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Abstract: With large active volume sizes dark matter direct detection experiments are
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offer an opportunity to test neutrino properties at low thresholds with fairly low back-
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ues allowing to test regions not excluded by astrophysical arguments. Using electron recoil
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1 Introduction

Dark matter (DM) direct detection experiments are already sensitive to solar neutrinos.
In its latest data sets, XENON1T has reported signals in both coherent elastic neutrino-
nucleus scattering (CEνNS) and neutrino-electron elastic scattering [1, 2]. It is natural to
expect that with increasing active volumes and exposures, XENONnT [3], LZ [4], and DAR-
WIN [5] will provide larger statistics in both channels. Threfore, their results will enable
precise measurements of neutrino properties complementing those coming from present and
near-future dedicated neutrino experiments (see, e.g. [6–11]). The opportunities these data
offer include — but are not limited to — studies of new interactions in the neutrino sector
by means of light vector and scalar mediators, neutrino non-standard interactions, and
neutrino electromagnetic properties [12–20]. They will also provide a playground for pre-
cise measurements of solar neutrino fluxes, including those from the solar CNO cycle [21],
as well as for tests of solar models and solar neutrino matter effects [22].

With precise discrimination, measurements of electron or nuclear recoils alone can
determine the presence of new physics. That could be the case — for instance — of
the recent electron excess reported by the XENON1T collaboration [2], if indeed new
physics is responsible for such a signal. Ideally, a physical explanation of an electron excess
would produce a particular signature in the corresponding nuclear channel. However, an
observation of a signal e.g. in electron recoils does not necessarily implies an observation
of nuclear recoils. The main reason being the energy thresholds involved. For ∼ 0.1 keV
thresholds, electron recoils are driven by pp neutrino fluxes, while nuclear recoils by 8B
neutrinos. In cm−2s−1 units, these fluxes differ by about four orders of magnitude [23].
Thus, unless the new physics effects are way more pronounced in the ν −N cross section,
one expects the electron recoil signal to be more prominent (possibly only observable in
that channel). An extreme case of such scenario would be a nucleon-phobic light vector
mediator, in which case only an excess in electron recoils could be observed.
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However, there are other cases in which either the electron or nuclear recoil signal can
come along with a signal in the other channel. Arguably the most remarkable example in
this case is given by photon exchange. As soon as the new physics couples to photons, de-
pending on the size of the new physics couplings, there will be new contributions to electron
and nuclear recoil signals.1 In the case of neutrino detection, any of its electromagnetic
couplings will lead to both electron and nuclear recoils, again depending on their size both
processes could be observed. This discussion is of course not only related to neutrinos,
a typical example involving DM is given by dark photon portals in which kinetic mixing
allows coupling of the dark and visible (SM) sectors [25, 26].

Motivated by the latest XENON1T result [2], in this paper we study the extent at
which neutrino electromagnetic properties can be tested at XENON1T, XENONnT and
DARWIN using combined electron and nuclear recoil measurements. We consider neutrino
magnetic dipole moments and determine the discovery reach under simplified detector
and signal assumptions. This includes one, ten and forty tonne active volumes, 100%
detector efficiency and 0.3 keV and 1 keV energy thresholds. The former motivated by
ref. [27], while the latter determined by future detector performances [3–5]. In all cases
our toy experiments correspond to the SM electron and nuclear recoil spectra (measured in
events/tonne/year/keV). For CEνNS we assume two background hypotheses, 68% and 25%
of the signal rate. Note that this choice is not intended to be understood as representative of
what the actual backgrounds will be. The main motivation for this choice is that of showing
the impact on sensitivities that background will have. And so to emphasize the importance
of a proper understanding of the different backgrounds these experiments will be subject to.
For ν−e elastic scattering we instead use expected backgrounds at XENON1T, XENONnT
and DARWIN as given in refs. [2, 22, 28]. Needless to say, these assumptions — in particular
for CEνNS — are just representative of how the actual detectors performances and data
sets will look like, but allow us to visualize how competitive these detectors will be when
compared to neutrino dedicated experiments.

The remainder of this paper is organized as follows. In section 2 we shortly discuss
CEνNS, ν − e elastic scattering as well as neutrino magnetic dipole moments and their
corresponding differential cross sections. In section 3 we describe our statistical analysis
and present our results. Finally in section 4 we summarize and present our conclusions.

