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The development of quantum optomechanics now allows mechanical sensors with femtogram
masses to be controlled and measured in the quantum regime. If the mechanical element con-
tains isotopes that undergo nuclear decay, measuring the recoil of the sensor following the decay
allows reconstruction of the total momentum of all emitted particles, including any neutral particles
that may escape detection in traditional detectors. As an example, for weak nuclear decays the
momentum of the emitted neutrino can be reconstructed on an event-by-event basis. We present
the concept that a single nanometer-scale, optically levitated sensor operated with sensitivity near
the standard quantum limit can search for heavy sterile neutrinos in the keV–MeV mass range
with sensitivity significantly beyond existing laboratory constraints. We also comment on the pos-
sibility that mechanical sensors operated well into the quantum regime might ultimately reach the
sensitivities required to provide an absolute measurement of the mass of the light neutrino states.

I. INTRODUCTION

While the Standard Model (SM) of particle physics
provides an extremely successful description of the known
fundamental particles and their interactions, astrophys-
ical and laboratory measurements indicate that it is in-
complete. In particular, it does not account for the ori-
gin of the small, but non-zero, neutrino masses observed
in neutrino oscillation experiments [1]. Although mini-
mal versions of the SM contain only left-handed, massless
neutrinos, extensions incorporating non-zero masses typ-
ically require right-handed neutrinos [2]. Such “sterile”
neutrinos would not directly participate in weak inter-
actions [3], but may mix with the active neutrinos to
produce observable effects [4]. Searches for sterile neu-
trinos over a wide range of mass scales is a current focus
of the neutrino community [4, 5]. It is also possible that
& keV sterile neutrinos could constitute some (or all) of
the relic dark matter density [6].

Most searches for sterile neutrinos aim to detect os-
cillations between the SM neutrinos produced in weak
interactions and possible sterile states [5]. Due to con-
straints on the neutrino energy and size of the detectors
in such experiments, these searches have the greatest sen-
sitivity to neutrinos with masses . 10s of eV. For higher
mass neutrinos, searches for distortions in the spectrum
of electrons emitted by nuclear β decays provide among
the most stringent laboratory constraints in the ∼keV–
MeV mass range [7–15]. If sterile neutrinos constitute a
significant fraction of dark matter, limits on X-ray emis-
sion from their radiative decays may also provide con-
straints in this mass range [4, 16]. Accelerator based
searches for heavy neutral leptons provide the dominant
constraints at ∼MeV–GeV masses [17].

A complementary approach is to fully reconstruct the
kinematics of all particles (except the neutrino) in the
final state of a weak nuclear decay [18–23]. This ap-
proach avoids the need to detect small distortions in the

β spectrum, which becomes increasingly challenging for
small branching ratios to decays emitting a keV–MeV
neutrino. Here we describe a new approach to kinematic
reconstruction of weak decays using mechanical quantum
sensors. This proposal takes advantage of the rapid de-
velopment of levitated optomechanics for nanoscale ob-
jects over the past decade [24–26]. These techniques now
allow objects with diameters ∼100 nm to be trapped
in high vacuum, and their motional state cooled to the
ground state of the trapping potential [27–31]. Operat-
ing such systems in the quantum regime has recently en-
abled demonstrations of cavity-free squeezing of the op-
tical fields interacting with the particles [32, 33]. Work is
ongoing to prepare non-classical motional states and to
read out the position or momentum of such objects be-
yond the “standard quantum limit” (SQL) [24, 34–38].

Applications of levitated optomechanical systems to
tests of fundamental physics include searches for tiny
forces or momentum transfers from, e.g., scattering of
dark matter particles [39–44], modifications to grav-
ity [45, 46], or the presence of fractionally charged dark
matter particles [47–49]. Ambitious future proposals
with such systems aim to test the foundations of quantum
mechanics with massive particles [50–53], detect high fre-
quency gravitational waves [54, 55], or even entangle mi-
croparticles only through their mutual gravitational at-
traction [56–58]. Extending such techniques to gram-
scale objects has also been recently proposed for detec-
tion of coherent scattering of reactor neutrinos [59]. As
described here, these systems can also be used to recon-
struct the mass of the emitted neutrinos in weak nuclear
decay through precision measurements of the recoils from
embedded radioisotopes in nanoscale particles.

Similar techniques as those proposed here were recently
used to set world-leading constraints on sub-MeV mass
sterile neutrinos by implanting 7Be in energy resolving
superconducting sensors [15]. However, the mechanical
sensors proposed here provide important complementar-
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ity to energy resolving measurements of the nuclear re-
coil. Since the momentum carried by secondary atomic
particles (i.e. Auger e− or X-rays) emitted following the
decay is much smaller than the nuclear recoil momentum,
momentum resolving measurements largely avoid smear-
ing from the interactions of different parent atoms with
their surroundings [60]. In contrast, these smearing ef-
fects are much more significant in measurements of the
nuclear recoil energy. If all decay products are stopped
within the nanoparticle except the ν (see Sec. III–IV),
momentum conservation guarantees that the center-of-
mass (COM) of the particle will carry momentum ex-
actly equal and opposite to the neutrino, regardless of
any internal excitations or atomic broadening.

Compared to other existing and proposed techniques
to probe weak neutrino admixtures [61], including those
using trapped atoms [16, 22, 23, 62], the techniques pro-
posed here benefit from the high density of the solid
source material allowing a large number of decaying nu-
clei to be confined. In addition, essentially any isotope
of interest can be confined in the solid particle, with no
requirement that the species of interest be compatible
with direct laser trapping and cooling. The recoil mea-
surement is performed by collecting light scattered by
the particle, which can be used to infer its position as
a function of time (and thus reconstruct a change in the
particle momentum). This measurement depends only on
the scattering of light by a sub-wavelength particle, and
does not strongly depend on the detailed particle proper-
ties or readout laser wavelength. These advantages may
permit relative electron-flavour admixtures to keV–MeV
mass states of . 10−8 or lower to be probed with a mod-
est array of nanoparticles in a month-long exposure (see
Sec. III C), which is more than 4 orders of magnitude be-
yond existing laboratory constraints in this mass range.

Finally, the ultimate sensitivity reached by mechani-
cal measurements with nanoscale particles might some-
day permit even the light neutrino masses to be detected
(see Sec. IV), potentially employing “ultra-low Q-value”
decays, if such transitions could be identified (here, Q
refers to the total energy released in the decay). If so,
the ability to prepare the COM motion of the nanoparti-
cle in a sufficiently narrow momentum state (.200 meV)
permits the neutrino to be in a spatially delocalized state,
which is necessary for a precise determination of the
neutrino momentum but is typically not possible for a
solid source where the decay location itself is localized to
atomic distances [63, 64]. Controlling the charge state of
the nanosphere could also be leveraged to trap any emit-
ted low energy electrons, allowing a fully two-body decay
for the low energy decays of interest for light neutrinos.

The paper is structured as follows. In Sec. II, we de-
scribe the general principles for mass reconstruction with
mechanical nanoscale sensors. We show in Sec. III that
searches for sterile neutrinos in the keV–MeV mass range
with orders-of-magnitude higher sensitivity than existing
experiments can be performed, using existing technolo-
gies. In Sec. IV, we comment on the possibility that the

unique properties of levitated optomechanical systems—
operated well into the quantum regime—might someday
reach sensitivity to the masses of the much lighter SM
neutrinos. Appendix A provides a simple three-body
model for the decay event inside a nanosphere.

II. WEAK NUCLEAR DECAY INSIDE
MECHANICAL SENSORS

In a weak nuclear decay, an electron neutrino, νe (or
its antiparticle, ν̄e), is produced at the interaction vertex.
These flavor states are superpositions

|νe〉 =
∑
i

U∗ei |νi〉 (1)

of the neutrino mass eigenstates, labeled by i ∈
{1, 2, 3, . . .}. The mass eigenstates satisfy mass-energy
relations of the form E2

i = m2
i + p2, while there is sim-

ply no analogous relation for the flavor eigenstates. For
all flavor eigenstates |να〉, α ∈ {e, µ, τ}, the matrix Uαi
rotating between these bases is called the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix [65, 66].

In the SM, the PMNS matrix is a 3×3 unitary transfor-
mation acting on three mass eigenstates. In Sec. III, we
will primarily be concerned with the possibility that there
is one additional state (or possibly multiple such states)
with a mass eigenvalue m4 & 1 keV, which is much larger

than the SM neutrino masses,
∑3
i=1mi . 0.2 eV [67]. In

this case, the PMNS matrix is assumed to be extended to
a 4×4 unitary matrix, including mixing with this heavier
state. A number of laboratory bounds already constrain
|Ue4|2 . 10−3 for keV–MeV mass sterile ν, along with
astrophysical and cosmological bounds that can be much
more stringent but are typically model-dependent [4, 68].
Thus we are looking for relatively rare events—in a given
weak decay, the most likely final states are any of the light
SM neutrinos, with possibly a small branching ratio to
the heavier sterile states.

