣∣∣∣
µ

= αEMµ
2
νeZ

2
[ 1
ER
− 1
Eν

]
F2(ER) (2.12)

where αEM = 1/137 is the fine structure constant. Notice that for CEvNS we include the
same form factor as in the SM cross section.
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2.3 New light mediators

The second class of BSM scenarios we consider is that of light mediators. In these scenarios
an additional mediator is included, having couplings to neutrinos, charged leptons and
quarks. In the spirit of simplified models, we assume a Lagrangian at low energies which
includes terms for the new interactions with the SM fermions without specifying the gauge
invariant models at high energies,

L = LSM + (gνφφνRνL + h.c.) + gνZ′νLγ
µνLZ

′
µ

+ glsφ``+ gqsφqq − iglpφ`γ5`− igqpφqγ5q

+ glv`γ
µ`Z ′µ + gqsqγ

µqZ ′µ + gla`γ
µγ5`Z ′µ + gqaqγ

µγ5qZ ′µ. (2.13)

We denote a new scalar or vector boson by φ or Z ′, respectively, and the g’s are all
dimensionless couplings. For each scenario, the modification of both neutrino-electron and
CEvNS cross sections will have a specific shape, possibly including interference effects.

In the specific case of CEvNS, there is an additional step; we need to translate the
interactions from the quark to the nucleon level. The coherence factors related to the
specific mediator are given by (see e.g. refs. [45, 78–81])

Q′V = 3(N + Z)gνZ′gqv, (2.14a)
Q′A = 0.3SNgνZ′gqa, (2.14b)
QA = 1.3SN , (2.14c)
QS = 14(N + Z) + 1.1Z, (2.14d)

corresponding to the vector, axial, SM axial, and scalar currents, being SN the nuclear spin,
gνZ′ , gqv, the neutrino-Z ′ and quark vector couplings, respectively. To avoid confusion,
we define specific light mediator scenarios and we analyze them separately. In table 1
we summarize and compile the distinct BSM contributions to the neutrino-electron and
CEvNS cross sections for each light mediator scenario, together with the non-zero couplings
relevant in each case.

3 Skipper-CCD technology

Before presenting our main analysis, it is useful to describe key features of Skipper-CCDs.
These devices are 15 µm×15 µm pixelated sensors developed by the Lawrence Berkeley
National Laboratory (LBNL). They are fabricated on high resistivity silicon [82], allowing
for an active depth of each pixel of 675 µm. Thanks to its pixel size they provide excel-
lent spatial resolution. The main feature of the Skipper-CCD, in comparison with normal
CCD, is its capability of measuring the charge in each pixel as many times as desired in a
non-destructive way [12]. As a result, it is possible to reach sub-electron readout noise [11],
which essentially allows for an unambiguous charge quantification in a large range from
zero up to thousand electrons [83]. The only limitation in energy resolution is given by the
inevitable silicon absorption process quantified by the Fano factor, which indicates the vari-
ance to mean ratio of the charge distribution. The Fano factor for silicon is around 12% [83].
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Interaction Non-zero couplings dσνe
dER

∣∣∣
BSM

dσCEνNS
dER

∣∣∣
BSM

Magnetic Moment µνe αEMµ
2
νe
Eν−ER
EνER

αEMµ
2
νeZ

2Eν−ER
EνER

F2(ER)

Scalar gν,φ,ges,gqs
g2
ν,φg

2
esERm

2
e

4πE2
ν(2ERme+m2

φ
)2

Q2
Sm

2
NERg

2
νφg

2
qs

4πE2
ν(2ERmN+m2

φ
)2

Pseudoscalar gν,φ,gep,gqp
g2
ν,φg

2
epE

2
Rme

8πE2
ν(2ERme+m2

φ
)2 0

Vector gνZ′ ,gev,gqv

√
2GFmegV gνZ′gev
π(2ERme+m2

Z′ )
−GFmNQ

SM
V Q′

V (2E2
ν−ERmN )

2
√

2πE2
ν(2ERmN+m2

Z′ )

+ g2
νZ′g

2
evme

2π(2ERme+m2
Z′ )2 + Q′2

VmN (2E2
ν−ERmN )