2 CEνNS, ν−e elastic scattering and neutrino magnetic dipole moments

In the SM, CEνNS is a neutral current process in which the neutrino energy involved,
Eν . 100MeV, is such that the transferred momentum implies the individual nucleon
amplitudes sum up coherently. This results in an approximately overall enhancement of
the cross section, determined by N2, where N refers to the number of neutrons of the target
nuclei [29, 30]. Given the constraints over the neutrino energy probe, possible neutrinos
that can induce the process are limited to neutrinos produced in pion decay-at-rest, reactor

1Note that even in the most extreme case, nucleon- or lepto-phobic interactions, reconstruction of the
signal will require electron and nuclear recoil measurements. For neutrino nuclear recoil traces of lepto-
phobic scenarios see [18, 24].
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and solar neutrinos. Other possible sources include sub-GeV atmospheric neutrinos, diffuse
supernova (SN) background (DSNB) neutrinos and a SN burst. However, their detection
is less certain. Sub-GeV atmospheric neutrinos and DSNB fluxes are small, and so very
large exposures are required for their detection [31]. Observation of a SN burst is not
guaranteed, although it is expected to happen at certain point [32].

The differential cross section for this process involves a zero-transferred momentum
component and a nuclear form factor that accounts for nuclear structure. It is given
by [29]

dσν−N
dEr

= G2
F

2π mNg
2
N

(
2− mNEr

E2
ν

)
F 2(Er) . (2.1)

Here gN = (A − Z)gnN + ZgpV , where gnN = 2gdN + guN and gpN = gdN + 2guN with the quark
electroweak couplings given by gdN = −1/2 + 2/3 sin2 θW and guN = 1/2 − 4/3 sin2 θW .
For the weak mixing angle we use sin2 θW = 0.23122 [33]. For the nuclear form factor
we adopt the Helm parametrization and assume the same root-mean-square radii for the
proton and neutron distributions. Assuming otherwise requires weighting the neutron and
proton contributions with independent form factors [34]. Note that for the energies we are
interested in the form factor plays a somewhat minor role.

Solar neutrinos are subject to neutrino flavor conversion, which depending on the
process of the pp chain they originate from can be matter enhanced. Assuming the two-
flavor approximation (mass dominance limit ∆m2

13 → ∞), two neutrino flavors reach the
detector. Neutrino-electron scattering induced by solar neutrinos receives therefore con-
tributions from neutral and charged current. Neutral from νe − e and νa − e interactions,
while charged from νe − e alone. The differential cross section reads [35]

dσν−e
dEr

= G2
Fme

2π

[
(gV + gA)2 + (gV − gA)2

(
1− Er

Eν

)2
(g2
A − g2

V )meEr
E2
ν

]
, (2.2)

with the vector and axial couplings given by

gV = 2 sin2 θW ±
1
2 , gA = ±1

2 . (2.3)

Here ‘+’ holds for νe, while ‘−’ for νa.

2.1 Neutrino magnetic/electric dipole moments and cross sections

Possible neutrino electromagnetic couplings are determined by the neutrino electromagnetic
current, which decomposed in terms of electromagnetic form factors leads to four diagonal
independent couplings in the zero-transferred momentum limit: electric charge, magnetic
dipole moment [36–41], electric dipole moment and anapole moment [39]. Depending on
whether neutrinos are Dirac or Majorana and on whether CP and CPT are exact symme-
tries in the new physics sector, some of these couplings may vanish [39, 40]. They are subject
to a variety of limits from laboratory experiments [42] that include PVLAS [43], neutron
β decay [44], TRISTAN, LEP and CHARM-II [45], MUNU [46], Super-Kamiokande [47],
TEXONO [6], GEMMA [48] and Borexino Phase-II [49]. They are constrained by cos-
mology and astrophysical observations as well, including primordial nucleosynthesis [50],
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neutrino star turning [51], supernova and stellar cooling [52–55]. For an extensive review
on this constraints see ref. [56] (see ref. [57] as well for constraints involving order MeV
right-handed neutrinos).2

At the effective level the magnetic/dipole couplings can be written according to

−LD = 1
2νLiσµν

(
µDij + γ5ε

D
ij

)
νRj + H.c.,

−LM = 1
2ν

c
Li
σµν

(
µMij + γ5ε

M
ij

)
νLj + H.c. (2.4)

