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Sterile neutrinos are natural extensions to the standard model of particle physics and provide a
possible portal to the dark sector. We report a new search for the existence of sub-MeV sterile
neutrinos using the decay-momentum reconstruction technique in the decay of "Be. The experi-
ment measures the total energy of the "Li daughter atom from the electron capture decay of "Be
implanted into sensitive superconducting tunnel junction (STJ) quantum sensors. This first exper-
iment presents data from a single STJ operated at a low count rate for a net total of 28 days, and
provides exclusion limits on sterile neutrinos in the mass range from 100 to 850 keV that improve
upon previous work by up to an order of magnitude.

The standard model of particle physics (SM) is one
of the crowning achievements in modern science and the
cornerstone of current subatomic studies. Despite its suc-
cess, the SM is known to be incomplete, and physics be-
yond the standard model (BSM) is required to develop a
full description of the Universe [I]. The neutrino sector,
in particular, offers an intriguing avenue for BSM physics
as the observation of non-zero neutrino masses currently
provides the only confirmed violation of the SM as it was
originally constructed [2 B]. Neutrinos are light, neu-
tral leptons, and the only particles in the SM that have
an intrinsic chirality, in that they only interact via left-
handed (LH) currents of the weak interaction through
three eigenstates, ve, v,, and v,. Neutrino oscillation
experiments over the last 20 years [4 [5] have also in-
dicated that these flavor states include (at least) three
non-zero mass eigenstates. The weak-interaction eigen-
states and mass eigenstates of the neutrinos are not iden-
tical, but are related via a transformation known as the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [6-

Non-zero neutrino masses make extensions to the SM
description of leptons unavoidable. Furthermore, it is de-
sirable that such extensions also account for the observed
neutrino masses being more than 5 orders of magnitude
smaller than that of the electron. Perhaps the simplest
and most studied neutrino mass generation model is the
type-I seesaw mechanism [9HI3], in which n number of
right-handed (RH) chiral flavor states are added, known
as sterile neutrinos, that are inactive in the weak interac-
tion. Although the number of active LH neutrino flavors
is known to be three based on strong experimental con-
straints [14], the total number of flavor states and mass

states are unknown since the active LH neutrinos can
mix with an unknown number of sterile neutrinos. These
RH neutrinos have a mass that does not depend on the
Higgs mechanism, the so-called Majorana mass [I5], and
can therefore exist independently of electroweak symme-
try breaking and be on nearly any mass scale.

Although these SM extensions can generate a num-
ber of different coupling scenarios for additional neu-
trino masses [16], those on the keV scale are perhaps
the most intriguing, as they are strong candidates for
so-called “warm” dark matter and may help to address
the origin of the matter/antimatter asymmetry of the
Universe [I7, I8]. The most interesting experimental
hints currently exist in the 1 — 10 keV mass range (see,
e.g., [19]), and recent work [20] has also generated inter-
est in searches for mass states of order ~ 100 keV, which
may help shed light on the anomalous excess of events
reported in the XENONI1T experiment [21]. Sterile neu-
trinos in this mass range generically have lifetimes long
enough to be cosmologically relevant, and therefore ex-
periments sensitive to such states offer a complementary
avenue to test our cosmological history.

Given the wide range of masses and couplings from
model predictions for heavy BSM neutrinos, effective ex-
perimental searches for these particles should be model-
independent and cover a large area of the allowed pa-
rameter space. Omne conceptually simple approach is
through energy and momentum conservation in nuclear
B decay [22]. In these experiments, the momenta of
the nuclear daughter recoil and the emitted electron or
positron are measured, while the neutrino is not de-
tected and generates missing momentum in the observed
spectrum [23]. The experimental situation is simplified



further in neutron-deficient nuclei with @@ < 1022 keV,
where ST-decay is energetically forbidden and the par-
ent nucleus can only decay by orbital electron capture
(EC) [24] 25]. EC decay provides a two-body final state
(rather than three-body for A% decay) that consists of the
daughter nucleus and the emitted v,, both of which are
(in principle) mono-energetic. As a result, the neutrino
mass can be directly accessed via precision measurements
of the daughter recoil kinetic energy T, which depends
only on the decay energy Q¢ and final-state masses m,,
and mp:

Qe — et
EC (1)

(Qec +mpc?)’

This method of decay momentum reconstruction is a
simple, model-independent approach to massive neutrino
searches, since it relies only on the existence of a heavy
neutrino admixture to the active neutrinos - a generic
feature of neutrino mass mechanisms - and not on the
model-dependent details of their interactions.