4πE2
ν(2ERmN+m2

Z′ )2

−
√

2GFmegAgνZ′gea
π(2ERme+m2

Z′ )
GFmNQAQ

′
A(2E2

ν+ERmN )
2
√

2πE2
ν(2ERmN+m2

Z′ )

Axial gνZ′ ,gea,gqa + g2
νZ′g

2
eame

2π(2ERme+m2
Z′ )2 − GFmNQ

SM
V Q′

AEνER

2
√

2πE2
ν(2ERmN+m2

Z′ )

+ Q′2
AmN (2E2

ν+ERmN )
4πE2

ν(2ERmN+m2
Z′ )2

Table 1. Contributions to the neutrino-electron and CEvNS cross-sections for the different sce-
narios considered here. The gV , gA are given by gV = 1

2 + 2 sin2 θW , gA = 1
2 [45].

Another important aspect of Skipper-CCDs are their relatively slow readout. The
time spent in reading the charge in each pixel can be of the order of 10 millisecond to
reach 0.2 e− of readout noise, which guarantee single-carrier counting capability, i.e. the
capability of counting single electrons. This slow readout makes it impossible to use active
shielding to mitigate cosmic ray backgrounds. Thus, Skipper-CCDs need to rely on passive
shielding via overburden to significantly lower their backgrounds. Nevertheless, since the
experimental setup consists on a set of Skipper-CCD detectors near a commercial nuclear
reactor, the overburden is only set by the concrete over the detector and the power plant
concrete dome. We thus adopt a conservative estimate of the background rate of 1 kdru
(1 differential rate unit, or dru, is 1 event per day-keV-kg) [84].

One of the most important consequences of the aforementioned sub-electron readout
noise achievable by these sensors is the very low detection energy threshold (see section 5.3
for a discussion on this topic). Thus, all models whose cross-section increases as the recoil
energy decreases (see table 1) will be benefited by the low energy detection threshold of
Skipper-CCDs.

The Skipper-CCD technology has already proved its potential for light dark matter
searches [85]. Its irruption in this field has been so successful that nowadays kg-scale ex-
periment are being under construction [86] or are currently in R&D stage [87]. Given the
similarities in requirements between neutrino and dark matter experiments it is natural
to also consider to exploit Skipper-CCD capabilities for neutrino physics. In this context
arises the Neutrino Interaction Observation with a Low Threshold Array (vIOLETA) col-
laboration, an ongoing effort to deploy a kg-experiment in a nuclear power plant based on
this technology [88, 89].

Since Skipper-CCD quantifies the ionized charges, different quenching scenarios have
a huge impact on the number of events expected to be observed when neutrino-nucleus
interactions are considered. Ongoing efforts are focused on shedding light on this. In the
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Detector mass 10 kg
Distance to reactor core 12 meters
Core thermal power 2 GWth

Exposure 3 years
Reactor off time 45 days per year
Background 1 kdru, flat in EI
Quenching factor Chavarria [90]

Table 2. Main characteristics of the Benchmark experimental setup considered.

meantime, we adopt a very conservative scenario (section 5.1) and also study its influence in
the neutrino magnetic moment case. Thinking about the kg-scale experiments, scalability
is the main challenge. It is required to keep a few thousand sensors at 140K and read out
all of them. This represents a cryogenic and electronic goal that needs to be addressed.
OSCURA is an ongoing effort aimed to put 10 kg of Skipper-CCD working together for
the search of Dark Matter, and innovative solutions have been emerging [87].

4 Analysis

To probe novel physics in the neutrino sector at low scales, we consider the following
setup: a Skipper-CCD detector monitoring the electron antineutrino flux produced in a
commercial nuclear reactor. A precise determination of the neutrino interaction rate due to
the large statistics of our experimental setup, combined with a data-driven determination of
the background via reactor-off data taking will allow us to be sensitive to light new physics
and probe unexplored parameter space. Our study will be based on the experimental
capabilities of the Skipper-CCD technology, which is able to resolve ionization energies up
to one or two electrons (see discussion in section 5.3).