Note that electron recoil experiments cannot differentiate between Dirac or Majorana cou-
plings, nor between magnetic/electric moments or transitions. In the mass eigenstate basis,
processes induced by interactions (2.4) are sensitive to the effective parameter [60]

µ2
νeff =

∑
j

∣∣∣∣∣∑
k

Ak(Eν , L)(µkj − iεkj)
∣∣∣∣∣
2

, (2.5)

where Ak(Eν , L) refers to the amplitude of the k-th massive neutrino state at detection
point. The effective coupling takes different forms depending on whether neutrinos are
Dirac or Majorana as well as on the flavor scheme adopted (see e.g. ref. [42]). We will
therefore use this effective coupling in our calculations since it is useful from the phe-
nomenological point of view, given that the analysis of neutrino magnetic interactions is —
in general — a multiparameter problem that can be reduced to a single parameter prob-
lem with the aid of (2.5). Using this parametrization, the ν − e differential cross section
reads [35]

dσν
dEr

= πα
µ2
νeff

m2
e

(
Eν − Er
EνEr

)
, (2.6)

where µνeff has been normalized to the Bohr magneton. For CEνNS the differential cross
section has the same structure but comes along with the number of target protons squared
Z2 and a nuclear form factor. Because of the Coulomb divergence the cross section is
forward peaked, a behavior that becomes rather pronounced at low recoil energies. The
most salient feature of neutrino magnetic moment interactions is thus spectral distortions.

For all the cross sections we have discussed maximum recoil energies are written as

Neutrino-electron : Emax
r = 2E2

ν

me + 2Eν
,

Neutrino-nucleus : Emax
r = 2E2

ν

mN + 2Eν
' 2E2

ν

mN
, (2.7)

with the approximation being fairly good for all isotopes of interest, particularly for xenon.

2.2 Recoil spectra

The recoil spectrum for nuclear and electron recoils proceeds from a convolution of neutrino
fluxes and neutrino cross sections. In the case of nuclear recoils, they will be sensitive to all

2For constraints on neutrino magnetic moments using Borexino data see e.g. [58]. For constraints on
light vector mediators using TEXONO, CHARM-II and GEMMA see e.g. [59].
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Component Kinematic limit [keV]
pp 2.64× 102

7Be (Eν = 0.3MeV) 2.31× 102

7Be (Eν = 0.8MeV) 6.64× 102

pep 1.18× 103

hep 1.85× 104

8B 1.63× 104 (4.48)
13N 9.88× 102

15O 1.51× 103

17F 1.52× 103

Table 1. Kinematic recoil energy limit for the different neutrino components of the solar pp and
CNO cycles in neutrino-electron scattering. Included as well in parenthesis is the kinematic limit
for 8B in CEνNS. The values displayed follow from the BS05 standard solar model [23].
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Figure 1. Top graphs: CEνNS toy experiment signals for a 0.3 keV threshold with a background
amounting to 68% (left) and 25% (right) of the signal rate, Bckg 1 and Bckg 2 hypotheses re-
spectively. The result assumes 100% detector efficiency and one tonne-year exposure. Bottom
graphs: same as the top graphs but for 1 keV threshold instead. For the CEνNS analysis, these
are the “experimental” signals we have assumed. As can be seen, results are rather sensitive to
threshold choices.
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neutrino flavors on equal footing. For electron recoils the situation is different since electron
neutrinos are subject as well to charged current processes, while the other flavors do not.
Fluxes, therefore, should be weighted by the neutrino oscillation survival probability Pee,
which proceeds from an average over neutrino trajectory, including all neutrino fluxes
dΦ/dEν (pp and CNO cycles) and involving neutrino production distributions as predicted
by the standard solar model (see e.g. [15]). For its calculation we have employed those given
by the BS05 model [23] and the neutrino oscillation parameters best-fit-point values in [61].
Inclusion of neutrino magnetic moments can involve neutrino oscillation probabilities too,
depending on whether the new couplings are or not flavor dependent.