The general decay processes of interest here produce
an electron flavor neutrino, starting from parent particles
A and producing additional daughter particles B, A →
Bνe. The examples we will focus on are nuclear β-decay
of neutrons n→ peν̄e and nuclear electron capture (EC),
ep → nνe. A parent particle in an initial momentum
eigenstate |ψ〉in = |pA〉 will decay into a superposition of
the form

|ψ〉out =
∑
i

∫
d3pid

3pB,iδ
4(pA − pi − pB,i)

Me(pA;pi,pB,i)U
∗
ei |pi〉 ⊗ |pB,i〉 ,

(2)

where the first ket labels the various decay products B,
the second labels the neutrino, and M is the probabil-
ity amplitude for the decay A → Bνe. Notice that in
(2), the mass eigenstates appear in a coherent super-
position, entangled with the B particles through total
energy-momentum conservation [77]. On each branch
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FIG. 1. Schematic of detection concept described in the text. (Left) Zoom to a single spherical nanoparticle, schematically
showing (i) a β− decay, for which the nuclear recoil is stopped in the nanosphere and the e− and ν̄e exit the particle; and (ii)
an electron capture (EC) decay, for which only the νe, and lower energy atomic X-rays or Auger e− are emitted, such that the
nanosphere recoils with momentum nearly equal and opposite to that of the emitted νe. (Right) Cut-away view of the trap
concept and surrounding detectors. The trap is formed by a low profile, high numerical aperture objective, with two additional
long working distance objectives positioned perpendicularly to the trapping objective to collect scattered light. Scintillator
panels instrumented with SiPM arrays surround the trap on all sides to reconstruct emitted secondary particles. (Right inset)
Zoom in on the trapping region, schematically showing traps for multiple particles formed with a tweezer array [69–76].

of the wavefunction, total four-momentum conservation
reads pµA = pµi + pµB,i, which implies

m2
i = −(pµA − p

µ
B,i)

2. (3)

Thus if we can resolve the momentum difference (pA −
pB)2 sufficiently well, we can determine the mass eigen-
values of the neutrinos. The probability of the final state
neutrino being in a given mass eigenvalue i is propor-
tional to |Uei|2 as well as a phase space factor.

Our proposed experimental strategy is to embed spe-
cific unstable radioisotopes into a mesoscopic (sub-
micron) mass, whose COM degree of freedom (DOF) is
continuously monitored for changes in momentum (see
Fig. 1). Consider a nanosphere of some solid material
of mass ms, implanted with an unstable isotope A of
atomic mass mA. After the decay A → Bνe, the end
state B will include a daughter isotope, which will be
stopped within the solid particle (see below), as well as
potentially other decay products B′ which may either be
stopped or exit the nanosphere. Measurement of the mo-
mentum kick to the nanosphere, as well as the momen-
tum of any secondary particles that exit the nanosphere,
can be used to kinematically reconstruct the neutrino
momentum. While similar proposals for kinematic re-
construction of weak nuclear decays have been studied
previously [18–23], such proposals have not considered
the case that the decaying radioisotope is embedded in a
nanoscale solid particle.

The final state after the decay is a complex joint state
involving the outgoing neutrino and nanosphere COM,
as well as any additional decay products and the var-
ious internal excitations and rotational modes of the
nanosphere. However, crucial to our proposal is that
overall energy-momentum conservation applies in the

form (
Es
ps

)
=

(
Es′
ps′

)
+

(
Ei
pi

)
+

(
EB′,i

pB′,i

)
. (4)

Here, B′ represents the subset of decay products which
exit the nanosphere, Es and Es′ are the initial and final
energy of the nanosphere, and ps and ps′ are its initial
and final momenta, with change in momentum ∆ps =
ps′ − ps. From measurement of the final-state momenta
and energies, one could in principle rearrange (4) to give a
direct neutrino mass-squared reconstruction analogous to
(3) [23]. However, the internal energy of the nanosphere
may be difficult to measure in practice, and for the decays
of interest in Sec. III measurement of these energies is not
required to reach the desired sensitivity.

Instead, sensitivity to the keV–MeV scale mass states
considered here can be reached by considering only the
portion of (4) related to three-momentum conservation.
Measurements of the nanosphere recoil momentum, and
the angle and energy of emitted secondaries permit re-
construction of the neutrino momentum vector pi =
−(∆ps + pB′,i). The value of the neutrino mass mi

will distort the probability distribution of final-state mo-
menta P (pi) relative to the case where the neutrinos are
massless, because some of the decay energy is required to
produce the neutrino rest mass, reducing its momentum.
This effect is most pronounced for non-relativistic neutri-
nos, i.e. those whose rest mass is an appreciable fraction
of their total energy. The details differ somewhat in a
1 → 2 decay (electron capture) and a 1 → 3 decay (β-
decay), and are discussed separately in Secs. III A–III B.
See Figs. 2 and 3 for examples.

In either case, for the Q ∼ MeV decays considered
here, the recoiling nucleus will carry . 100 eV of en-
ergy due to its large mass. Extrapolating the expected
range of such recoils from >keV energies [78] to the ex-
tremely low energies considered here indicates that the
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recoiling nucleus would typically be expected to stop
within a 10−100 nm nanosphere (see further discussion in
Sec. III D below). On the other hand, the charged or ra-
diative secondaries will often be ejected. From an exper-
imental standpoint, these secondaries can provide a con-
venient trigger: i.e., we can study momentum kicks to the
nanosphere conditioned on knowing a decay happened by
detection of a secondary particle. As we describe in detail
below, the EC secondaries have sufficiently low momen-
tum that we will not need to measure them precisely,
whereas in the β− case we will need reasonably accurate
measurements of the energy and emission angle.

We will consider using mechanical sensors of mass ms

in harmonic traps of frequency ωs, read out with a sensi-
tivity around the “standard quantum limit” (SQL) [79],
which describes the accuracy of simultaneous weak mea-
surements of position and momentum when the dominant
errors arise from the measurement process itself, due to
the Heisenberg uncertainty relation [80]. A measurement
at the SQL can determine ∆ps (for an impulse delivered
over time τ � ω−1s ) with accuracy [81, 82]

∆pSQL =
√

~msωs = 15 keV×
(
ms

1 fg

)1/2(
ωs/2π

100 kHz

)1/2

.

(5)
Examples of such devices in current operation include
[28, 29, 31]. These numbers suggest that searches
for heavy sterile neutrinos with m4 & 100 keV and
with branching ratios |Ue4|2 . 10−4 will be relatively
straightforward with existing technologies, using trapped
nanospheres with radius ∼ 100 nm. On the other hand,
they also suggest that direct mass reconstruction of the
light neutrino masses will require substantially smaller
sensor masses, potentially down to single ions, or more
massive systems operated well below the SQL (see Sec.
IV).

III. DETECTOR AND SEARCH DESIGN

The concept for sterile neutrino searches is shown in
Fig. 1, along with a possible experimental design. To re-
construct the nanosphere momentum, the position of the
nanosphere is measured continuously in each of the three
independent Cartesian degrees-of-freedom of the COM
motion using the light scattered by the nanosphere, and
its momentum is reconstructed from these measurements.
As described in Sec. II, quantum limited measurement of
the nanosphere position has been reached in existing sys-
tems [28, 29, 31]. Avoiding thermal noise requires opera-
tion at ultra-high vacuum (UHV) pressure . 10−8 mbar
and high numerical aperture (NA) collection optics sur-
rounding the trap to collect as much of the information
carried in the light scattered by the nanosphere as possi-
ble [28, 29, 31, 83] .

In the z DOF, the backscattered light contains the
majority of information about the z displacement, and
the trapping objective itself can be used to collect this

light [29, 83]. For the x and y degrees-of-freedom, high
light collection competes with the requirement to detect
coincident secondary particles from the decay. For this
reason, high NA, long working distance objectives are
placed on only two sides of the trapping region to col-
lect side scattered light, while the remaining three sides
of the trap have no intervening material between the
nanosphere and scintillator slabs positioned in a cubic
arrangement at ∼5 cm distance on each side from the
trap location [84]. The slabs are instrumented with an
array of pixellated light detectors (e.g., silicon photomul-
tipliers [SiPMs]) to detect the energy and emission angle
of the e− and X-rays emitted by the decays. Additional
panels are positioned around the objectives, to provide
further vetoing of backscattered e− or other backgrounds.
The SiPM dark noise in the ∼10 µs detection time for
the recoil is sub-dominant for few mm2 pixels, allowing
the entire detector including the trap, vacuum chamber,
and SiPM array to be operated at room temperature.