To be more precise, we consider an array of Skipper-CCD detectors, deployed at 12
meters from the center of the main core of a nuclear reactor. The detector is considered to
have a fiducial mass of 10 kg, and the core is assumed to have a thermal power of 2 GW in
steady-state operation, emitting about 1028 electron antineutrinos per year. This scenario
corresponds to the Atucha II Nuclear Power plant, located at Lima, a town ∼100 km away
from Buenos Aires capital city in Argentina. We will consider a data taking period of 3
years [10]. We assume 45 days of reactor off data taking per year, as in ref. [10], which is
crucial to determine the background. The background rate is taken to be 1 kdru, flat in ion-
ization energy. The quenching factor is parametrized as in ref. [5] which is based on the mea-
surements presented in Chavarria et al. [90]. All this information is summarized in table 2.

The event spectrum expected for a given isotope q ∈ {235U,238 U,239 Pu,241 Pu} in such
a detector configuration, in any interaction framework, is based on the convolution of the
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reactor flux with the neutrino cross section, that is

nqa = WT∑
q′(fq′eq′)

∫
bin a
dEI

{
NN

Q(EI)

(
1− EI

Q(EI)
dQ(EI)
dEI

)∫
dEν

dφqν̄e
dEν

dσN
dER

∣∣∣∣
ER=EI/Q(EI)

+
∑
s

N e
s

∫
dEν

dφqν̄e
dEν

dσe
dER

∣∣∣∣
ER=EI+Ebind

s

}
. (4.1)

We have included the neutrino interaction with the nucleus σN and with the electrons (σe)
in each energy shell s. In the standard scenario, the number of events is largely dominated
by Coherent neutrino-nucleus scattering (CEvNS). NN and N e

s correspond to the number
of targets for each interaction. In a commercial nuclear reactor, the anti-neutrino flux
(φqν̄e) is produced by the fission of four different isotopes in the energy range spanning from
∼ 1−10MeV. In this analysis, we will assume the flux follows the theoretical estimate from
refs. [91, 92] for energies above the inverse beta decay threshold and the flux estimate of
Vogel and Engel [93] for neutrino energies below 1.8MeV. We distribute the event rate in
ionization energy bins of 3.75 eV, corresponding to single electron energy resolution. The
minimum ionization energy threshold considered is 15 eV, which corresponds on average
to four electrons. Below that energy threshold, the signal would be affected by additional
on-chip noise sources (leakage current, spurious charge, etc.) that could produce fake
events. Note that the 15 eV energy threshold chosen to reduce the background is a very
conservative estimate. Later, we will study the impact of this limit on the sensitivity.

The relation between the ionization energy (EI) and the nuclear recoil energy (ER) is
given by the quenching factor Q(EI) = EI/ER. For silicon, we will use the parametriza-
tion from ref. [5] of the measurement performed in sub-keV nuclear recoils with a neutron
source [90].The minimum nuclear recoil energy for those measurements is 400 eV. That en-
ergy threshold depends on the quenching factor used. For instance, using Sarkis et al. [94],
the minimum energy is 270 eV, and for Linhard et al. [95] is 100 eV. For the interaction with
electrons, the relation between the ionization and the recoil energies is given by electron
binding energy EI = ER−Ebind

s , and therefore it depends on the energy shell s. Neverthe-
less, when the energy of the photons emitted after the de-excitation of the ionized atom is
lower than ∼1 keV (corresponding to an attenuation length in Si of ∼3 µm, much smaller
than the pixel size), it can be safely assumed that the energy of the photon will be ab-
sorbed close enough to the original interaction and contribute to the same cluster of pixels.
Therefore, the total ionization energy in the detector will also include the binding energy of
the electrons. For all the photons originated in electrons apart from the inner shell we can
safely assume that the recoil and the ionization reconstructed energies coincide (EI = ER).

If the energy of the emitted photon is higher than about 1 keV, its probability to travel
further in the material is larger, likely not depositing its energy on the same or adjacent
pixels than the original ionization due to the electrons. In this case, the binding energy will
not contribute to the event and the reconstructed energy becomes the transferred energy of
the neutrino minus the binding energy. This is relevant particularly to the peak produced by
∼1.8 keV X-Rays originated in the K-shell of silicon. As a matter of fact, the 1.8 keV peak
has been observed experimentally and it can be used for calibration purposes [6]. Moreover,
the peak for the total energy release when they escape the detector (total energy minus
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1.8 keV) is also observed when more energetic X-rays are used to irradiate the sensor. As
a conservative approach, we will treat any electron binding energy above 1 keV as missing
energy.