For thresholds above ∼ 0.1 keV CEνNS is sensitive only to the 8B neutrino flux (the
hep flux is too suppressed to give a sizable signal). Neutrino-electron elastic scattering
instead is sensitive to all solar neutrino fluxes, and so it is dominated by pp neutrinos.
Contribution form other fluxes is small, with the main contribution given by the 0.86MeV
7Be line (see e.g. [62]). We write then the recoil spectra as follows

dRν−N
dEr

=NN

∫ Emax

Emin

dΦ8B
dEν

[
dσν−N
dEr

+ dσν
dEr

]
dEν ,

dRν−e
dEr

=Ne

∫ Emax

Emin

∑
α

dΦα

dEν

[
Pee

dσν−e
dEr

+ (1− Pee)
dσνa
dEr

+ dσν
dEr

]
dEν . (2.8)

Here NN and Ne refer to the number of nuclei and electrons in the detector, Emin
ν =√

mNEr/2 for CEνNS and Emin
ν = [Er + (E2

r + 2Erme)1/2]/2 for ν − e scattering. Index
α runs over pp, 8B, hep, 7Be, pep 13N, 15O and 17F. Emax

ν is determined by the kinematic
tail of the corresponding flux as displayed in table 1.

3 Sensitivity to neutrino magnetic moments

Xenon multi-ton scale DM detectors rely on photon (scintillation) and electron (ionization)
signals [3, 5]. Photons are detected through photosensors that produce a prompt S1 signal.
Electrons, instead, are drifted upwards with the aid of an electric field, resulting in a delayed
S2 signal. S1 and S2 signals in turn allow the reconstruction of the radial position and depth
of a given interaction, together with the energy reconstruction of an event. Their ratio,
S2/S1, provides a way to descriminate between electron and nuclear recoils. Moreover,
the dual-phase technology, allows to get more information on the S2 signal improving the
resolution power of these detectors. The combination of these features provides a powerful
tool for event selection over background and this will eventually enable the reconstruction of
new physics signals, if any, through the discrimination of electronic and nuclear signatures.

To assess the sensitivity of direct detection experiments to neutrino magnetic moments
we use a spectral chi-square test assuming various detector configurations as follows. One,
ten and forty tonne active volume sizes, 0.3 keV and 1 keV thresholds. For CEνNS we
adopt two background hypotheses, 68% and 25% of the signal rate. For ν − e elastic scat-
tering instead we use the expected backgrounds at XENON1T, XENONnT and DARWIN
reported in refs. [2, 22, 28]. They include material radioactivity, double beta decays of
136Xe and 124Xe decays via double electron capture, among others. Although we take
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Figure 2. Neutrino-electron signal for a 0.3 keV threshold with error bars amounting to 68% of
the signal rate. The calculation assumes 100% detector efficiency and a one tonne-year exposure.
Results are rather insensitive to threshold shifts (0.3 keV to 1 keV).

these assumptions as representative of XENON1T, XENONnT and DARWIN, their main
motivation is that of comparing the impact of different active volumes as well as differ-
ent thresholds and backgrounds in the reach of direct detection experiments to neutrino
electromagnetic properties.

Under these assumptions we first calculate the signals that define our toy experiments
for both CEνNS and ν − e elastic scattering, considered in all cases as the SM prediction
(µνeff = 0). For CEνNS, recoil energies are taken up to the 8B kinematic threshold,
∼ 4.5 keV. For ν − e scattering the pp-induced signal extends up to 264 keV (see table 1).
However, we consider recoil energies only up to 105 keV, point at which the signal drops.
Covering up to the kinematic limit does not have a substantial impact in our results. The
resulting toy experiments signals are shown in figure 1 for CEνNS and in figure 2 for ν − e
scattering. Note that we have only shown signals at different thresholds for the case of
CEνNS. We found that for ν−e scattering, changing the threshold from 0.3 keV to 1 keV has
a negligible effect, which means that toy experiments for any of those thresholds produce,
in practice, the same signal. The reason is justified by the fact that the 0.7 keV shift in
energy threshold for ν − e scattering in the region of interest, reduces the energy range by
0.7%, while for CEνNS by 15%.