The pure EC decaying nucleus "Be is the ideal case
for neutrino studies via momentum reconstruction due
to its large decay energy Qpc = 861.89(7) keV [26], rel-
atively high maximum value for the recoil kinetic energy
TD(maz) = 56.826(9) eV, and simple atomic and nuclear
structure [27]. Due to the explicit neutrino mass depen-
dence on the recoil kinetic energy in Eqn. [T} the existence
of a heavier mass state, my4, would cause the nuclear re-
coils to have a lower T, thus shifting a fraction of events
in the observed spectrum to lower energies, where the
relative fraction is governed by the mixing with the v,
flavor, |Ueq|*.

The EC decay of "Be was first used in the early 1950s
as a search for single neutrino emission [28], and has been
suggested as an ideal case for keV-mass sterile neutrino
searches |29, [30], but has not been explored previously
due to technical challenges. In this Letter, we intro-
duce an experiment on Beryllium Electron capture in Su-
perconducting Tunnel junctions (“BeEST”). It uses the
decay-momentum reconstruction technique to precisely
measure the "Be—7"Li recoil spectrum of “Be atoms im-
planted into superconducting quantum sensors, and sig-
nificantly improves the limits on the existence of sterile
neutrinos in the 100-850 keV mass range.

"Be decays by EC primarily to the nuclear ground-
state of "Li with a half-life of T} /» = 53.22(6) days [27].
A small branch of 10.44(4)% results in the population
of a short-lived excited nuclear state in "Li (T} 2 =
72.8(20) fs) [27] that de-excites via emission of a
477.603(2) keV ~-ray [3I]. In the EC process, the elec-
tron can be captured either from the 1s shell (K-capture)
or the 2s shell (L-capture) of Be. For K-capture, the
binding energy of the 1s hole is subsequently liberated
by emission of an Auger electron or an X-ray (where
the former is the heavily dominant process [32]), whose
energy adds to the decay signal and separates it from
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FIG. 1. (Top) Schematic representation (not to scale) and
microscope image of the Ta-Al-AlOx-Al-Ta sensor. (Bottom)
Band diagram inside the superconducting sensor and quasi-
particle flow across the tunnel barrier in response to the en-
ergy deposition from the radioactive decay of "Be.

the L-capture signal. Since the nuclear decay and subse-
quent atomic relaxation occur on short time scales, a di-
rect measurement produces a spectrum with four peaks:
two for K-capture and two for L-capture into the ground
state and the excited state of “Li. Due to the relative
spatial overlaps of the 1s and 2s electron orbitals with
the nucleus, the EC process is dominated by K-shell cap-
ture with a measured L/K capture ratio of 0.040(6) in
HgTe [33] and 0.070(7) in Ta [34].

For a high precision measurement of the decay prod-
ucts, the "Be atoms were directly implanted into high-
resolution superconducting tunnel junction (STJ) quan-
tum sensors. STJs are a type of Josephson junction that
consists of two superconducting electrodes separated by
a thin tunnel barrier, and were initially developed as de-
tectors for astronomy [35] and material science [36]. In
the BeEST experiment, "Be decay in the Ta film excites
charges above the superconducting energy gap, A, in pro-
portion to the deposited energy, which are trapped into
the Al through inelastic scattering and generate a tun-
neling current signal until they recombine into Cooper
pairs at the Fermi energy (Fig. . Since A is of order
1 meV, STJ detectors have an energy resolution of a few
eV full-width at half-maximum (FWHM) in the energy
range of interest from 20-120 eV [37, B8]. They can thus
distinguish the signals of the different "Be decay chan-
nels, including a potential signal from an admixture of
heavy sterile neutrinos. The recombination time of ex-
cess charges is of order tens of us, and STJs can therefore



be operated at rates above 1000 counts/s/pixel [39, 40]
to capture a high statistics data set from the decay of
"Be in realistic run times.