The main background sources that will affect this measurement are Compton scattering
of high energy photons and interactions of high energy neutrons produced in the atmosphere
by spallation induced by muons. Although both process are well understood, a detailed
analysis including the detector configuration and the different passive shielding that can
be used to reduce the background is still not available. The current background in the
CONNIE experiment is ∼ 10 kdru [5]. However, recent studies [96] show that detector
processing, in particular treatment to avoid partial charge collection in the backside of
the sensor, can significantly reduce backgrounds. Additionally, the reactor dome will act
as a partial cosmic rays shield. Reducing the rate of muons arriving at the detector. It
will impact the one-electron events produced by Cherenkov and bremsstrahlung [97] and
the rate of neutron-induced events. Although we do not have enough information at the
moment to calculate the expected background rate after applying all these features, we will
work in a slightly optimistic scenario with a baseline background of 1 kdru.

One of the main technological advances proposed for this project is the development of
a new readout scheme that confers time resolution of the order of a few milliseconds to the
Skipper CCD. The implementation is possible thanks to a novel technique developed by the
authors called Smart Skipper [98] that can be used together with the new Skipper sensors
recently developed at Fermilab for quantum information science (QIS) to get the desired
speed. The time resolution allows the implementation of an active muon-veto system for
the first time on these devices that combined with other developments proposed here such
as a new radiation absorbent mechanical package and the calibration of the ionization
efficiency for electron and nuclear recoils will reduce the background rate by two orders of
magnitude below 300 eV.

As a reference, we will consider a conservative minimum ionization energy of 15 eV,
corresponding to an average of four ionized electrons (see discussion in section 5.3). Later,
we will study the impact of the ionization energy threshold on the experimental sensitivity
to the BSM scenarios under consideration in this work.

To determine the sensitivity to the neutrino cross section, we will minimize the follow-
ing χ2 function

χ2 =
∑
a

(da − ta)2

ta
+
(
αB

σB

)2

+
(
αW
σW

)2
+

isotopes∑
q

(
αq
σq

)2

, (4.2)

where the first term accounts for the deviation of the expected number of events between
the new neutrino interaction scenario ta and the test hypothesis, the standard model case,
da. In each ionization bin, these vectors include the contribution of the four isotopes
weighted by its fission fraction and the expected background in each ionization bin. For
the reactor configuration that we are considering, the fission fractions used are f235 : f238 :
f239 : f241 = 0.55 : 0.07 : 0.32 : 0.06 [10].

The statistical significance induced by the new event distribution will be diluted due to
the systematical uncertainties. In this work, we have considered the uncertainties related
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Systematic Background Reactor power Relative rate per fission
Symbol σBa σW σq

Value 1.2% 5% 5%

Table 3. Systematic uncertainties. See sections IV for details.

to the normalization of the background (σB), the reactor power (σW ) and the fission
fraction for each isotope (σq). The deviation of each parameter from its nominal value
is parameterized by the αs, following the same prescription as in Fernandez-Moroni et
al. [10]. The uncertainties associated to each parameter are given in table 3. Note that in
the case of the fission fraction, the sum must always add up to 1 (∑q(1 + αq)fq = 1). The
background normalization will be statistically determined during the reactor-off periods.
Assuming 45 days reactor-off per year, at a background rate of 1 kdru, the precision on
the background will reach 1.2% after 3 years. For the reactor power and the fission rate,
we are taking a conservative uncertainty of 5% in both cases.

5 Results

We now present the results of our analysis for the different BSM scenarios described in sec-
tion 2, according to the experimental setup summarized in table 2. In the following, we will
be comparing the resulting sensitivity of vIOLETA to other relevant experimental results.