To estimate the sensitivity to m4, a Monte Carlo (MC)
simulation of the decay and detection process was per-
formed. This simulation produces the primary particles
(i.e., the ν and recoiling nucleus) as well as secondary par-
ticles (γs, βs, X-rays, and Auger e−) for each decay based
on the decay products and branching ratios from [85]. For
β− decays, the e− energy is sampled assuming the spec-
tral shape for an allowed transition [86]. However, an ad-
vantage of the proposed technique is that it does not de-
pend on the detailed spectral shape for a given decay, or
precise knowledge of that shape. The simulation assumes
the nuclear recoil fully stops in the particle (transferring
its full momentum to the COM), while all γ and X-ray
photons leave the particle with no energy loss. Energy
loss for electrons from β decay or Auger e− within the
particle is randomly simulated using calculations of the
electronic stopping power from [87, 88], assuming a decay
location uniformly distributed in the nanosphere volume.
Noise is added to the nanosphere momentum reconstruc-
tion assuming an information collection efficiency in each
direction of (ηx, ηy, ηz) = (0.4, 0.4, 0.6) [28, 29, 83]. The
angle of the emitted secondary is assumed to be recon-
structed with an accuracy of 0.02 rad. This corresponds,
e.g., to 1 mm resolution on the detection of the secondary
particle interaction location at a distance of 5 cm from
the nanosphere, based on the expected few mm pixelliza-
tion of the SiPM array. The fractional energy resolution
for detection of emitted MeV scale e− is assumed to be
σE/E = 0.01

√
(1 MeV)/E, consistent with a light col-

lection efficiency for the SiPM array & 25% (or, e.g.,
with pixellized Si particle detectors which can provide
improved energy resolution at lower energies). For EC
decays, the energy of the secondary Auger e− and X-rays
does not need to be precisely determined, and their emis-
sion angle can be reconstructed with the SiPM array even
with relatively poor energy resolution. We assume that
the secondary particle can be determined to be either a
γ or e− with high accuracy by monitoring the change in
the net electric charge of the nanosphere before and after
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Isotope QEC [keV] T1/2 [day] Auger energies [keV] X-ray energies [keV] γ energies [keV] Live time [sphere days]
7Be 862 53.2 0.045 (100%) 477 (10.6%) 24
37Ar 814 35 2.4 (81%) 2.6 (8.2%), 2.8 (0.5%) 9
49V 602 330 4.0 (69%), 0.4 (149%) 4.5 (17.1%), 4.9 (1.9%) 119
51Cr 752 27.7 4.4 (66%), 0.5 (146%) 4.9 (19.4%), 5.4 (2.2%) 320.1 (9.9%) 9
68Ge 107 271 8.0 (42%), 1.1 (122%) 9.2 (39%), 10.3 (5%) 147
72Se 361 8.4 9.1 (53%), 1.2 (167%) 10.5 (62%), 11.7 (8%) 45.9 (57%) 4

TABLE I. Selected EC isotopes of interest for searches for heavy neutrino mass searches between ∼0.1-1 MeV. The QEC value
for the decay and half-life are listed for each candidate, along with the energies and intensities (i.e., percentage of primary decays
of the parent nucleus for which a given secondary particle is emitted) of the secondary Auger e−, X-rays, or for γs from decays
to nuclear excited states. The live time required to observe 104 events (in number of nanospheres × days) assuming 100 nm
diameter SiO2 nanospheres with 1% loading by mass for each isotope, 40% detection efficiency for the secondary particles, and
the detector parameters described in the text is given in the last column. Isotope data are taken from [85].

the decay [49, 89].
As described above, the trapping and measurement

techniques proposed here allow a variety of isotopes to
be considered as the source of the decay. The primary
requirement is that the nanospheres have sufficiently low
optical absorption at the trapping laser wavelength that
internal heating of the particle does not cause melting
or particle loss in vacuum [42, 90]. This enables consid-
eration of doping (or implanting) nearly any isotope of
interest in a silica nanosphere at percent-level concentra-
tions or higher.

Biomedical applications have produced spherical nano-
and micro-particles including, e.g., P [91], S [92], Y [93]
doped into SiO2. Gaseous elements, including H2 have
been stably stored at >percent level concentrations in
SiO2 microparticles (including hollow shells) by diffu-
sion into the solid particle at high temperature and pres-
sure [94]. It is also possible to produce nanoparticles from
a specific material containing a given isotope, provided it
has sufficiently low optical absorption. E.g., yttria and
vanadium oxide are high quality optical materials at in-
frared wavelengths and can be fabricated into nanopar-
ticles [95, 96]. Polymers are also commonly used for pro-
ducing optically transparent nanoparticles, and, e.g., 3H
could be embedded at high concentrations in tritiated-
polymer [97] nanospheres. While a detailed study of the
optimal fabrication method of particles containing a spe-
cific isotope is not considered here, it is expected that
there are possible fabrication techniques reaching 1–10%
or higher doping levels for many or all of the isotopes
considered.

A. Electron capture decays

For unstable neutron deficient isotopes with QEC <
2me, β

+ decay is energetically forbidden and thus only
EC decay is possible, in which a nucleus X with atomic
number Z and mass number A decays to the daughter Y
through capture of an atomic electron and emission of a
νe:

A
ZX + e− → A

Z−1Y + νe. (6)

This provides a two-body final state with an emitted νe,
for which a reconstruction of the recoiling daughter nu-
cleus Y can provide a measurement of the νe momentum
using the techniques discussed above. At .ps time scales
following the decay, the atomic vacancy left by EC will
be filled by a higher-lying electron, typically producing
additional Auger e− or X-rays with total energy of sev-
eral keV for A < 100 isotopes. For 100 nm scale parti-
cles, &keV secondary e− or X-rays will essentially always
leave the nanosphere and provide a trigger for the event.
However, the momentum carried by such secondaries is
.100 keV even for the Auger e− (and only ∼keV for
the X-rays), while the ν can carry momentum of several
hundred keV for the decays of interest. Thus, such sec-
ondaries provide a subdominant contribution to the total
momentum imparted to the nanosphere, although accu-
rate reconstruction of the momentum carried by Auger
e− can be important for m4 . 100 keV. In particular,
any attempt to determine the light SM neutrino masses
in this way would require very accurate measurements of
these Auger e−, or stopping the e− within the particle
itself (see Sec. IV).

For sufficiently high neutrino mass that the secondary
e− or X-rays can be neglected, the difference in momen-
tum between a decay to a sterile state with mass m4 and
a light neutrino with mi ≈ 0 (for i = 1, 2, 3) is

|p4| − |pi| ≈ Q
(√

1− (m4/Q)2 − 1
)
. (7)

In particular, as m4 approaches Q, the presence of a
heavy sterile state can be identified by a small peak sep-
arated in reconstructed momentum from the decays to
the approximately massless state, as shown in Fig. 2.

Table I lists the EC candidate isotopes considered here,
which have half-lives .1 year to provide a sufficient num-
ber of decays in a nanoscale particle. Of these, an es-
pecially simple case is 37Ar (T1/2 = 35 d) which has a

pure transition to the nuclear ground state of 37Cl with
QEC = 814 keV. The EC decay of 37Ar is typically ac-
companied by a 2–3 keV Auger e− or X-ray, that can
be used in coincidence with detection of the nanosphere
recoil to identify decay events and avoid backgrounds. In
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FIG. 2. Simulated spectrum for the reconstructed neutrino
momentum, |pν |, for a 100 nm diameter nanosphere contain-
ing 1% by mass of the EC-unstable isotope 37Ar. We assume
an exposure of 30 days and 40% collection efficiency for the
emitted Auger e− or X-ray. Also overlaid (and visible in the
inset) is the expected spectrum arising for a heavier sterile
state with m4 = 750 keV and at the existing upper limits for
a sterile ν at this mass, |Ue4|2 = 2× 10−4 [15]. Backgrounds
and misreconstructed events are not included in the simula-
tion (see Sec. III D for a detailed discussion of the required
background rejection to meet this assumption). The black
data points with error bars indicate the simulated counts for
a typical experimental realization, along with the best fit to
these data for decays to SM neutrinos (blue) and the heavier
sterile state (red).

this case, the nanosphere recoils with a momentum that
is nearly equal and opposite to the momentum of the
outgoing ν, and the measurement accuracy of the Auger
e− or X-ray energy and angle provides a sub-dominant
correction to the reconstruction of m4.