The STJ detector used in this experiment was a five-
layer device fabricated by photolithography on Si wafers
at STAR Cryoelectronics LLC [4I] (Fig.[l) and was char-
acterized in detail prior to implantation [40]. The thin
film geometry ensured that most of the 478-keV ~v-rays
and all neutrinos escape from the detector without in-
teraction, and thus only the recoiling “Li atoms and
electrons from the relaxation of its atomic shells were
recorded. The "Be™ ions were implanted into the STJ
detectors through Si collimators at TRIUMF’s Isotope
Separator and ACcelerator (ISAC) facility in Vancouver,
Canada [42] at an energy of 25 keV. The "Be™ beam
was produced using the isotope separation on-line tech-
nique [43] via spallation reactions from a 10 pA, 480-MeV
proton beam incident on a stack of thin uranium carbide
targets. The implantation energy was technically lim-
ited to 25 keV due to bias-voltage instability of the ISAC
target module during the scheduled implantation period
and resulted in the ions being implanted an average of
~20 nm closer to the surface than originally planned.
The total number of implanted atoms was intentionally
limited to ~108 to prevent ion-beam damage to the de-
tector surface from the “Lit ions that were also present
in the beam with ~50x greater intensity. This generated
an initial activity in the STJ pixel used for this experi-
ment of roughly 10 Bq.

The "Li recoil spectrum from the decay of “Be (Fig.
was measured at Lawrence Livermore National Labo-
ratory (LLNL) with the STJ detector at a tempera-
ture of ~0.1 K in a two-stage adiabatic demagnetiza-
tion refrigerator (ADR) with liquid Ny and He precool-
ing. The signals were read out with a specialized current-
sensitive preamplifier from XIA LLC [44], processed with
an analog spectroscopy amplifier (Ortec 627) with a shap-
ing time of 10 us, and captured with a two-channel
multi-channel analyzer (Ortec Aspec927). For energy
calibration, the STJs were simultaneously exposed to
3.49965(15) eV photons from a pulsed Nd:YVOy laser
triggered at a rate of 100 Hz [38]. The laser intensity
was adjusted such that multi-photon absorption provided
a comb of peaks over the energy range from 20-120 eV.
The calibration spectrum was recorded in coincidence
with the laser trigger and the “Li recoil spectrum in anti-
coincidence.

Data were acquired for ~20 hours/day over a period
of one month. "Be recoil spectra and their correspond-
ing laser spectra for calibration were recorded every 30
minutes. For this, the laser signal was fit to a superposi-
tion of Gaussian functions, each corresponding to an in-
teger multiple of the single photon energy. The Gaussian
centroids were used to generate a quadratic calibration
function, which was applied to the corresponding "Be
spectrum. Laser peaks below 20 eV and above 120 eV
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FIG. 2. The "Li recoil spectrum for 28 days of acquisition

(black) shows four peaks for the different "Be decay chan-
nels and a broad background due to ~-interactions in the Si
substrate (dashed). The fit residuals (bottom) have a x*/v =
1.05. The spectrum generated by a hypothetical 300 keV ster-
ile neutrino signal with |Ues4|? = 0.01 is shown in red (dashed),
along with the laser calibration signal (grey).

were omitted from the calibration due to poor statistics
in the individual 30-minute spectra. The calibrated spec-
tra were re-binned to 0.2 eV and summed (Fig. [2)). From
the laser spectra, a gain drift of 0.12-0.2 eV was observed
over 20 hours due to flux trapping in the superconduct-
ing detector, which affects the detector decay time. This
resulted in a degradation of the detector resolution over
a 20 hour period of up to 0.2 eV.

The measured recoil spectrum shows four peaks as ex-
pected, one for K-capture decay to the nuclear ground
state (K-GS), one to the excited state of "Li (K-ES), and
two for the corresponding L-capture decays (L-GS and
L-ES, respectively) (Fig. [2). The two peaks from the
excited state decay of “Li were Doppler-broadened from
~v-decay in flight. An exponential background is visible
at low energies due to interaction of these 478-keV ~-rays
in the Si substrate below the STJ, which produced high-
energy phonons that propagated to the STJ and gener-
ated a signal before thermalizing. In addition, the K-GS
peaks exhibit a low-energy tail due to partial energy loss
of the Auger electrons through the detector surface and
a high-energy tail due to shake-up and shake-off of 2s
electrons into empty bound or unbound states, respec-
tively [34].