We define our binned chi-square test according to

χ2 =
∑
i

1
σ2
i

(
dRi
dEr

∣∣∣∣
SM
− dRi
dEr

∣∣∣∣
µνeff

)2

, (3.1)

where the recoil spectra in the second term includes both the SM and neutrino magnetic
moment contributions to the signal. For our analysis we sample over µνeff from 10−9 µB
and as low as 10−13 µB for both CEνNS and ν − e scattering channels. The results of the
analysis are shown in figure 3, which display ∆χ2 versus µνeff (in µB units) calculated for
the four different combinations in figure 1. The results for different active volume sizes
are shown in each plot, proving that an enhancement from 1 to 40 tonne (XENON1T to
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Figure 3. Top graphs: nuclear recoil sensitivities to neutrino magnetic dipole moments in a 1, 10
and 40 tonne active volume detectors during a one-year data taking. The result assumes a 0.3 keV
threshold, 100% detector efficiency and backgrounds amounting to 68% (left) and 25% (right) of
the signal rate, Bckg 1 and 2 hypotheses respectively. Bottom graphs: same as top graphs, but
assuming a 1 keV threshold. In contrast to electron recoils, results are rather sensitive to threshold
performances.

DARWIN) will improve the sensitivity by a factor ∼ 2.5 at the 90%CL. As can be seen this
sensitivity factor enhancement is independent of threshold and background conditions.

A direct comparison of the results can be done as follows: panels in the same row share
the same threshold, while those in the same column share the same background hypothesis.
We can conclude that decreasing backgrounds may allow a sensitivity enhancement of
order 15% at the 90%CL. Clearly, our background hypotheses are somewhat arbitrary.
Changing them will quantitatively affect this conclusion, but the qualitative feature will be
unchanged. Changing the threshold — as expected — has a similar impact on sensitivities,
they are degraded by going from 0.3 keV to 1 keV. Overall the best sensitivity is obtained
with a 40-tonne active volume with low background and threshold, top-right graph where
we can see that values as small as 8.0 × 10−11µB at the 90%CL can be explored. This
result is remarkable since it shows that if a 0.3 keV threshold is attainable, experiments
with characteristics as those of DARWIN will be able to explore regions in parameter space
rather comparable to those explored by Borexino, TEXONO and GEMMA [6, 48, 49] even
in nuclear recoil measurements. Furthermore, it demonstrates that even in its nuclear
recoil data sets DARWIN will be able to test regions close to those not yet ruled out by
astrophysical arguments, µν |astro . 3 × 10−12 µB [55]. If such threshold is not achievable,
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Figure 4. Electron recoil sensitivities to neutrino magnetic dipole moments in 1, 10 and 40 tonne
active volume detectors during a one-year data taking. The result assumes a 0.3 keV threshold,
100% detector efficiency and backgrounds for XENON1T, XENONnT and DARWIN as given in
refs. [2, 22, 28]. The result is rather insensitive to threshold shifts (0.1 keV to 1 keV).

and measurements are “limited” to 1 keV threshold instead, with low backgrounds still
sensitivities like those of Borexino, TEXONO and GEMMA will be within reach in the
nuclear recoil channel as the bottom-right graph in figure 3 shows.

For the neutrino-electron scattering case sensitivities are better, as expected. Results
of our analysis for this process are shown in figure 4, which displays ∆χ2 versus µνeff . They
have been obtained by using the toy experiment signal shown in figure 2, and by sampling
over µνeff in the same range as in the CEνNS analysis. Thanks to the low thresholds and
large volume sizes, sensitivities will outpass those achieved in Borexino, TEXONO and
GEMMA even in the 1-tonne detector case (representative of XENON1T). At the 90%CL
sensitivities reach values of order 2.3×10−11µB. Considering the 40-tonne detector instead,
sensitivities improve to values of about 4× 10−12µB at the 90%CL.

These values are of the same order and can become more competitive than those derived
from astrophysical arguments, which then brings the question of the sensitivities that could
be reached with other detector configurations. This question is particularly relevant in
the light of existing theoretical bounds derived using effective theories or renormalizable
models, which lead to values of about 10−14 µB [63–69]. If one takes the bound from
astrophysical arguments at face value,3 the region of interest then spans roughly two orders
of magnitude.