Figure 2 shows a MC simulation of the nanosphere
recoil momentum spectrum for 105 37Ar decays, with the
expected spectrum for an example of a heavy mass state
with m4 = 750 keV and mixing |Ue4|2 = 2 × 10−4 (just
below the current upper limit at 95% C.L.) [15] overlaid
and shown in the inset.

This detection principle, however, is generic in the
sense that any isotope that can be contained in the
nanosphere can be used, and the other isotopes in Table I
would produce similar sensitivity for m4 up-to their re-
spective QEC values, as described in Sec. III C. However,
among the isotopes in Table I, 7Be provides a relatively
unique case. Approximately 90% of 7Be decays proceed
to the 7Li ground state, with the emission of a single
Auger e− with energy of ∼ 50 eV [98], and no accom-
panying X-rays. The single emitted Auger has a mean
range in silica of . 5 nm [87], so in the vast majority
of decays the Auger e− will stop in the nanosphere, pro-
viding a truly two body decay in which the total recoil
momentum of the nanosphere is exactly equal and op-
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FIG. 3. Calculated distribution of the reconstructed ν mo-
mentum, |pν |, versus electron kinetic energy, Te, for 32P β−

decay, for various values of m4, assuming a 100 nm diam-
eter nanosphere with the detection efficiencies described in
the text. The probability density for this distribution for
light neutrinos (with mi ≈ 0) is shown as the black shaded
histogram, surrounded by the 2σ contour containing 95% of
simulated events. The corresponding 2σ contours for non-zero
m4 are indicated by the colored lines.

posite to that of the outgoing ν. While such a decay is
especially simple to reconstruct, it has the drawback that
there are no coincident secondary particles that can be
used to veto backgrounds. For this reason, we consider
below only the ≈10% of 7Be decays that proceed through
an excited state of 7Li, emitting a 478 keV γ in coinci-
dence. If backgrounds (see Sec. III D) could be made
sufficiently low that this coincidence were not required
for background rejection, 7Be decays to the ground state
would present an especially simple system for sterile ν
searches, possibly avoiding the need for the SiPM arrays
surrounding the trap.

B. β decays

For β decays, in which both an e− and a ν̄e are present
in the final state:

A
ZX→ A

Z+1Y + e− + ν̄e, (8)

simply constructing the invariant mass of the neutrino
through energy-momentum conservation (as done, e.g.,
in [23]), is not sufficient to optimally separate a pop-
ulation of decays emitting heavy sterile ν̄ from decays
to light ν̄. Instead, optimal sensitivity can be reached
through the correlation of the measured β− kinetic en-
ergy Te = Ee − me with the reconstructed neutrino 3-
momentum. Energy-momentum conservation at the de-
cay location gives the total neutrino energy Eν = Q−Te,
neglecting the tiny kinetic energy of the recoiling daugh-
ter nucleus. For an event with a given electron kinetic
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FIG. 4. Projected sensitivity to the mixing of a heavy mass state, |Ue4|2, as a function of mass, m4, for a variety of isotopes,
assuming a single, 100 nm diameter nanosphere is measured for 1 month with 1% loading by mass of the isotope of interest, and
assuming the detection efficiencies and experimental parameters described in the text. The sensitivity for isotopes decaying
by EC (left) and β− decays (right) are shown separately. The projected sensitivity is compared to the most sensitive existing
laboratory limits in this mass range (gray) [7–15, 17]. If sterile neutrinos constitute a significant fraction of dark matter, limits
on X-ray emission from their radiative decays may also provide constraints in this mass range (not shown) [4].

energy, the difference in the reconstructed neutrino mo-
mentum between a heavy m4 state and effectively mass-
less mi state is

|p4| − |pi| =
√

(Q− Te)2 −m2
4 − (Q− Te) (9)

The largest difference occurs for events where the electron
gets the maximum allowed kinetic energy consistent with
a final state m4, Te ≈ Q −m4, where |pi| − |p4| ≈ m4.
Figure 3 shows an example of the simulated reconstructed
|pν | versus Te for 32P, which decays to the ground state
of 32S with Q = 1710 keV, for several different values
of m4. For low Te, where the ν̄ carries energy much
larger than m4, the massive and approximately massless
case converge for the lowest sterile ν masses considered.
However, in the tail of the β distribution at high Te, the
distributions can be distinguished as m4 approaches Eν .

Similar to EC, a number of candidate β−-decay iso-
topes could be considered for such searches. Table II
provides some possible examples spanning a range of Q-
values. The complete list of possible β− emitters that
may be suitable for such experiments is much larger than
for EC given the number of bound neutron-rich systems
in the lifetime range required, and the uniqueness of this
weak decay mode.

C. Projected sensitivity

The MC simulation described in Sec. III is used to
generate probability density functions (PDFs) for the re-
constructed ν momentum, as a function of the neutrino
mass, m4. For EC decays, one-dimensional PDFs ver-
sus |pν | are simulated, while two-dimensional PDFs of
reconstructed |pν | vs. Te are generated for β decay-
ing isotopes, similar to the examples shown in Figs. 2

and 3. For a given experimental live time, toy exper-
iments are drawn from a light-ν only PDF (mi ≈ 0),
given the T1/2 for a given isotope and assuming a trig-
ger efficiency for tagging the secondary particle of 40%
(limited by the solid angle coverage of the SiPM array).
For experimental live times longer than T1/2, we assume
the nanospheres are replaced with new nanospheres con-
taining the assumed initial isotope loading once every
half-life (i.e., once every few days for the shortest half-
lives considered), such that the number of decays remains
roughly steady throughout the measurement period. A
negative log likelihood (NLL) fit is then performed to
each toy experiment, with a model consisting of a light ν
plus heavy ν component (as a function of |Ue4|2 at each

Isotope β endpoint [keV] T1/2 [day] Live time [sphere days]
3H 18.6 4500 252
32P 1711 14.3 2.8
35S 167 87.4 189
90Y 2279 (99.99%) 2.7 1.7

TABLE II. Selected β− decay isotopes considered here. The
energy of the endpoint (i.e., maximum kinetic energy possible
for the β particle) and half-life are given for each isotope. In
the case of 90Y, the decay to the ground state is dominant
(99.99% of decays). Rare decays to excited states of the 90Zr
daughter are also possible, coincident with either ∼2 MeV
conversion e− or de-excitation γs. These decay branches are
simulated in the MC, but overlap primarily with the low Te
tail of the ground state decay and do not substantially affect
the sensitivity at high m4. The live time to observe 104 decays
is given following the assumptions in the text (i.e., 25 nm
diameter polymer nanospheres for 3H, 50 nm diameter silica
nanospheres for 35S, and 100 nm diameter silica nanospheres
for 32P and 90Y). Isotope data are taken from [85].
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m4), and the median 95% CL sensitivity for a given m4 is
determined [1]. The resulting estimated sensitivities for
a variety of EC and β decaying isotopes with optimum
sensitivity in the m4 ≈ 0.1 − 1 MeV range are shown in
Fig. 4.

As shown in Fig. 4, a large number of isotopes are
expected to provide comparable sensitivity, covering the
∼100 keV to few MeV mass range. Measuring only a sin-
gle 100 nm nanosphere for 1 month at existing detection
limits would already probe up to an order of magnitude
smaller values of |Ue4|2 than existing searches, for the as-
sumptions above. Several commonly used isotopes such
as 32P provide significant coverage of the allowed param-
eter space. As shown in Fig. 5, larger exposures (either
using arrays of nanospheres or longer integrations) can
improve the sensitivity to smaller values of |Ue4|2.

Figures 4–5 also show that existing sensitivities al-
ready demonstrated for 100 nm nanospheres are opti-
mized for searching for ∼MeV scale mass sterile ν. Al-
though less developed to-date, sensitivity to lower masses
may be possible with smaller nanospheres, which can
reach correspondingly lower momentum thresholds. Sim-
ilarly, reaching the SQL at lower trap frequencies can
further improve the low mass reach.

