
Experimental Search for Neutron to Mirror Neutron Oscillations as an Explanation
of the Neutron Lifetime Anomaly

L. J. Broussard ,1,* J. L. Barrow ,2,† L. DeBeer-Schmitt,1 T. Dennis,3 M. R. Fitzsimmons ,1,2 M. J. Frost ,1

C. E. Gilbert ,1 F. M. Gonzalez ,1 L. Heilbronn ,4 E. B. Iverson ,1 A. Johnston ,2 Y. Kamyshkov ,2 M. Kline ,5

P. Lewiz,2 C. Matteson,2 J. Ternullo ,2 L. Varriano ,6 and S. Vavra2
1Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

2Department of Physics, University of Tennessee, Knoxville, Tennessee 37996, USA
3Department of Physics and Astronomy, East Tennessee State University, Johnson City, Tennessee 37614, USA

4Department of Nuclear Engineering, University of Tennessee, Knoxville, Tennessee 37996, USA
5Department of Physics, The Ohio State University, Columbus, Ohio 43210, USA

6Department of Physics, University of Chicago, Chicago, Illinois 60637, USA

(Received 11 November 2021; revised 25 March 2022; accepted 4 May 2022; published 27 May 2022)

An unexplained > 4σ discrepancy persists between “beam” and “bottle” measurements of the neutron
lifetime. A new model proposed that conversions of neutrons n into mirror neutrons n0, part of a dark mirror
sector, can increase the apparent neutron lifetime by 1% via a small mass splitting Δm between n and n0

inside the 4.6 T magnetic field of the National Institute of Standards and Technology Beam Lifetime
experiment. A search for neutron conversions in a 6.6 T magnetic field was performed at the Spallation
Neutron Source which excludes this explanation for the neutron lifetime discrepancy.
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While observational evidence for dark matter is strong,
there is not yet any confirmed direct detection, prompting
a shift from the weakly interacting massive particle
paradigm and motivating searches for increasingly diverse
candidates [1]. The theory of a mirror sector, containing a
replica of standard model (SM) particles and interactions
with only common gravitational interactions with our
sector [2–6], has garnered renewed attention as a viable
hidden sector dark matter candidate [7–12]. The model is
consistent with astrophysical observations for the abun-
dance of dark matter if the exact symmetry between the
mirror and ordinary sectors is broken with different
vacuum expectation values and with a lower temperature
of the mirror sector [13–15].
The theory of mirror matter has testable consequences if

there are new interactions mixing the neutral singlets of SM
and SM0 such as the neutrino νR with the sterile neutrino ν0R
[13,14] or the neutron nR with the sterile neutron n0R [16,17],
leading to oscillation effects between ν ↔ ν0 and n ↔ n0.
Models with broken symmetry naturally include small mass
nondegeneracy between the ordinary and mirror sectors. A
small mass splitting between neutrons and mirror neutrons
was considered in Refs. [18,19]. Neutron conversions into
hidden sectors were also considered in Refs. [20,21].
Observation of n → n0 would have interesting astrophysical
implications for neutron stars [22–24], in particular if there is
a small mass splitting [25], and for extreme energy cosmic
rays [17,26]. Some constraints for neutron disappearance
have been obtained with ultracold neutrons [27–34], with
some controversial anomalous signals reported [32,33].

Future ultracold neutron (UCN) searches are discussed in
Refs. [35,36]. An alternative approach has been proposed
using the technique of cold neutron regeneration [18,37,38].
Limits have also been obtained with passing-through-walls
experiments [39–41].
We report on a first experimental demonstration of the

cold neutron regeneration approach at the Spallation Neutron
Source (SNS), summarized previously [42,43]. This experi-
ment addresses a new theoretical model of nondegenerate
mirror dark matter [19], proposed as a potential explanation
of the neutron lifetime anomaly—the disagreement between
two complementary methods of neutron lifetime measure-
ments. UCN bottle experiments use magnetic [44,45] or
gravitational [46–51] traps to measure the rate of neutron
disappearance, giving a mean lifetime of 879.4� 0.6 s [52]
(878.4� 0.5 s including Ref. [53]). Cold neutron beam
experiments detect the appearance of either protons [54–56]
or electrons [57] from neutron β decay. These beam experi-
ments find a neutron lifetime of 888.1� 2.0 s, due primarily
to the beam lifetime result [56], which is > 4σ higher than
the bottle experiments.
Although this difference could be attributed to some