5.1 Expected signal

Before presenting the forecasted experimental sensitivities, it is useful to understand what
vIOLETA would actually expect to measure if any of these BSM scenarios are realized in
nature. Figure 1 exhibits ionization energy distributions for some benchmarks of all models
presented in section 2: neutrino magnetic moment (top panels); light vector mediator
(middle panels); and light scalar mediators (lower panels). Panels on the left exhibit the
energy spectrum for nuclear recoils, while panels on the right are for electron recoils. For all
benchmarks chosen, we can see that the new physics signal is significantly enhanced at low
recoils, which shows the relevance of the low energy threshold of Skipper-CCD detectors
when probing these BSM scenarios. For the conservative quenching factor parametrization
of Chavarria et al. [90] that we adopt here, there is an effective cutoff at recoil energies
below about 400 eV. While there is no quenching factor for electrons, binding energies above
1 keV will be missing energy, for the reasons discussed previously. Therefore, the observed
energy may yet be reduced with respect to the electron recoil energy. This reduction is
responsible for the kinks in the left panels of figure 1.

Note that we have picked mediator masses sufficiently low to make the impact of low
thresholds more evident. This is particularly true for vector mediators, as the differential
cross section goes as ∝ 1/E2

R, if for light enough masses. In fact, more than 99% of the
events due to new physics takes place below 1 keV recoil energy for all our benchmarks.
Besides the low recoil energy enhancement coming from the lightness of new physics, the
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quenching factor for neutrino-nucleus scattering reduces the ionization energy with respect
to the true recoil of the nucleus, further evidencing the advantage of low energy thresh-
olds. This is more obvious in figure 2, where we present the normalized neutrino-electron
and neutrino-nucleon charge distribution spectra for several BSM scenarios. Clearly, ν − e
scattering via light vector mediators is the scenario which benefits the most from low ioniza-
tion thresholds while magnetic moment ν-nucleus scatter is the most “flat” spectrum. Note
that we show the spectra regardless of the detection threshold for presentation purposes.
Quantum effects including electron energy levels were not included [99].

5.2 Forecasted sensitivity to neutrino magnetic moment and new light medi-
ators

Now we present the experimental sensitivity of our setup to light mediators and a non-
standard neutrino magnetic moment. For simplicity, we will consider that the light medi-
ator couples either to electrons or to quarks. We will assume an experimental benchmark
configuration with the Chavarria quenching, a 5% reactor neutrino flux normalization un-
certainty, and 1 kdru flat background rate. For neutrino-electron scattering, the dominant
uncertainty that drives the sensitivity is the reactor flux. Due to that, we will also present,
for this case, the results assuming the data-driven flux inferred by the Daya Bay measure-
ments, as well as a statistics only curve for reference. These systematics have little impact
on the neutrino-nucleus results, so we will only show the main experimental benchmark in
that case. For the coupling to electrons, we will compare our sensitivity to the XENON1T
excluded region obtained in ref. [100]. For the case of coupling to quarks, we also show
current limits from CONNIE [5] and COHERENT [19, 101]. Limits on the pseudo-scalar
and axial scenarios coupling with electrons coming from GEMMA [61] and TEXONO [60]
were derived following the procedure established in [102]. Briefly, we consider the last data
related to neutrino-electron scatterings, and perform a spectral fit in terms of electron re-
coil energies. To the best of our knowledge such limits were not available in the literature
until now.

In figure 3 we show the sensitivity at 90% C.L. to a new light scalar mediator coupling
to neutrinos and quarks (left panel) or electrons (right panel). As can be observed in the
left panel, vIOLETA (red) could improve current bounds by about an order of magnitude
with respect to CONNIE (green) and a factor ∼ 2.5 with respect to COHERENT (light
blue) for masses between 0.1-1GeV. In the right panel we present the comparison between
vIOLETA (red curves) and the XENON1T (blue hatched region) exclusion of a light scalar
mediator coupling to neutrinos and electrons. XENON1T is more competitive due to its
larger detector mass and the fact that, for smallmφ, the differential cross section goes as the
inverse of the recoil energy. Therefore, the total cross section only increases logarithmically
with a lower threshold: vIOLETA cannot take full advantage of its low-energy threshold
capabilities in the light scalar mediator scenario.