For example, Fig. 5, also shows the projected reach for
searches with smaller nanospheres for lower endpoint iso-
topes such as 3H and 35S. For the lower momentum trans-
fers for these isotopes, the nanosphere size and resonant
frequency are tuned to maintain approximately a signal-
to-noise ratio of 10 for recoils at the endpoint and SQL
limited detection. For 3H, we assume a 25 nm diameter,
f0 = 1 kHz trap frequency, and a 20% loading by mass
that may be possible for a tritiated polymer (e.g. acrylic
or polystyrene) nanosphere. For 35S, a 50 nm diameter
silica nanosphere with f0 = 10 kHz and 1% mass loading
is assumed. These lower resonant frequencies are typical
of the expected frequencies in a radiofrequency (RF) trap
at charge-to-mass ratios achievable for these smaller par-
ticles [99, 100]. While SQL limited detection for smaller
particles allows lower momentum sensitivity, the reduced
activity for a fixed number of nanospheres reduces the
sensitivity to small branching ratios to heavy sterile ν.
These projected sensitivities are compared to 32P, using
the 100 nm diameter silica nanosphere, f0 = 100 kHz
(corresponding to existing optical traps for this particle
size), and 1% loading also shown in Fig. 4. Higher trap
frequencies or larger particles could be used while main-
taining the same mass sensitivity if sub-SQL sensitivities
were achieved (see further discussion in Sec. IV).

D. Backgrounds

The sensitivity projections in Figs. 4–5 assume that the
decays originating within the nanospheres can be iden-
tified with negligible backgrounds over the assumed ex-
posure times. As with any rare event search, difficult
to anticipate backgrounds are possible, and background
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FIG. 5. Estimated sensitivity for a variety of nanosphere sizes,
exposures, and β-decay isotopes spanning a sensitivity range
from ∼1–1000 keV. The background-free sensitivity for expo-
sures of 1 nanosphere × 1 month (solid), 10 nanospheres ×
1 year (dashed), and 1000 nanospheres × 1 year (dotted) are
shown. The nanosphere sizes and loading fractions assumed
for each isotope are described in the text. The most sensitive
existing laboratory limits are also shown (gray) [7–15, 17]. If
sterile neutrinos constitute a significant fraction of dark mat-
ter, limits on X-ray emission from their radiative decays may
also provide constraints in this mass range (not shown) [4].

studies will be required in prototype detectors to confirm
the ultimate reach of such a system. However, reach-
ing sufficiently low background levels for the projections
above is plausible, as described in the following sections.

1. Recoil backgrounds

Backgrounds can arise from interactions producing
momentum recoils of the nanosphere at the keV–MeV
scale, but which do not result from the decay of inter-
est. However, the signature of a decay event can gener-
ally be tagged with a triple coincidence between the 1)
nanosphere recoil; 2) detection of the secondary parti-
cle, e.g. the emitted β; and 3) detection of a change in
the charge state of the nanosphere. We note that in the
case of EC decays in which no Auger electrons escape
the nanosphere and only X-rays are emitted, the third
signature would be absent and only a double coincidence
would be possible. However, for the EC decays consid-
ered in Table I, with the exception of 7Be all decays would
be expected to emit a >keV Auger e− in at least & 50%
of decays. Events without a change in the charge of the
nanosphere could be vetoed while maintaining most of
the experimental live time.

Coincident detection of these three signatures would
be expected to provide a background free signal even at
the largest exposures assumed above, with the primary
efficiency loss arising from the detection of the secondary
particle (assumed to be 40% efficient above). Further
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optimization of the experimental design might further
improve this efficiency. Existing optical traps for micro-
spheres in vacuum have measured spontaneous charging
rates for neutralized particles below 1 e−/week [42, 101].
Experiments searching for possible dark matter induced
recoils of optically trapped particles found background
recoil rates < 1/day [39] at GeV momentum transfers,
dominated by environmental acoustic and vibrational
noise for which substantial further reduction is possi-
ble. With care in the choice of components and modest
shielding around the detector, it should be possible to
limit the rate of MeV-scale radiogenic and cosmogenic
events detected by the SiPM array to < 10 − 100 Hz
(and much lower background rates have been achieved
in underground detectors) [102]. For a room tempera-
ture SiPM array with dark noise . 1MHz/mm2, a de-
tection threshold > 5 photoelectrons (sufficiently low for
tagging keV scale Auger e− or X-rays) would provide
a sub-dominant background rate. Assuming these back-
ground rates are uncorrelated, the accidental coincidence
rate for all three signatures within the 10 µs resolution
of the event time would be as low as 10−11/(sphere yr),
which is lower by many orders of magnitude compared
to the exposures assumed above.

To generate a significant background, a nanosphere re-
coil rate of� 1 Hz at ∼MeV momentum transfers would
be required. Due to the extremely small geometric cross-
section of the nanospheres, external radiogenic and cos-
mogenic backgrounds provide orders-of-magnitude lower
rates. Avoiding internal radiogenic decays would re-
quire minimizing contamination of the nanospheres by
short-lived radioisotopes other than the species of inter-
est. The maximum momentum transferred from gas col-
lisions with the nanospheres is <100 keV for H2 back-
ground gas at room temperature [40], which would not
provide a significant background for m4 & 0.1 MeV. For
lower mass searches employing e.g. 3H or 35S, collisions
with individual residual gas molecules could provide a
significant background, but become negligible at pres-
sures . 10−11 mbar or through cooling of the chamber
walls (and ambient gas temperature) to 4 K [28, 40].
Other backgrounds considered for similar searches for
nanosphere impulses in [40] are also expected to be sub-
dominant for the searches proposed here.

2. Containment of the recoiling nucleus

If the nuclear recoil were to escape the nanosphere
and fail to transfer its full momentum to the nanosphere
COM, the reconstructed ν momentum can fall below the
expected value when the recoil is fully stopped. Such
events—if present for even a small fraction of decays—
would lead to a background of events lying below the
main distribution for decays emitting light neutrinos.
While such events would not produce a well-defined peak
at the expected momentum for decays to a heavy ster-
ile state, they could obscure such a signal and limit the

ultimate experimental sensitivity.
Determining the fraction of such nuclear recoils at the

relevant recoil energies that may escape the nanosphere is
difficult. For >keV energies, the range of recoiling nuclei
is well-characterized, and can be modeled in simulation
tools such as SRIM-2013 [103, 104]. SRIM calculations
indicate that the mean projected range for the isotopes
considered in Tables I–II vary from 0.2–0.9 nm, with a
standard deviation below 0.5 nm. However, we empha-
size that SRIM has not been validated in detail at the
relevant nuclear recoil energies from 3–70 eV, and these
calculations require extrapolation to substantially lower
energy than for which data exists. 32P, which is a light
isotope with large endpoint energy, is expected to present
the worst case for this background among the isotopes
considered here. A SRIM simulation was performed for
32P in SiO2 for nuclear recoil energies corresponding to
electrons near the decay endpoint (i.e., ∼70 eV nuclear
recoils), which gave a median projected range of 1.0 nm
for the recoiling nuclei, with a maximum linear distance
of 2.7 nm from the decay location for any of the 106 sim-
ulated recoils.

Using the SRIM calculations above as a rough esti-
mate, approximately 5% of recoils might be expected to
escape a 100 nm diameter nanosphere with 32P uniformly
distributed throughout its volume, which would present a
potentially significant background if not otherwise vetoed
(e.g., through identifying a change in the charge state of
the nanosphere, or by detecting the emitted ion or atom).
However, this calculation ignores the energy required to
escape the nanosphere surface (due to chemical interac-
tions, Van der Waals forces, etc), which may be relevant
for the ∼eV scale recoil energies considered here. Dedi-
cated measurements will likely be required to character-
ize this potential background for realistic nanospheres,
over the range of recoil energies and charge states possi-
ble for various isotopes.

If such a background ultimately became a dominant
limitation to the proposed techniques, a straightforward
technical solution would be to deposit a few-nm thick
shell of SiO2 on the nanosphere exterior after fabrication
of the nanosphere core containing the isotope of inter-
est. Due to the standard “bottom-up” synthesis process
for spherical nanoparticles of this size [105], such a layer
can be chemically accreted after production of the core,
and core-shell silica nanospheres of exactly this type con-
taining a β emitting core surrounded by an inactive shell
are commercially available [106]. Similar particles are
also commonly produced for medical applications when
toxicity from the escape of the recoiling nuclei is a con-
cern [107].

3. Misreconstruction of secondary particles

For searches with β decaying isotopes, misreconstruc-
tion of the kinetic energy of the e− can lead to errors
in the estimate of the ν̄ momentum and inferred mass.
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For example, e− that backscatter from the scintillator
and do not deposit their full energy could be recon-
structed at lower Te, falling below the main distribu-
tion for well-reconstructed events. Such events could
present a similar background distribution to that de-
scribed above for events where the nuclear recoil may
escape the nanosphere. Optimizing the detector design
to avoid (or detect and veto) such backscattered events is
important for reaching the background free sensitivities
above. Other sources of event misreconstruction due to
e.g. detector gaps or edge effects, noise, etc, must also be
mitigated. However, if sufficiently accurate reconstruc-
tion of secondary e− ultimately proves infeasible at the
desired background levels, selecting EC decays emitting
only X-rays (with a measurement of the charge state en-
suring no Auger e− escaped the nanosphere) would avoid
any need for accurate reconstruction of the secondary en-
ergy for sterile neutrinos in the & 100 keV mass range.