not yet understood experimental systematic effects in
Ref. [56], it could be the manifestation of new physics.
The neutron could decay into dark matter and lower the
apparent lifetime determined in ultracold neutron bottles
by ∼1% [58,59]. These proposed decay modes have been
constrained by direct searches [60–62]. Also, it has
been emphasized that consistency of the current neutron
β-decay dataset with Cabibbo-Kobayashi-Maskawa matrix
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unitarity and superallowed nuclear decays disfavors neutron
dark decay models as an explanation for the lifetime
discrepancy [63–65].
Alternatively, the nondegenerate mirror dark matter model

suggested instead that the beam lifetime result [55,56] is
overestimated by ∼1% due to the missed decays of neutrons
temporarily being in the n0 state [19]. In this model, the
neutron n mixes with a sterile “mirror” neutron n0 with a
nondegenerate mass mn0 ¼ mn � Δm via an oscillation
described by a mixing angle θ0.
In beam lifetime [55,56], a cold neutron beam passes

through a 4.6 T solenoidal magnet which traps the β-decay
protons, and the rate of the appearance of protons is
compared to the neutron flux to determine the lifetime.
The model predicts that while neutrons enter and exit the
magnet they pass through regions of magnetic potential
which compensate for unknown mass splitting Δm, thus
enhancing the n ↔ n0 oscillation probability. As neutrons
have an enhanced probability to be found in the mirror
neutron state inside the magnet, the number of neutrons
β-decaying within the decay volume is reduced. Any
decay products of the mirror neutrons are not detectable.
The probability to be found as a mirror neutron then
reduces after leaving the magnet, where neutrons are
detected with a lesser impact on the flux normalization
(e.g., see Fig. 3 of Ref. [19]). This results in a longer
measured lifetime. The probability depends on two
parameters: the mass splitting Δm and the mixing angle
θ0 between the n and n0 states in vacuum. Figure 4 of
Ref. [19] predicts the range of possible values of θ0 as a
function of Δm which would explain the apparently 1%
higher neutron lifetime in the beam experiment than in the
bottle experiments.
In Ref. [19], the probability of the n → n0 transformation

was only calculated in the regionΔm > 278 neV, above the
maximum value of magnetic field used in the beam lifetime
experiment. This is an adiabatic situation as Δm is not fully
offset by the magnetic field. Negative values of Δm are not
consistent with the neutron lifetime anomaly. The region
Δm < 278 neV was not studied due to the intense computa-
tional requirements of the calculation in the nonadiabatic
regime. To correctly treat smaller positive values of Δm, we
must account for the nonadiabatic Landau-Zener (LZ)
transitions which occur for one neutron polarization where
the magnetic potential μnBðzÞ compensates for Δm. The
result of the LZ transitions depends on the initial phase at
t ¼ 0 of the oscillating ðn; n0Þ system, the shape of the
magnetic field profile, and on the neutron velocity v
distribution.
The time evolution of the density matrix of the ðn; n0Þ

system is described by the Hamiltonian

H ¼
�
V − iW − Δm� μnBðzÞ ϵ

ϵ 0

�
; ð1Þ

where V > 0 and W are the real and imaginary parts,
respectively, of the optical potential of the propagation
media (air or the neutron absorber) and Δm≡mn0−
mn > 0. As in Ref. [19] we define tan 2θ0 ¼ 2ϵ=Δm
which modifies to tan 2θm ¼ tan 2θ0=ð1� μB=ΔmÞ in a
magnetic field. The sign � of the μnB term corresponds to
the state of neutron polarization. The initial state of the
density matrix at t ¼ 0 was assumed to be pure neutron.
The evolution of the density matrix for the oscillating
ðn; n0Þ system in the absorber material used in this
experiment is described in Ref. [66].
We calculated the predicted parameter space consistent

with the ð1.0� 0.2Þ% effect in the neutron lifetime for
positive Δm. This calculation implements the measured
magnetic field profile of the beam lifetime experiment
reported in Ref. [55], assuming the magnetic field falls
off as a solenoidal field. This extends the work of Ref. [19],
where an idealized model of the beam lifetimemagnetic field
was used and only Δm > 278 neV was considered.
We designed an experimental setup, described below, to

access this parameter space by leveraging higher magnetic
fields and the resonance effect, and calculated the evolu-
tion for positive Δm and θ0 down to 10−5. Since the
neutron beam is unpolarized, the evolution calculation
was performed for both polarizations and the results
were averaged. Averaging over the velocity spectrum
also effectively averages over the initial phases of the
oscillation.
The experiment was performed at the SNS utilizing

