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In this paper, we find that a magnetic transition dipole moment between tau and sterile neutrinos can
account for the XENON1T excess events. Unlike the ordinary neutrino dipole moment, the introduction of
the new sterile mass scale allows for astrophysical bounds to be suppressed. Interestingly, the best-fit
regions that are compatible with the SN1987A imply either boron-8 as the source flux. We find that sterile
neutrinos in the ∼ð500–800Þ keV mass range are capable of evading astrophysical constraints while being
able to successfully explain the XENON1T event rate. We also set new constraints on the dipole portal
based on the Xenon 1T data. The sterile neutrino in the best fit parameter space may have significant effects
on big bang nucleosynthesis (BBN). We show the region in which a low reheating temperature of the
Universe may allow the BBN constraints to be alleviated.
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I. INTRODUCTION

The nature of particle physics beyond the Standard
Model (SM) remains unknown. However, we have two
key hints about the nature of new physics: it must account
for the nonluminous dark matter (DM), and it must account
for neutrino masses. Interestingly, DM direct-detection
experiments are sufficiently sensitive to be leading players
in searching for novel neutrino interactions that may
potentially help solve the mystery of neutrino masses.
This context makes the recent excess of electron

recoil events at XENON1T [1] all the more intriguing.
Neutrino magnetic moments were originally studied by the
XENON1T collaboration as potential explanations for
the excess. However, the couplings found tend to exceed
the bounds of various astrophysical systems. In this paper,
we highlight a neutrino dipole-portal interaction that can
account for the signal, while evading astrophysical bounds
(though still could be subject to cosmological bounds).
This results from the introduction of a new mass scale to the
neutrino interaction.

The most commonly studied models accounting for
neutrino masses introduce right-handed sterile neutrinos,
N, via the interaction L ⊃ HNL. However, it is important
to stress that such singlet states need not dominantly
interact with the SM through this particular operator.
Viable scenarios exist in which the dominant interaction
comes from an active-to-sterile dipole moment, sometimes
referred to as the “neutrino dipole portal,”

L ⊃ dðν̄LσμνFμνNÞ þ H:c:; ð1Þ

where Fμν is the electromagnetic field strength, σρσ ¼
i
2
½γρ; γσ�, νL is the SM neutrino, and the coefficient d with

units of ðmassÞ−1 controls the strength of the interaction.
This transition dipole moment has been studied in the
context of MiniBooNE [2–9], and future projected bounds
have been studied for IceCube [10], SHiP [8], and direct-
detection experiments [11]. We note that the SM value
of the neutrino magnetic moment was calculated in
Refs. [12,13], and is far below the magnitude that
XENON1T can probe.
Note that this operator can be induced through loop

processes with the ordinary HNL operator, and in most
cases, mixing between N and SM neutrinos would also be
induced. We focus our attention on the operator in Eq. (1)
as a simplified consideration. We also introduce a Dirac
mass for N, denotedm4, and avoid the Majorana mass-term
for complications discussed in [8]. In addition, a small
mixing angle would not affect our result, and the
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constraints are dependant on the size of the mixing. The tau
mixing is not strongly constrained for a ∼100 keV sterile
neutrino [14–18]. We leave a more complete consideration
including the mixing and the potential complications of
introducing a Majorana mass term for future work.
We will show that up-scattering from ν to a heavy sterile

neutrino N (with a Dirac mass m4) within the XENON1T
detector can plausibly explain the excess while simulta-
neously evading astrophysical and other terrestrial bounds.
We find that 8B solar neutrino fluxes lead to a best-fit
region, and we can also set new constraints based on the
Xenon 1T data. We note that the first direct experimental
evidence for neutrinos from the CNO cycle was just
reported by Borexino [19]. Axions, dark photons, other
neutrino, and DM proposals to explain the XENON1T
excess were also discussed in [20–78]. Reference [79]
posits a new light vector-mediator which couples to the SM
neutrinos via mass-mixing with a heavy sterile neutrino.
Our model is similar, although the present model makes use
of few 100 keV sterile neutrinos. Moreover, Ref. [79] has 2
couplings and two masses, whereas the present work
contains only one mass and one coupling. As an aside,
we note that a possible SM explanation of the XENON1T
excess is a Tritium contamination in the experiment. As this
is sufficiently discussed in [1], we neglect to comment
further on it here.
The remainder of this paper is organized as follows. In