IV. TOWARDS LIGHT NEUTRINO MASS
MEASUREMENTS

While the searches for heavy mass states described
in the previous section appear to be feasible with ex-
isting optomechanical technologies, an obvious question
is whether such levitated mechanical systems could ul-
timately be extended to reach sensitivity to the light
masses, mi (i = 1, 2, 3), of which at least two are non-
zero. The best existing laboratory constraints indicate
that the mass scale of these light ν is < 800 meV [108],
while cosmological measurements based on fits to the
standard cosmological model suggests the sum of masses
is . 200 meV [67, 109]. Neutrino oscillation experiments
provide a lower bound on the mass scale, requiring at
least one of the light ν to have mass & 50 meV [110].
Given the much smaller masses than the heavy sterile
case, reaching sensitivity to the masses of the SM ν is
substantially more difficult. Indeed, directly measuring
the masses of the SM ν is the focus of a decades long
experimental effort involving large scale detectors [111],
and is key to identifying the beyond the SM processes
that may account for the origin of the non-zero masses
of the light states.

An ambitious goal for these techniques would be to
perform momentum reconstruction sensitive enough to
resolve the masses of the light neutrinos on an event-
by-event basis, which we focus on below. However, a
nearer-term measurement might be to statistically de-
tect the scale of neutrino masses, averaging over a large
number of decays N . With a β decay, even in the most
optimistic scenario and working near the endpoint, the
first goal requires momentum measurements with sensi-
tivity around the light neutrino masses ∆p ≈ mi (see
Eq. (9)), i.e. at least as good as ∆p . 200 meV.
If systematic errors were reduced sufficiently to permit
averaging over many events, measurement of the effec-

tive mass mβ =
√∑3

i=1 |Uei|2m2
i [111] could be achieved

with ≈
√
N poorer event-by-event sensitivity. We discuss

what would be required for an optomechanical sensor to
achieve these sensitivities below.

Beyond the required momentum sensitivity, there are
several conceptual challenges that must be overcome for
possible measurements of the light neutrino masses:

(A) For typical EC or β decay energies, the light ν are
highly relativistic and the effect of their rest mass
on their momentum is correspondingly suppressed.
One needs to find a decay with much lower energy
release Q and work near the end of the spectrum
where the ν are emitted with low kinetic energy.

(B) Heisenberg uncertainty requires that the initial po-
sition uncertainty ∆x of the decaying parent is suf-
ficiently large to be consistent with the small re-
quired momentum uncertainties.

(C) Secondary processes due to the coupling of the de-
caying atom to its surroundings can significantly
broaden the momentum carried by an emitted ν in
solid materials.

The latter two issues have received considerable attention
recently, because they may cause fundamental difficulties
for experiments aiming to measure neutrino masses and
relic neutrino capture events [63, 64, 112]. The local-
ization of the parent nucleus (B) has also been recently
considered in the context of neutrino oscillations of reac-
tor neutrinos [113–116]. While the broadening issue (C)
will require detailed solid state engineering, the momen-
tum reconstruction technique described here, combined
with quantum control of the center-of-mass of the solid
in which the isotopes are located, may provide new tools
for solving issue (B).

A. Ultra-low Q value decays

As described above, kinematic reconstruction of the
neutrino mass is most effective for non-relativistic neu-
trinos (see Eqs. (7) and (9)). For typical EC Q-values
and β decay endpoints with Eν ≈ MeV, the correspond-
ing difference in momentum sensitivity needed to resolve
the neutrino mass in a given event ∆|pν | . 1 µeV, even
at the current laboratory upper limits on mi. The mo-
mentum difference could be made significantly larger, up
to ∆|pν | ≈ mi . 200 meV, by observing much lower
energy ν than in typical nuclear decays.

Common “low-energy” decays such as 3H (Q =
18.6 keV) and 163Ho (Q = 2.8 keV) would still require
very large arrays of nanoparticles, since decays emitting
ν with energies Eν . 1 eV make up only a tiny fraction
of the overall decay rate [111]. There is, however, signif-
icant interest in identifying a new class of “ultra-low” Q
value EC [117, 118] or β [119] decays, in which a branch
of the decay occurs to an excited state of the daughter.
If the energy of this excited state roughly corresponds to
the total transition energy, an accidental cancellation is
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possible, providing Q < 1 keV. A known example of such
a transition is in 115In [120, 121], which typically decays
via β− emission with an end-point energy of ≈ 0.5 MeV,
but for which a small branching ratio (∼ 10−6) to an ex-
cited state exists, providing a β− transition with an end-
point of 147 eV. However, the long half-life of this decay
(4.4 × 1014 yr) and small branching ratio to the excited
state transition translates to a much larger required mass
per decay with Eν . 1 eV than 3H or 163Ho [111].

Nonetheless, a recent survey has identified more than
100 candidates for other potential ultra-low Q value β
or EC transitions via excited states, which remain to be
precisely measured [119]. Realizing an optomechanical
measurement of the light ν masses would likely require
a transition with sufficiently low Q value, experimentally
manageable T1/2, and high branching ratio to be identi-
fied through such measurements. While speculative, the
existence of such a transition is plausible, and we strongly
encourage the precision atomic mass measurement com-
munity to continue their work in this area. We further
comment on the measurement requirements below if such
a transition were identified. Of course, such a transition
may permit other existing techniques to be used to study
neutrino masses [111], although here we focus only on the
unique properties of an optomechanical measurement.

B. Quantum state preparation and readout
sensitivity

The measurement sensitivity needed to resolve the
light neutrino masses on an event-by-event basis ∆p .
200 meV entails significant constraints on both the initial
state of the source and measurement process from quan-
tum mechanics. Comparing to (5), we see that obtaining
sufficient momentum sensitivity will require some com-
bination of using smaller mass mechanical systems, low-
frequency traps, and/or techniques like squeezing [122–
124] or backaction evasion [82, 125, 126] to get below the
SQL.

For concrete examples, we can consider the require-
ments to obtain the ∆p sensitivities above. With a silica
nanosphere of radius 10 nm trapped at 2π × 1 kHz, the
SQL corresponds to ∆p ≈ 50 eV, so measurements at the
SQL should—at least in principle—be capable of resolv-
ing a non-zero mβ by averaging over N ≈ 106 decays if
limited only by statistical noise. To reach ∆p ∼ 100 meV
sensitivity, one could use a monolayer graphene flake with
area 25 nm2, levitated in a weakly confining trap with fre-
quency ω = 2π × 100 Hz, although a significant amount
of squeezing to achieve sensitivity 20 dB below the SQL
is required even with these parameters. While challeng-
ing, performing such sub-SQL measurements is a key ob-
jective of the optomechanics community in the coming
decades [24], and other recently proposed experiments re-
quire higher levels of squeezing and detection of smaller
momentum transfers than required here [56, 57, 127].

The optomechanical strategy proposed here also has

fundamental advantages over other techniques. In par-
ticular, if the unstable isotope is bound to a fixed sub-
strate, it should be localized in position space to within
atomic distances ∆x . 1 nm [64]. Heisenberg uncer-
tainty then implies an initial-state momentum uncer-
tainty ∆p & (2 nm)−1 ≈ 100 eV. This would naively
render the identification of the neutrino masses impossi-
ble. However, the ability to monitor the center-of-mass
DOF of the mechanical element with sufficient accuracy
∆p to detect the neutrino masses means in particular that
it can be prepared in a sufficiently narrow momentum-
space wavepacket [128]. This corresponds to delocaliz-
ing the entire system in position space. Such delocaliza-
tion requires, e.g., cooling the nanoparticle to the ground
state of the trapping potential and squeezing the mo-
tion of the nanoparticle to delocalize its position and
narrow its momentum distribution (see Fig. 6). While
optimal protocols for this application are the subject of
future work, levitated optomechanical systems provide
substantial ability to control the optical potential in real
time, allowing the preparation of squeezed or highly non-
Gaussian states (see, e.g., [36, 37] for recent proposals of
experimental protocols similar to those that would be
required here).