To determine the degree at which the full region can be covered we have calculated
the sensitivity in electron recoils that could be achieved in a hypothetical 200-tonne liquid
xenon detector under the most favorable assumptions in ten years of data taking. We
regard this case as the most optimistic one, and so it fixes the most ambitious sensitivity
one could expect. The result is displayed in figure 5, which shows ∆χ2 versus µνeff for the

3Note that astrophysical bounds may be subject to substantially large uncertainties. So the lower
boundary of the allowed region should be understood as somewhat fuzzy. This is arguably the approach
adopted in ref. [2] when interpreting the electron excess in terms of neutrino magnetic moments.
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assumed configurations. The result includes as well an additional background assumption
amounting to 5% of the signal rate, background 3 hypothesis. This result shows that if low
thresholds are achieved in this type of detectors, the final sensitivity to neutrino magnetic
dipole moments will be of order 10−12 µB with little dependence on background. Under the
background 2 hypothesis the best sensitivity that can be achieved is about 1.7×10−12 µB at
the 90%CL, while with the background 3 hypothesis this value improves to 1.6× 10−12 µB
at the 90%CL. Finally, we have checked whether reducing statistical uncertainties could
allow further improvements of these sensitivities. Assuming the background 3 hypothesis
and reducing σa in eq. (3.1) by a 0.1 factor we have found that sensitivities could improve
close to values of order 10−13 µB.

In summary one can fairly say that the full region of interest cannot be covered, but
perhaps a reasonable fraction of it could. Whether this is the case will largely depend on
the size of statistical uncertainties. If they are substantially reduced, these detectors could
eventually test regions of parameter space where non-zero neutrino magnetic moments
could induce sizable signals.

4 Conclusions

With large fiducial volumes DM direct detection experiments are sensitive to solar neutrinos
fluxes. Indeed, the statistics in both nuclear and electron recoils is expected to be large.
This is the case, for instance, in XENON1T which has already collected a substantial
number of events in both channels [1, 2]. Motivated by the large statistics expected, in
this paper we have studied the sensitivity of those measurements to neutrino magnetic
dipole moments. We have considered different detector configurations, which although
rather generic are representative of XENON1T, XENONnT and DARWIN. By generating
toy experiments signals given by the SM prediction plus two background hypotheses for
nuclear recoils (68% and 25% of the signal rate) and actual background for electron recoils,
we have done a chi-square test analysis to determine the reach these detectors would have.

In the case of CEνNS we have found that sensitivities can be comparable to those
reached by neutrino-electron elastic scattering dedicated experiments such as TEXONO,
Borexino and GEMMA [6, 48, 49]. The best sensitivity can be achieved with the 40-tonne
detector, with a 0.3 keV threshold and low background. In one year of data taking such
detector could explore regions in parameter space down to values of order 8.0×10−11µB at
the 90%CL. The 1-tonne detector operating with the same threshold and low background
as well could achieve values of about 21.5 × 10−11 µB at the 90% CL. These sensitivities
can be certainly improved with larger data taking times, but even assuming only one year
is already sufficient to make nuclear recoil measurements competitive with current limits.

Sensitivities with neutrino-electron elastic scattering are better. Furthermore, they
are rather insensitive to recoil thresholds. Shifting from 0.3 keV to 1 keV changes the
events/tonne/year rate in less than 1%. In the ideal case of a 40-tonne detector with a
0.3 keV threshold, regions with values as small as ∼ 4.0× 10−12µB at the 90%CL could be
explored. This means that using electron recoil measurements these detectors can explore
regions of parameter space not yet ruled out by astrophysical arguments. We have found
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Figure 5. Electron recoil sensitivities to neutrino magnetic dipole moments in a 200-tonne liquid
xenon detector under the background 2 and background 3 hypotheses (25% and 5% of the sig-
nal rate) assuming 100% detector efficiency. Results from an analysis with a reduced statistical
uncertainty are given by the dotted green curve. The result is obtained for 10 years of data taking.

that even the 1-tonne detector might be able to reach values of order 2.3× 10−11µB at the
90%CL in only one year of data taking. Note that this result is inline with the neutrino
magnetic hypothesis considered by XENON1T in its electron excess analysis [2]. These
results show that searches for neutrino magnetic signals are already dominated by this
type of detectors and will keep being so in the future.

Finally, we have quantified the degree at which these detectors could cover the
10−14µB − 10−12µB region with increasing data taking. To do so we calculated sensi-
tivities for a hypothetical 200-tonne detector under two background hypotheses, 25% and
5% of the signal rate and 10 years of data taking. Our findings show that under these
— somewhat extreme — conditions, sensitivities can reach values of order 1.7× 10−12 µB
(1.6× 10−12 µB) at the 90%CL for the background 2 (background 3) hypothesis. Covering
the full region of interest seems unlikely, but a reasonable fraction is potentially testable if
statistical uncertainties can be further suppressed. These detectors thus have a chance to
eventually observe neutrino magnetic moment induced signals.
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