Sec. II, we introduce the main framework for computing
event rates at XENON1T. In Sec. III we discuss the results
of our fit to the XENON1T data under a neutrino dipole
interpretation. In Sec. IV we review existing constraints on
the model focusing on direct detection, stellar energy loss,
supernovae, and BBN. Finally we conclude the paper in
Sec. V and discuss future probes of the model.

II. ENERGY DEPOSITION VIA NEUTRINO
DIPOLE PORTAL

As studied in [11], incoming solar neutrinos can upscat-
ter to the heavy sterile state N in the detector volume of a
direct-detection experiment. They will inevitably decay as
well through N → νþ γ, but in the cases of interest for the
present, the decay length is much longer than the detector
dimensions.
To estimate the event rate, we consider the up-scattering

cross section:

dσνe→Ne

dER
¼ d2αZ

�
1

ER
−

m2
4

2EνERme

�
1 −

ER

2Eν
þ me

2Eν

�

−
1

Eν
þm4

4ðER −meÞ
8E2

νE2
Rm

2
e

�
ð2Þ

Here, d is the coupling constant defined in Eq. (1), α is the
fine structure constant, me is the electron mass, m4 is the
mass of the heavy sterile neutrino, Z is the atomic number,

Eν is the incoming neutrino energy, and ER is the electron-
recoil energy.
The electron-recoil spectrum of the up-scattering events

can be determined as

dRi

dER
¼ MT ×

Z
Emin
ν

dΦi
ν

dEν

dσiνe→Ne

dER
ðEν; ERÞdEν; ð3Þ

where i ¼ τ for the tau neutrino flavor only (unlike the case
in [11]). In addition, Φν is the solar neutrino flux and MT
is the exposure. The minimum energy of the incoming
neutrino to up-scatter to the m4-mass state, yielding
electron recoil with an energy ER, is

Emin
ν ðERÞ ¼

m2
4 þ 2meER

2½ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ERðER þ 2meÞ

p
− ER�

: ð4Þ

We also include the energy-dependent efficiency given in
Fig. 2 of Ref. [1], and include their background estimations
in our fits.

III. RESULTS

As a first example, we illustrate our best-fit to the
spectrum of recoil events at XENON1T in Fig. 1. We
display our main results in Fig. 3 assuming only a ντ
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FIG. 1. Dipole portal best fit signal spectrum at XENON1T
with m4 ¼ 640 keV and d ¼ 2.2 × 10−9 μB. The background is
shown in dashed black, the signal is solid red, and the signal plus
best-fit background is shown in solid blue. Note that the signal
plus best fit background curve dips below the background only
curve at higher recoil energies due to the fact that the best fit
model includes a background which is suppressed by systematic
uncertainties. Included in these event rates are the energy-
dependent signal efficiency.
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coupling for the dipole interaction in Eq. (1). We utilize a
Δχ2 method to quantify the best-fit parameter significance.
The minimum χ2 value is found on the coupling constant d
and heavy sterile neutrino mass m4 parameter space. Δχ2
values for 2 degrees of freedom are used to draw 1σ to 7σ
contours. Note that the 10% systematic uncertainty from
the Pb214 branching ratio is the dominant of the systematic
uncertainties in the background event rate [1]. The discov-
ery significance may be lower than we have stated because
of the look-elsewhere effect (due to our selective sampling
of data in the XENON1T low energy bins only), but we
leave a more detailed statistical analysis for further
research. Along with the XENON1T contours we display
the SN1987A [8] and previous XENON1T bounds based
on nuclear recoil data [11]. At larger couplings, the dipole
is constrained by LEP [8] and DONUT [10,80].
The equivalent plot for μ-flavor coupling includes strong

bounds from CHARM-II at the 3 × 10−9 μB level.
Moreover, Borexino probes up to m4 ≃ 230 keV [10] at
the 2.8 × 10−11 μB level for all flavors [81]. Thus boron-8
region will survive in the muon-coupling case as well.