available equipment and leveraging the Magnetism
Reflectometer instrument [67,68] (which primarily focuses
on research of magnetic materials). This approach uses an
interaction with a strongly neutron absorbing material to
collapse the oscillating ðn; n0Þ system in the magnetic field,
instead of relying on the comparatively rare process of
neutron β decay. In this experimental setup, the cold neutron
beam passes through a Cryomagnetics, Inc., superconduct-
ing split pair magnet [69], composed of two solenoids. The
magnet has a 4.8T magnetic field in the center, and peak
magnetic field of 6.6T at 6.3 cm upstream and downstream
of the magnet’s center. A sintered boron carbide (B4C)
neutron absorber was placed in the center of the magnet.
This absorber is transparent to mirror neutrons, and the
nominal transmission of neutrons through the absorber
assuming full density, no heterogeneity, and natural enrich-
ment is ∼10−12, estimated using PHITS [70].
Figure 1 depicts an example of an individual neutron

evolution (solid red line) through the experimental setup
including a magnetic field profile (dashed blue line) and
absorber (gray fill), with v ¼ 500 m=s and without phase
averaging, and assuming Δm ¼ 289 neV (corresponding to
the central dip in magnetic field) and θ0 ¼ 5 × 10−3,
consistent with the neutron lifetime anomaly. Under these
conditions, neutrons in the initial state n would be nearly
fully converted to the n0 state via the nonadiabatic LZ
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transition as they entered the magnet at 4.8 Tat −0.1 m. Due
to the split pair configuration of the magnet used and the
particular choice of Δm there is another LZ transition at
4.8 T at the magnet center, and 60% of neutrons would be in
the n0 state on reaching the beam-catcher. While the n0 might
naively be expected to be completely sterile in matter, we
note that with the full treatment of the density matrix
evolution, there is some attenuation in the absorber. After
the absorber, the 55% of neutrons remaining (in the n0 state)
would be nearly fully converted as they exited the magnet at
4.8 T at þ0.1 m. Reducing θ0 reduces the probability of
conversion at each LZ transition, while the number of LZ
transitions (0, 2, 3, or 4) depends on the value of Δm,
indicated by where the horizontal black line crosses the blue
dashed line in Fig. 1. Evidence of neutrons regenerated from
mirror neutrons would appear as a difference in detector
counts above backgrounds between when the magnetic field
is present and absent. In the absence of n → n0 oscillations,
no signal above background would be detected.
The SNS operates at a nominal time-averaged proton

power of 1.4 MWwith a repetition rate of 60 Hz. The charge
per proton pulse is measured with an accuracy of 3% [71]
and is included in the instrument data stream. The time-
of-flight (TOF) between the short proton pulse and the signal
in the neutron detector is used to determine the individual
neutrons’ velocity and wavelength. Three bandwidth limit-
ing beam choppers prevent neutrons outside the chosen
wavelength band from passing and prevent frame overlap.
Neutrons were selected within a wavelength interval of
2.2–5.1 Å with a center wavelength of 3.25 Å. The wave-
length band was chosen to coincide with the maximum
intensity of the spectrum available to the instrument.
A schematic of the experiment is shown in Fig. 2. The

cold neutron beam enters the experimental hall from the
left of the diagram. After exiting the beam guide, the beam
is collimated by a series of B4C slits which define the
extent and divergence of the beam. A removable assembly

of stacked commercial polycarbonate (PC) ðC16O3H14Þn
plates was installed for measurements requiring neutron
attenuation.
Figure 1 shows the calculated magnetic field map

provided by the manufacturer and the extent of the B4C
absorber installed in the center of the magnet. The absorber
consisted of a long B4C cylinder with a thick B4C plate end
cap glued to the downstream end, to serve as a “beam-
catcher.” A boron nitride aperature was installed at the front
face of the magnet, and a B4C aperture was installed on the
downstream face of the magnet to prevent scattering outside
of the beam-catcher.
Downstream of the magnet, the beam passed through a

series of large apertures which reduce backgrounds from
neutrons scattering in the room before encountering the
instrument’s neutron detector. The 3He gas-filled propor-
tional-mode neutron detector resides within a movable
shielded box. The detection efficiency is close to 90%,
slightly varying with the neutron wavelength. Each neutron
count is recorded as an event containing time of flight to, and
pixel position of, the detection event.
Measurements were taken during a first allocation of

beam time in July 2019 with the SNS operating at a proton
power of 1.05 MW, devoted to characterizing the neutron
beam, and a second beam allocation in August 2019 with the
SNS operating at full 1.4 MWpower, which included further
characterizations and a search for the n → n0 effect. The
neutron intensity was normalized to the proton charge per
frame (i.e., proton pulse window). At constant SNS proton
power, the measured proton charge per framewas stable with
a variation of about 0.7% full width half maximum. Time
periods with beam instability and frames with proton charge
outside of 1% of the mean value were rejected. An additional
cut in the TOF spectrum excluded direct fast neutron events
arriving at the time of the prompt proton flash.
The neutron beam profile and TOF spectrum as measured