In figure 4 we show the sensitivity to a light vector mediator coupled to neutrinos
and quarks (left panel) and electrons (right panel). Focusing on the left panel, we see that
vIOLETA (red) can improve the current constraints for masses below about 50MeV. Above
this mass, COHERENT (blue) provides the best constraint. At low masses, vIOLETA may
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Figure 1. Expected event spectra in silicon for different interaction and scattering channels,
as indicated in the panels. Representative values of the parameter space region excluded by the
proposed experiment are used. Spectra from nuclear interaction are shown after quenching factor.
For reference we also indicate, in the upper left panel, constant background rates relevant for this
experimental setup. Note that if reactor-off data is taken, the figure of merit for the background
rate is the statistical error of the background determination.
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Figure 2. Charge distribution spectra for several different interactions and scattering channels
normalized by the first bin height. The interaction parameter values used for magnetic moment ν-N
and ν-e: µνe = 8×10−11µB , for vector mediator, ν-N : mZ′ = 1×10−6 MeV, √gνZ′gqv = 1.2×10−5.
for vector mediator, ν-e: mZ′ = 1 × 10−6 MeV, √gνZ′glv = 4 × 10−7. for scalar mediator, ν-
N : mφ = 1 × 10−6 MeV, √gνφgqs = 2 × 10−6. for scalar mediator, ν-e: mφ = 1 × 10−6 MeV,
√
gνφgls = 4× 10−6.
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Figure 3. Sensitivity of the vIOLETA experiment (red) to a new scalar interaction between
neutrinos and nucleons (left panel) and electrons (right panel). For the interaction with nucleons
we compare with the bounds from the COHERENT (light blue) and CONNIE (green) experiments,
while for electrons we compare with the recent bound from XENON1T (blue). For ν-e scattering,
we also show the impact of systematic uncertainties: 5% flux normalization (solid red), Daya Bay
data-driven flux covariance matrix (dot-dashed), and only statistical uncertainties (dotted).

improve the leading bounds from CONNIE (green) by a factor 3 or so. For the coupling
to electrons (right panel), vIOLETA (red) could improve the current sensitivity to masses
below about 20MeV by a factor ∼ 2. For larger masses, XENON1T would still have a better
sensitivity due to the fact that at large mZ′ the cross section is independent of the recoil
energy, as can be seen in table 1. Note also that the neutrino-electron scattering constraint
exhibits some nontrivial feature around MZ′ = 6 keV, which goes away when there are no
flux systematics. The reason for this is because, at these masses, the neutrino-electron
scattering induced by new physics leads to a ionization spectrum which is very similar to
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Figure 4. Sensitivity to a new interaction mediated by a light vector boson between neutrinos and
nucleons (left panel) and electrons (right panel) as a function of the mass of the new boson and
the coupling. We compare the sensitivity from vIOLETA (red) to the bounds from COHERENT
(light blue) and CONNIE (green) for the interaction with nucleons and with Xenon1T (blue) and
GEMMA (purple) for the case of an interaction with electrons. For ν-e scattering, we also show
the impact of systematic uncertainties: 5% flux normalization (solid red), Daya Bay data-driven
flux covariance matrix (dot-dashed), and only statistical uncertainties (dotted).

the standard (quenched) CEvNS spectrum. Therefore, any systematic uncertainty on the
standard CEvNS spectrum causes a loss of sensitivity in that region. For lower masses, the
ν − e spectrum is very peaked at low energies, leaving no room for confusion.

In figure 5 we present the sensitivity for neutrino-electron scattering induced by axial
(left panel) and pseudoscalar (right panel) mediators. We do not show those for neutrino-
nucleus scattering because pseudoscalars do not induce coherent neutrino-nucleus inter-
actions, as they couple to the spin of the nucleus, while limits on axial vector mediators
coupling to neutrinos and nucleus are very similar to the vector mediator case. We see that
vIOLETA could improve the current GEMMA constraint on axial mediators by a factor
∼ 4 at low energies (left panel), while TEXONO dominates the pseudoscalar case for the
region of interest.

For the neutrino magnetic moment, the future vIOLETA bound boils down to a single
number, µνe . By performing the analysis we have found that

µνe < 5.3× 10−11µB (90% C.L.) (5.1)

for the same experimental benchmark assumed in the light mediator scenarios.