IV. EXISTING CONSTRAINTS

A. Xenon 1T NR constraint

Previous work utilized XENON1T’s nuclear recoil
search for DM [82] to place conservative constraints on
the neutrino dipole portal interaction [11]. In that case, the
low-energy solar neutrinos scatter coherently such that
there is a ∼Z2 enhancement in the cross section. This
analysis [11] specifically vetoed events if the produced
heavy sterile decayed inside the detector volume since this
would produce an altered ionization/scintillation signal.
Despite this reduction in event rate, the bounds derived
from the XENON1T nuclear recoil data [82] were stronger
than existing bounds on the tau-flavored dipole portal
coupling for sterile masses less than 10 MeV.

B. Stellar energy loss

The heavy sterile neutrino N we consider can carry
energy when thermally produced in the stellar systems,
affecting the energy loss, thermal conductivity, and even-
tually time evolution of well known stellar populations
(see, e.g., [83–85]). When m4 > Tstar (Tstar is the temper-
ature of the star) the thermal-averaged energy loss is
proportional to expð−m4=TstarÞ [86]. Taking the powerful
production of N in the red-giants into account, our
parameter space of interest of a heavy sterile neutrino N
below ∼250 keV would be constrained, as indicated by the
red dashed vertical line in Fig. 3.
We note that if the parameter space is reduced to exclude

the low mass region m4 < 250 keV, the minimum χ2 value
is changed due to the exclusion of the best-fit region around
m4 ¼ 100 keV. The significance of the parameter space

around m4 ¼ 640 keV (due to the 8B neutrino flux) is
therefore increased.

C. Supernova 1987A

The constraints from Supernova 1987A (SN1987A) on a
dipole portal heavy sterile neutrino is conducted in [8]. The
constraint in our parameter space of interest is enclosed by
an upper limit and a lower limit. The lower limit is set by
the minimal emission of sterile neutrino N that would carry
out enough energy to affect the standard supernovae
cooling through neutrinos from the core. The relevant
production processes include neutrino upscattering to N
with electrons/positrons/protons, eþe− annihilating into
Nν̄, and neutrino-photon inverse decay. The higher
limit of the bound is set by the “trapping” of the sterile
neutrino N, meaning that the energy carried by N can be
recycled and re-emitted within the “neutrinosphere” (an
isotherm-sphere within which the neutrino is diffusive
rather than free-streaming) [87], and the constraint from
supernova cooling can be avoided with large enough
coupling. The relevant processes for this trapping consid-
eration are N downscattering to neutrinos with electrons/
positrons/protons, N − ν̄ annihilation to electron pairs, N
decay, and gravitational trapping (which kick in at above
∼300 MeV). The constrained regime is shown in Fig. 3.
Notice that the SN1987A bound is subject to large

uncertainties in both the supernovae property, the
SN1987A measurement, and also the cooling model
[88]. In [8], the bound is derived for muon-neutrino
dipole; tau-neutrino dipole should be subject to the same
bound if one assumes muon and tau neutrinos have the
same fluxes (see, e.g., [89]). Improvement of this bound is
possible with a better knowledge of the complicated flavor
composition and energy spectra of neutrinos during
supernovae processes.