We also emphasize that due to momentum conserva-
tion, the internal states of the nanoparticle do not need
to be directly controlled or measured. It is sufficient to
cool, prepare, and measure only the COM motion of the
nanoparticle. For example, the decaying nucleus will ini-
tially be in a thermal motional state near room tempera-
ture, but this internal DOF does not affect the nanopar-
ticle COM and the ν leaving thenanoparticle will remain
entangled with the COM motion such that a sufficiently
precise measurement of the nanoparticle momentum can
determine the outgoing ν momentum [129]. In Appendix
A, we illustrate the above points with a simple toy model
consisting of the parent nucleus harmonically bound to a
solid object.

C. Spectral broadening effects

A key advantage of the techniques proposed here is the
ability to concentrate the isotope of interest in a solid ma-
trix, permitting high densities of the isotope in a small
volume. However, interactions between the atoms of the
decaying isotope and the host material can lead to broad-
ening of the transitions of interest at the ∼eV scale due
to the effect on the electronic binding energies in the par-
ent and daughter atoms on the total energy available to
the decay (analogous to “inhomogeneous broadening” in
solid state laser systems). While not a fundamental lim-
itation, a solid-state source for such decays would likely
require the isotope to be positioned in a highly controlled,
crystalline lattice to avoid such inhomogeneous broaden-
ing [130]. Similar ideas have been proposed in the liter-
ature to create sources based on loading graphene [131–
134] or other host crystals [135, 136] with β emitters.
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FIG. 6. Qualitative example of requirements for the
nanoparticle state preparation and measurement following the
decay. (left) Comparison between the quasiprobability distri-
bution for the zero point motion of the COM of a 5 nm di-
ameter graphene flake cooled to the ground state of a weakly
confining harmonic potential (ω = 2π × 100 Hz) [red], and
after squeezing the momentum quadrature of the nanoparti-
cle’s motional state by 20 dB [blue]. (right) Quasiprobability
distribution following the decay for the nanoparticle COM
(blue) and neutrino (green) assuming all secondary particles
are trapped within the flake, and the ν carries momentum
|pν |=100 meV. (inset) Zoom to region highlighted by black
dotted box in the main figure.

We note that levitation of µm sized graphene flakes has
been demonstrated in RF traps [137], and these traps
could be used to confine other nanoscale objects of inter-
est [99, 100].

D. Experimental feasibility

To perform such a measurement, we consider the pos-
sibility that an experimentally viable β transition to an
excited state of the daughter with an endpoint of ∼100 eV
is identified from the list of candidates in [119]. Such a
transition will provide a spectrum of decays extending to
Eν . 1 eV, which will provide the dominant sensitivity
to mi. Ideally this isotope decays through an allowed
transition to a closely spaced excited state, with a par-
tial decay constant to the relevant excited state branch
λ & 1 yr−1 to enable a sufficient number of decays
to be observed, even for nanoparticles of the mass as-
sumed in Fig. 6. Finally an overall half-life long enough
that the isotope can be produced and implanted into the
nanoparticles is needed. While not in principle required,
it is also preferable that the excited state decay to the
ground state of the daughter proceeds through a forbid-
den transition, leading to a delay in the emission of the
high-energy de-excitation γs to allow separation of the
much smaller momentum carried by the ν. These γs can
still be triggered on to avoid backgrounds, while tem-
porally distinguishing the momentum transferred to the
nanoparticle.

For such a β decay, precise measurement of the e−

momentum at the required precision is technologically
challenging, although the point-particle nature of the de-
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FIG. 7. Maximum depth of the electric potential en-
ergy, Vmax, for a positively (red) or negatively (blue) charged
nanosphere of radius rs, assuming the net charge is limited
by field emission [99, 139]. For β− decay, the red dashed lines
and arrows indicate the nanosphere sizes for which an elec-
tron of a given initial kinetic energy could be stopped by a
nanosphere charged to this limit. (inset) Electric potential as
a fraction of Vmax relative to a distant grounded surface as a
function of distance from the nanosphere center, r.

cay source may reduce the challenges related to focusing
and collecting the e− for, e.g., a time-of-flight measure-
ment [111, 138]. An alternative possibility is to positively
charge the nanoparticle to provide precise control of the
energy of any e− leaving the nanoparticle and limit its
momentum. In particular, charging the nanoparticle it-
self to a �100 V potential relative to the surrounding
electrodes can ensure that the e− is recaptured by the
particle itself, and the final state is a true 2-body decay
with an outgoing ν and recoiling nanoparticle only. Field
emission (i.e., ejection of electrons or ions from a solid
nanoparticle due to the electrostatic field at its surface)
limits the maximum positive charge on an nanoparticle
of radius, rs to Q/e ≈ 21(rs/[1 nm])2 [99, 139], per-
mitting sufficient potentials to prevent the emission of
the e− to be reached on a & 5 nm diameter nanoparti-
cle (see Fig. 7). The charge on the nanoparticle could
also be tuned with single e− precision [49, 89], to allow
only the highest energy e− to escape and be tagged (and
thus identify only the lowest energy ν). While calculat-
ing in detail the spectrum of emitted e− from such a
graphene flake as a function of its net charge is beyond
the scope considered here, measurements of the recoil
spectrum versus charge may provide a precise experimen-
tal method for identifying the effect of a non-zero ν mass.
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V. OUTLOOK

We have described the use of mechanical sensors whose
motional degrees of freedom are controlled and measured
in the quantum regime to kinematically reconstruct the
mass of neutrinos emitted in weak nuclear decays. Such
systems offer a new set of tools for searching for a variety
of invisible particles that may be emitted from nuclei—
including massive neutrinos—and offer several advan-
tages over existing techniques. In particular, trapped
nanoscale objects permit a variety of isotopes to be char-
acterized without, e.g., the need to demonstrate laser
cooling of a given species, while reaching sensitivities that
are sufficient to resolve the momentum in a single nuclear
decay. Solid materials allow a high density of nuclei to be
confined in a trap, and enable control and readout of the
motional state of the particle using tools from quantum
optomechanics.

The estimates performed here indicate that even a sin-
gle trapped nanosphere operating at existing sensitivity
levels could probe new parameter space for ∼MeV scale
sterile neutrinos in a few days integration, if β or EC de-
caying nuclides were embedded in the particle at percent
level concentrations. Future extensions to large arrays
of such particles may be able to reach many orders-of-

magnitude lower branching ratios for such decays, for a
variety of isotopes spanning the keV to MeV mass range.
While well beyond the current state of the art, it is plau-
sible that smaller particles may eventually reach the mo-
mentum sensitivity needed to detect the mass of the light
SM neutrinos. If an ultra-low Q value EC or β transi-
tion were also identified with sufficiently high decay rate,
detection of the light neutrino masses with similar ideas
proposed here may one day become possible.
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[59] Eva Kilian, Marko Toroš, Frank F. Deppisch, Ruben
Saakyan, and Sougato Bose, “Requirements on Quan-
tum Superpositions of Macro-Objects for Sensing Neu-
trinos,” (2022), arXiv:2204.13095 [quant-ph].

[60] Amit Samanta, Stephan Friedrich, Kyle G. Leach,
and Vincenzo Lordi, “Material Effects on Electron
Capture Decays in Cryogenic Sensors,” (2022),
arXiv:2206.00150 [cond-mat.mtrl-sci].

[61] M. A. Acero et al., “White Paper on Light Sterile Neu-
trino Searches and Related Phenomenology,” (2022),
arXiv:2203.07323 [hep-ex].

[62] R. Dörner, V. Mergel, O. Jagutzki, L. Spielberger,
J. Ullrich, R. Moshammer, and H. Schmidt-Böcking,
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Appendix A: Toy many-body model of the decay

Consider a three-body system consisting of a heavy
mass H, a light mass L bound to H, and a neutrino ν.
Here the heavy mass H represents our solid sphere, the
light mass L represents the unstable parent isotope, and
we will ignore any secondary decay products beside the
nucleus. The Hamiltonian is

H = HH +HL +Hν +
1

2
k(xH − xL)2 + VLν . (A1)

The kinetic energy of the heavy system HH = p2
H/2mH .