5.3 Dependence of the forecasted sensitivity on experimental assumptions

When deriving the future sensitivities to the light, weakly coupled new physics scenarios,
we have made several assumptions on key experimental factors: recoil energy threshold,
background rate, quenching factor, and systematic uncertainties. Although we have made
an effort to assume a realistic experimental setup, it remains unclear what is the effect of
such assumptions on the experimental sensitivity. As we have seen in the right panels of fig-
ures 3, 4 and 5, the uncertainty on the reactor neutrino flux is very relevant to the neutrino-
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Figure 5. Sensitivity for the interaction with an axial vector (left) and a pseudoscalar (right)
mediator coupling to neutrinos and electrons. We compare the vIOLETA sensitivity (red curves)
to the bounds from GEMMA (purple) and Texono (coral). We also show the impact of systematic
uncertainties: 5% flux normalization (solid red), Daya Bay data-driven flux covariance matrix (dot-
dashed), and only statistical uncertainties (dotted).

electron scattering case. In fact, we have checked that the neutrino flux systematics is the
dominant systematics in most cases, followed by the uncertainty on the fission fractions.

To exemplify the impact of other assumptions in our results, we will present the neu-
trino magnetic moment sensitivity varying the quenching factor, the reactor flux uncer-
tainty and the background rate. In figure 6 we present such study. In the left panel we
have assumed 10 kg detector mass and 1 kdru background rate all over, but we have varied
the quenching factor assumption (Chavarria [90], Sarkis [94] and Lindhard [95]), as well
as the flux systematic uncertainty between 5% overall and the Daya Bay data-driven flux
covariance matrix, following an analogous procedure to the one performed in [10]. We also
present, for each quenching factor assumption, the results obtained without any systematic
uncertainties at all. This serves as a reference of the best ever attainable scenario given
statistical uncertainties. The right panel is the same as the left one, except for a more op-
timistic background rate of 100 dru. This reduction on the background could be achieved
with the Skipper-CMOS technology which improves on the timing resolution, allowing for
active background veto.

As we can see, the role of the quenching factor is major for the sensitivity to a neutrino
magnetic moment. The reason for that is simply statistics. If the quenching factor is
larger, as in the case of Lindhard, more energy is deposited as ionization and thus a larger
fraction of the reactor neutrino flux contribute to the signal. We also see the relevance
of measuring the reactor neutrino flux with inverse beta decay (IBD) experiments such
as Daya Bay. Although the IBD threshold prohibits a measurement of the neutrino flux
below the IBD threshold of 1.8MeV, the data-driven knowledge of the flux above this
threshold significantly boosts the sensitivity of vIOLETA. In the future, one would expect
JUNO’s near detector [103] to play an even more important role in this regard. The role
of backgrounds is also quite clear from comparing the left and right panels, as we see a
∼ 30% improvement for almost all cases considered. We also see from these two figures
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that vIOLETA could significantly improve current constraints, and perhaps even probe the
interpretation of the XENON1T excess in terms of a light vector mediator or non-standard
neutrino magnetic moment.

As a last remark, we would highlight the role of the low energy recoil threshold of
vIOLETA in probing new physics. Skipper-CCDs are capable of counting single electrons
with a readout noise as low as desired. If we, for instance, assume a one-sample readout
noise of σ ∼ 2 electrons, as the one reported by the CONNIE experiment using conventional
scientific grade CCDs [5], after measuring the charge in each pixel 256 times using the
Skipper mode, a final sub-electron readout noise of σ ∼ 2/

√
256 = 0.125 electron could

be achieved. Although this indicates that Skipper-CCDs could go down to a zero-electron
energy threshold [85], the situation above ground is more challenging [104]. The dominant
source of pixel occupancy is the cosmic radiation (mainly atmospheric high energy particle
showers), which is proportional to the exposure time. As a result, a typical exposure time of
about a couple of hours corresponds to an expected pixel occupancy of the CCD of around
10-15 [6]. In addition, photons produced by high energy cosmic particles via Cherenkov
and bremsstrahlung processes would also contribute to the one-electron event rate as their
energies could lead to ionized electrons in silicon [97]. Besides, there is a contribution due
to the dark current, but is quite low in this kind of sensor (∼10−2 e−/pix/day). All these
background contributions grow linearly with exposure time. On the other side, the readout
noise contributions are independent of time, being constant for each image. Therefore, the
longer the exposure time the smaller the readout noise contribution.

