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FIG. 2. Allowed 90% CL regions of the ⌫µ–N transition magnetic moment as a function of the right-handed neutrino mass
MN . We compare the XENON1T exclusion contour including a possible tritium contamination (black dashed1) to the limits
we obtain from Borexino data (black solid) and to the projected sensitivity of DARWIN [45]. We also show in pink the
1� and 2� regions preferred by the XENON1T excess in the absence of tritium contamination [19]. We see that the excess
region is consistent with constraints from stellar cooling (purple region, see section III A) and BBN (red shaded region, see
section III C 1), as well as a conservative CMB constraint on Ne↵ (blue shaded region, see section III C 2). The motivation
for considering this more conservative constraint is the fact that larger Ne↵ is preferred by local measurements of the Hubble
constant H0. A less conservative CMB constraint (light blue) is in tension with the XENON1T-preferred region. The constraint
from SN1987A (dashed gray contours) could be in tension with XENON1T as well, but we emphasize that this constraint may
not be robust (see ref. [46], reviewed in section III B). We finally include terrestrial constraints (gray region at the top of the
plot), taken from ref. [32, 35] as well as sensitivity projections for Icecube [35] (dashed) and the region preferred by MiniBooNE
data (green) [32].

moments µ⌫ & 7⇥ 10�11
µB are disfavored, and that the

observed excess is well explained for µ⌫ slightly below
that value. Going beyond the analysis in ref. [19], we
find that the sensitivity deteriorates at MN & 200 keV
as the lowest energy solar neutrinos no longer have su�-
cient energy to create NR.

Comparing our results to ref. [21], we find a slightly
larger best fit value for µ⌫ at low MN , which can again
be understood from our assumption that only ⌫µ feel
the magnetic moment interaction. At higher MN , the
authors of ref. [21] find secondary best fit regions, the
most prominent of which lies at MN ' 600 keV and
µ⌫ ' 2⇥ 10�9

µB. Interactions in this secondary region
would be dominated by 8B neutrinos. This region does
not appear in our results due to enhancements of the
spectrum at recoil energies > 30 keV, see for instance the
red curve in fig. 1. The plateau at ⇠ 100 keV that dis-
favors the MN ' 600 keV solution in our fit is driven by
the pep neutrino flux.

We have also entertained the likely possibility that
the XENON1T excess is not a sign of new physics, but
of some yet unknown SM background. Following the

XENON1T collaboration [19], we use tritium decays as a
proxy for such a background, Including this background
in our fit, we find the 90% CL limit shown in fig. 2 as a
dashed black line. In the future, we expect this limit to
improve by about a factor 4 with the DARWIN experi-
ment [45]. We have computed the sensitivity of DARWIN
assuming the same background model as in XENON1T
(including tritium) and an exposure of 200 t · years. The
result is shown as a black dotted curve in fig. 2.

NR masses up to several tens of MeV are in principle
accessible using nuclear recoils in direct detection exper-
iments, but the reach in µ⌫ is much poorer in this case.
The resulting limit is shown as a black curve in fig. 2
and has been cross-checked against a limit derived using
Bayesian statistics in ref. [33].

Comparing to astrophysical and cosmological con-
straints, we find that the parameter region most inter-
esting to direct detection experiments is only partially
probed by stellar cooling constraints. At MN & 20 keV,
these constraints become unimportant as production of
such heavy NR is suppressed even in the hot cores of red
giant stars. XENON1T’s preferred region is in possible