We have modeled the binding of the isotope L to the rest
of the sphere H as a harmonic potential, but in what fol-
lows the exact form of the potential is unimportant. We
model the isotope L as carrying its momentum as well as
a internal two-state system |pL, a〉 with a ∈ {e, g} repre-
senting the nuclear excited and ground states relevant to
our decay, so

HL =
√
p2
L + (mL + δaeQ)2. (A2)

Finally we model the neutrino as carrying momentum as
well as an internal three-state system |pν , b〉 with b ∈
{0, `, h} representing either no neutrino, a light neutrino
mass eigenstate `, or a heavy neutrino eigenstate h, so

Hν =

0 √
p2
ν +m2

` √
p2
ν +m2

h

 . (A3)

Finally, the interaction potential VLν depends only on
the relative position VLν = VLν(xL − xν), with matrix
elements of the form

VLν = V` |g`〉 〈e0|+ Vh |gh〉 〈e0| , (A4)

which models the decay of the excited nuclear state to its
ground state plus an ejected neutrino. Here and through-
out this paper we follow the conventions of [142], so in
particular the metric has −+ ++ signature and momen-
tum eigenstates are normalized as 〈p|p′〉 = δ3(p− p′).

This Hamiltonian conserves the total momentum

[H,ptotal] = 0, ptotal = pH + pL + pν (A5)

since it is only a function of pairs of relative coordinates
and [ptotal,xi − xj ] = 0. We can also define the total
(center of mass) and relative momenta of the HL bound
system,

P = pH + pL, p = µ

(
pH
mH
− pL
mL

)
(A6)

where as usual the reduced mass is µ = mHmL/(mL +
mH). The total momentum P in this bound system is not
a conserved quantity, but we can rewrite total momentum
conservation as

[H,P] = −[H,pν ]. (A7)

In other words, if the nucleus decays and a neutrino is
ejected with momentum pν , then correspondingly the
momentum of the bound system changes ∆P = −pν .
Notice that the relative momentum p does not enter the
total spatial momentum ptotal; it is a purely internal de-
gree of freedom. Our goal is to illustrate how the total
three-body system responds to the decay of the nucleus
L. In particular, we assume that in practice we only
have experimental access to the center-of-mass coordi-
nate X = (mHxH + mLxL)/(mH + mL), but not sepa-
rately xH or xL.

To begin, consider an initial state of the total system
where both the COM and relative bound state momenta
are in exact eigenstates, the nucleus is excited, and there
is no neutrino:

|ψ〉 = |P,p, e; 0〉 . (A8)

We can equivalently write this as an eigenstate in the
|pH ,pL〉 basis. This latter representation is convenient
to represent the decay event. We make a key assump-
tion, which is that the decay happens instantaneously
compared to the timescales internal to the HL system.
This means that an initial L, ν state |pL, e; 0〉 evolves to∫

d3p′ν

[
M`δ(EL − E′L − E`ν) |pL − p′ν , g;p′ν , `〉

+Mhδ(EL − E′L − Ehν ) |pL − p′ν , g;p′ν , h〉
]
,

(A9)

while leaving the state of the H system unchanged. Here
the outgoing neutrino has momentum p′ν = pL − p′L by

http://arxiv.org/abs/hep-ph/0601079
http://arxiv.org/abs/hep-ph/0601079
http://dx.doi.org/ 10.1103/PhysRevB.82.115441
http://dx.doi.org/ 10.1103/PhysRevB.82.115441
http://dx.doi.org/ 10.1103/PhysRevLett.127.061804
http://dx.doi.org/10.1086/165596
http://arxiv.org/abs/2112.14990
http://dx.doi.org/ 10.1103/PhysRevLett.125.032701
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momentum conservation. The arguments of the energy-
conservation delta functions can be approximated as

Q−
√
p′2ν +m2

`,h, respectively, under the assumption that

pL,m`,h, Q � mL, which is certainly true in our prob-
lem. HereM`,h represent probability amplitudes for the
decay into the various neutrino mass states; in our prob-
lem these are proportional to Ue`GF and UehGF respec-
tively, where GF is the Fermi constant. In general,M`,h

can depend on p′ν as well as the initial conditions; in
the relevant regime for nuclear decays this dependence is
very weak and we will just take M`,h to be constants.
Moving back to total and relative coordinates, we have
the final state

∫
d3p′ν

[
M`δ(Q−

√
p′2ν +m2

`) |P− p′ν ,p + p′ν ;p′ν , `〉

+Mhδ(Q−
√

p′2ν +m2
h) |P− p′ν ,p + p′ν ;p′ν , h〉

]
.

(A10)

To get this result we used the approximation mL � mH ,
so that p ≈ −pL, and everywhere the internal nuclear
state is understood to be |g〉.

Finally, let us consider a more realistic initial state.
We assume that the relative coordinate “internal mode”
p is prepared in a general density matrix,

ρrel =

∫
d3pd3pρrel(p,p) |p〉 〈p| . (A11)

In practice, this is something like a thermal state at room
temperature. Unlike the relative mode, we have experi-
mental access to the COM motion P, and therefore can
assume we prepare it in a particular pure state

|ψCOM〉 =

∫
d3Pψ(P) |P〉 . (A12)

For example, with SQL-level readout and control, this
could be the ground state in an optical harmonic poten-
tial. For sub-SQL readout and control, as needed for
example in a measurement of the light neutrino masses,
this state could be taken as a squeezed state with mo-
mentum variance below the scale of the ground state of
the trap ∆P � ∆PSQL (see Eq. (5)).

Our total initial state in this case is now

ρ = |ψCOM〉 〈ψCOM| ⊗ ρrel ⊗ |0〉 〈0| . (A13)

The post-decay density matrix consists of superpositions
of the form (A10), weighted by the appropriate initial

wavefunction and density matrix elements:

ρf =

∫
d3Pd3Pd3pd3pd3pνd

3p
ν
ψ(P)ψ∗(P)ρrel(p,p)

×
[
M`δ(Q−

√
p2
ν +m2

`) |P− pν ,p + pν ;pν , `〉

+Mhδ(Q−
√

p2
ν +m2

h) |P− pν ,p + pν ;pν , h〉
]

×
[
M∗`δ(Q−

√
p2
ν

+m2
`) 〈P− p

ν
,p + p

ν
;p

ν
, `|

+M∗hδ(Q−
√

p2
ν

+m2
h) 〈P− p

ν
,p + p

ν
;p

ν
, h|
]
.

(A14)

The observable of interest is the probability P (P′) for
the final-state sphere COM momentum P′, or more ac-
curately the differential distribution dP (P′)/d3P′. We
assume that both the internal mode and neutrino are
unobservable, and therefore should be traced out. Or-
thogonality of neutrino flavor eigenstates implies that the
mass eigenstates, which are related by a unitary trans-
formation, are similarly orthogonal 〈`|h〉 = 0. Thus
the trace over the neutrino state collapses any terms in-
volving mass superpositions.[143] Taking the trace over
both systems and projecting onto a final-state momen-
tum 〈P′| · · · |P′〉 gives the simple result

dΓ

d3P′
=

∫
d3p′ν
2π
|ψ(P′ − p′ν)|2

[
|M`|2δ(Q−

√
p′2ν +m2

`)

+ |Mh|2δ(Q−
√

p′2ν +m2
h)
]
.

(A15)

Here, the rate Γ = P/T means a probability per unit
time, where we divided through by an overall time T
which appears as a regulator on the square of the energy-
conservation delta functions δ2(E) = δ(E) × T/2π (see
[142], chapter 3).

Notice that any effects of the relative degree of freedom
have dropped out. This happened because we neglected
energy loss to the internal modes (i.e., we approximated
the EL − E′L ≈ Q contribution in the energy conserva-
tion delta function, rather than including changes to the
kinetic energy of the internal mode), and also because we
dropped any dependence on the matrix elementsM`,h on
the relative mode. For the heavy sterile searches which
we focused on here, these effects are negligible. How-
ever, going beyond this approximation is important for
any measurement of the light neutrino states but would
require detailed computations of the solid state interac-
tions. In particular, we have neglected the change of
the binding potential k → k′ before and after the decay,
caused by the change in net charge of the system in a
β decay, which appears to have important effects in pro-
posals based on graphene [112]. We leave these issues to
future work in a detailed proposal.

Finally, consider the limit of a very narrow initial state
for the sphere motion, |ψ(P)|2 ∝ δ3(P). This would com-
pletely localize the integral over the final state neutrino



20

momentum

dΓ

d3P′

∣∣∣
δP→0

∝ |M`|2δ(Q−
√

P′2 +m2
`)

+ |Mh|2δ(Q−
√

P′2 +m2
h),

(A16)

a perfectly sharp bimodal distribution, with one peak

each for the heavy and light neutrino states. In this case,
measurement of the final-state sphere momentum could
cleanly distinguish the two values. However, if instead
|ψCOM〉 has width δP & |m` −mh|, these two peaks will
become blurred out in the integral (A15). This is the
precise sense in which quantum control over the initial
COM state for the sphere could be used to solve initial-
state broadening effects, as recently highlighted in [63,
64, 112].
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