D. Cosmological bounds

Dark-sector particles of mass around or below a MeV
that couple to the SM sector could be subject to strong big
bang nucleosynthesis (BBN) constraints [90–92]. Previous
work [8] found that BBN constraints on the heavy sterile
neutrino with a dipole portal are sensitive to the reheating
temperature for a broad range of sterile masses. If N is
thermally populated in the early universe, it could have
various effects on BBN. In particular, it could contribute to
Neff as a semi-relativistic particle during BBN, and it could
decay to photons and neutrinos, affecting their temper-
atures (also affecting Neff ) as well as light-element pro-
duction [90,91].
The major thermalization processes of N are the 2 → 2

processes eþ þ e− → N þ ν̄ (synthesis) and e− þ ν →
e− þ N (up-scattering), and neutrino-photon inverse decay,
νþ γ → N. Since the 2 to 2 processes scale as Γ2→2∝̃d2T3,

N will inevitably be thermalized when the SM temperature
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T is much higher than the energy scale d−1. Under the
assumption of high reheating temperature (TRH much larger
than d−1), the sub-MeV region of interest would be strongly
constrained.
However, one can consider cosmological scenarios with

a very low reheating temperature [93–100], around 2 to
5 MeV, and determine if N will be thermalized below such
temperatures. In the parameter space that N is not
thermalized, the strong BBN bound can be alleviated.
In Fig. 2, we show the ratio of the major thermalization
processes to the Hubble rate, for a benchmark point in the
best fit region for 8B. These rates are calculated through
proper thermal-averaging (briefly described in [8]). We
also checked that the numerically calculated thermal-
averaged cross section and the analytical cross sections
taking into account boost factors from the temperature
match quantitatively. As one can see, the neutrino-photon
inverse decay can play a major role in thermalization with
a low-reheating temperature, as it has a resonance region
at around T ∼m4=2. In Fig. 2, one can see the behavior of
Γ=H in different SM temperatures. Note that Γ=H ∼ 1 is
just an estimation of thermalization. Detailed consider-
ation should be conducted to determine the actual thermal-
ization conditions.
In Fig. 3, we display the calculated thermalization

curves for the parameter space of interest. Above the
upper (lower) dashed gray curves is the parameter space
in which the N thermalization rate exceeds the Hubble
rate below 2 MeV (5 MeV) temperatures. The BBN

constraints may be alleviated below these curves. Note
that the N thermalization processes mentioned above also
provide new channels for electron/photon and neutrino
sectors to thermalize (even if the N itself is not being
fully thermally populated). However, the parameter
space below the “thermalization curves” in Fig. 3 still
indicate that these interaction rates never exceed the
Hubble rate under the low reheating temperatures we
have considered (2 and 5 MeV), and that these rates may
not be strong enough to directly affect neutrino decoupling
or BBN. We find some of the best-fit regions for 8B flux
are covered by 2 MeV or 5 MeV thermalization curves.
Given the borderline case for the 8B region, we believe that
a detailed analysis should be conducted to determine the
full effects of this portal on neutrino decoupling and BBN.
We leave this consideration for a future work.

V. CONCLUSIONS

We have shown that the neutrino dipole portal could
potentially reconcile a solar neutrino origin with astro-
physical and terrestrial bounds with the introduction of a
new mass scale sterile neutrino. We also set a new
constraint on the model based on the Xenon 1T data.
Future probes of the model include: scintillation-only LXe
data [101], SHiP [8], DUNE, and a detailed BBN analysis.
We further note that direct atmospheric production of sterile
neutrinos via the dipole operator may lead to additional
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FIG. 2. Comparison of the thermalization rates (inverse decay
and 2 → 2 upscattering/synthesis (see text for descriptions),
based on the thermal-averaged cross sections and number density,
to the temperature-dependent Hubble rate, for the a benchmark
parameter point from Fig. 3, m4 ¼ 600 keV and d ¼ 10−9 μB.
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constraints [102]. Although such models may induce mass
mixing with the active neutrinos, these bounds are weak
[14–18] for the tau-flavor couplings we focus on.
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