Interestingly, the widths of the K-GS and L-GS peaks



are broadened well beyond the width of the laser signals
that were captured simultaneously with the same detec-
tor, and the lower-energy L-GS peak is slightly wider
than the K-GS peak. We investigated possible origins
of this excess broadening with density functional theory
(DFT) simulations of the Li 1s and 2s binding energies
in the Ta absorber film and their variations with local
atomic structural change from the implantation process.
We found that up to 2.0 eV of broadening of the K-GS
peak could be attributed to an ensemble of 1s binding
energies due to structural variations. In particular, the
1s levels of interstitial Li shift by 1.21.8 eV compared to
substitutional Li, with the greatest shift occurring when
multiple Li atoms exist in a single interstitial site. More-
over, local disorder of the Ta lattice due to the implant
process can contribute additional shifts of 1.52.0 eV, with
the shifts distributed almost continuously in energy due
to the range of local structural variations in a disordered
lattice. Finally, the DFT simulations show that the L-
GS peak width is affected by hybridization of the Ta 5d
band with the Li 2s levels, which can experience up to
4 eV broadening for interstitial Li and up to 5 eV if the
Ta lattice is in addition (locally) disordered. Thus, the
same local atomic variations from the implant process
can broaden the L-GS peak more than K-GS peak. These
level shifts are close in magnitude to the observed peak
widths, although we cannot yet exclude other sources of
broadening.

To fit the spectrum in Fig. we approximated the
modeled distribution of Li binding energies with a set of
three Gaussian functions [34]. The partial energy loss of
the Li KLL Auger electrons at the surface of the STJ was
described by an exponentially-modified Gaussian below
the K-capture peaks. The atomic L shake-off contribu-
tions to the spectrum that result from the sudden change
in atomic number were fit using a Levinger function [45]
for comnsistency with recent precision low-energy decay
studies [46]. The ~-ray background was fit to a sum of
two exponential decays [38]. The fit was performed us-
ing a least-squares regression in the Python IMINUIT
framework and resulted in x?/v=1.05.

Upper limits for |Ug4|?, the non-zero mixing between
electron neutrino flavor state, ., and a postulated heavy
mass state, my, were subsequently extracted from the
measured EC spectrum. For this, we assume that the fit
curve describes the null hypothesis of an EC decay in-
volving only the pseudo-degenerate neutrino mass states
and represents the background in our search. The spec-
trum generated by a heavy neutrino admixture was ob-
tained by shifting the recoil peak centroids according to
Eqn. [I] and scaling the amplitudes of the null hypoth-
esis by |Ues4|?. The measured EC spectrum and a hy-
pothetical signal of a sterile my = 300 keV neutrino
with |Ug|? = 1072 are shown in Fig. [2 as an example.
The signal amplitude was then varied systematically for a
given sterile neutrino mass, and maximum likelihood val-
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FIG. 3. Experimental upper limits for heavy neutrino mixing
|Uea|? as a function of heavy neutrino mass from the BeEST
experiment. The limits are extracted from the data in Fig.
using a Bayesian approach. The grey shaded regions are
previous best limits in subsections of the mass range from
Refs. [A7H5I].

ues were obtained for each signal amplitude by varying
the amplitude and the peak centroids of the background.
A Bayesian posterior function was then numerically con-
structed using this profiled likelihood and a flat prior
for positive signal amplitudes, and 95% upper limits for
|Uc4|? were obtained from this posterior function [52].
The 95% confidence limits (C.L.) for exclusion are pre-
sented in Fig. 3] with the previous best search limits from
nuclear decay data in the mass range of 10-2000 keV.

The new limits on the existence of sterile neutrinos in
the 100-850 keV mass range improve upon previous de-
cay measurements by up to an order of magnitude. They
make no assumption on theoretical models, neutrino in-
teraction cross-sections, oscillation parameters, or exis-
tence of a particular BSM physics scenario. The mea-
surements only probe heavy neutrino admixtures to the
electron neutrino flavor through momentum conservation
in nuclear EC decay, and provide the first such limits
from the decay of "Be. These first data from the BeEST
experiment were taken with a single STJ pixel count-
ing for roughly a month at a rate that is more than 100
times smaller than its capability. The statistical preci-
sion will be improved in future measurements by scaling
the number of STJ detector pixels and increasing the
implanted “Be dose, both of which are possible with ex-
isting equipment. For the next phase of the BeEST ex-
periment, increases in statistics will be complemented by



detailed imaging and spectroscopy of the implanted ions
and the Ta matrix of our STJ detectors and supported by
quantum simulations to relate the measurements to the
distribution of electronic states that can generate fine
structure in the STJ response. Improvements in these
areas, as well as new superconducting materials, will ul-
timately allow the BeEST experiment to probe increas-
ingly smaller couplings for neutrinos in the 5-860 keV
mass range.
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