Therefore, the silicon occupancy issue is essentially an optimization problem among
cosmic backgrounds, readout noise and dark current. The nonzero occupancy caused by
the effects discussed above would lead to an overestimate of the electron distribution at and
near zero. Thus, even for pixel reads with such a good σ the probability of misclassifying
an empty pixel as one with charge is not zero. If we integrate this effect over hundreds
of images (millons of pixels), a significant fraction of empty pixels will be classified as
occupied. Two and three electron events could also appear in our images as results of
spatial coincidences due to all aforementioned effects. However, the rate of fake multi-
electron events is strongly suppressed. To be on the safe side, we have considered up to
now that four electrons — which corresponds to 15 eV, — would be a conservative estimate
of the experimental threshold for a Skipper-CCD experiment above surface. Nevertheless,
a proper estimate and optimization of these effects could, in principle, allow the experiment
to significantly lower its ionization threshold [104].

In figure 7 we show vIOLETA’s sensitivity to a new interaction between neutrinos
and nucleons (left panel) or electrons (right panel) due to a light vector mediator for two
different threshold energies, the conservative one of 15 eV used up to here and the best case
scenario, 1.1 eV, corresponding to the silicon band-gap. All other experimental assumptions
are unchanged from table 2. As we can see, for the neutrino-electron case, a lower threshold
could improve the sensitivity by a factor of 2 for light enough mediators. This is due to the
strong dependence on the recoil energy in the cross section when mZ′ � 2ERme. Thus, the
cross section, and consequently the number of events, is greatly enhanced when ER → 0. In
contrast, for heavier mediator masses M2

Z′ � 2ẼRm, where ẼR are typical recoil energies
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Figure 6. Sensitivity to non-standard neutrino magnetic moment at vIOLETA using Chavarria,
Sarkis or Lindhard quenching factors (as indicated in the figure), for a background of 1 kdru (left
panel) or 100 dru (right panel). We also show the dependence of the sensitivity on the reactor
neutrino flux uncertainty, where we show a 5% overall systematics (red) and Daya Bay data-driven
flux covariance matrix (cyan). We reference, we also show the sensitivity considering only statistical
uncertainties (green). The purple line corresponds to the upper bound from GEMMA at 90% C.L.
and in blue we have the allowed region compatible with the Xenon1T result, at 90% C.L.
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Figure 7. Comparison of vIOLETA’s sensitivity to a new interaction between neutrinos and
nucleons (left panel) or electrons (right panel) mediated by a light vector boson for two different
energy thresholds: a conservative corresponding to 15 eV (red) and the limiting case for a silicon
Skipper-CCD devise corresponding to the silicon band-gap of 1.1 eV (blue).

andmN is the mass of the recoiled particle, the sensitivity does not depend on the threshold
energy. This is expected, as the cross section becomes independent of the recoil energy.
For the case of the interaction with nucleons there is not such an improvement for the
different threshold energies. This can again be understood because now for small mediator
masses the cross section is inversely proportional to 2ERmN which does not give a large
enhancement due to the large mass of silicon mN .
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6 Conclusions

In this paper we have evaluated the sensitivity of the vIOLETA experiment — a 10 kg
Skipper-CCD detector deployed 12 meters from a commercial nuclear reactor core — to
light, weakly coupled, beyond standard model scenarios. We have shown that, under
reasonable assumptions, vIOLETA can improve current constraints on scalar and vector
mediators coupling to neutrinos and quarks, as well as vector and axial vector mediators
coupling to neutrinos and electrons. These improvements can be of up to almost an order
of magnitude on the new physics couplings, particularly when the low threshold of Skipper-
CCD detectors is leveraged (for very light mediators).

We have also provided a detailed study on the dependence of the experimental sensi-
tivity on several assumptions regarding the experimental setup: systematic uncertainties,
background rate, quenching factor, and ionization threshold. We have found that all these
factors play a significant and comparable role in determining the experimental sensitivity
to new physics. We highlight the important impact of unfolding the reactor neutrino flux
from experimental measurements, such as the data-driven flux covariance matrix provided
by the Daya Bay collaboration. Under optimistic but still realistic assumptions, vIOLETA
can rule out the explanation of the recent XENON1T excess in terms of a non-standard
neutrino magnetic moment. We hope that this work will motivate the collaboration to
search for light, weakly coupled new physics scenarios.
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