by the main detector were found to be consistent within
statistics between the July and August datasets, except for a
small offset due to repositioning of the detector. The
magnetic field was nearly constant inside the 1 cm inner
diameter of the beam-catcher, such that the beam extent and
divergence inside the magnet had a small impact on the
calculated conversion probability.
Since the maximum permitted neutron counting rate of

the detector of 2 kcps is substantially lower than the total
beam intensity, and as the detector electronics has a dead
time of 4 μs for each of the 256 vertical channels, the
normalization to the neutron beam intensity was per-
formed indirectly. We used the set of PC plates to vary the
attenuation of the beam and extrapolate to zero attenu-
ation. The neutron intensity was recorded using the main
detector with 18, 20, and 24 PC plates in the July dataset.
The 18 PC intensity was remeasured several times over the
course of the run, including disassembly and reassembly
of the stacked assembly, and the normalization was found

FIG. 1. Evolution of single neutron through experimental setup.
Description in the text.
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to be stable to within < 0.5%. As the attenuation is mostly
due to elastic scattering by hydrogen, additional scattering
background was generated dependent on the number
of PC plates. A 2D fit of the background to different
functional forms was performed outside the beam signal
region of interest (ROI), and the integral of the back-
ground function in that ROI was subtracted from the total
intensity. Data were taken without attenuators but using
pinholes in a Cd absorber placed 2.5 m upstream of the
detector to more accurately determine the unattenuated
TOF spectrum and therefore the velocity distribution,
needed for calculating the LZ transition probability.
By extrapolating to the intensity with zero attenuation

assuming an exponential dependence, we obtained the
expected intensity incident on the B4C beam-catcher, nor-
malized to the integrated proton beam current. The recon-
structed neutron beam intensity with no attenuation for the
July 2019 measurements was found to be ð1.35� 0.31Þ ×
109 n=C between 2.2 and 5.1 Å. The uncertainty is domi-
nated by the systematic error from different treatments of the
scattering background subtraction. This extrapolation also
indicates an attenuation of η ¼ 0.675� 0.008 for each PC
plate, compared with η ¼ 0.679� 0.004 calculated assum-
ing cross sections from Ref. [72], consistent with the value
estimated by the attenuation measurement.
The intensity calibration was performed in July 2019 at

1.05 MW proton power; however, the n → n0 measurements
were performed in August 2019 at a proton power of
1.4 MW. The neutron beam intensity per unit proton charge
can vary depending on the properties of the neutron
moderator, which is the source of the cold neutron beam,
and the repeatability of the slit configurations. Therefore, our
estimated intensity normalization was reduced by 78� 2%

to ð1.05� 0.31Þ × 109 n=C, due to the lower measured
neutron intensity per MW.
To search for evidence of the n → n0 transformation, we

installed the B4C beam-catcher in the magnet such that the
full intensity of the neutron beam was totally absorbed. Any
mirror neutrons generated in the magnetic field before the
beam-catcher passed through the B4C and were regenerated
into neutrons in the magnetic field after the absorber to be

counted in the detector within the previously determined
signal ROI. The polarity of the magnetic field does not
change the magnitude of the effect for unpolarized neutrons
since both polarizations were averaged [Eq. (14) of
Ref. [19] ]. Data were also taken at zero magnetic field to
reduce the effect and served as a no-signal comparison.
Backgrounds were dominated by neutrons scattered in the
room due to incomplete shielding of the detector.
Measurements with the B4C beam-catcher blocking the

neutron beam were performed in an alternating sequence of
typically 1 h runs with a magnetic field at the B4C (magnet
center) of þ4.8 T, 0T, and −4.8 T. No evidence of trans-
mission of the neutron beam through the beam-catcher was
observed in any configuration. The total integrated counts
within the background and signal ROI at different fields were
statistically equivalent (Table I).
The apparent transmission p through the beam-catcher

due to neutron oscillations was taken from the difference in
the total integrated counts in the ROI of ð562.4� 5.0Þ n=C
with magnetic field (average of both polarities) and of
ð558.2� 6.9Þ n=C without magnetic field to estimate an
apparent signal of ð4.2� 8.5Þ n=C. The difference is then
divided by the incident neutron intensity of ð1.05� 0.31Þ×
109 n=C, as described above, giving an apparent trans-
mission of ð0.4� 1.2Þ × 10−8. We used the Feldman-
Cousins method [73] to determine a 95% confidence limit
(C.L.) on the apparent transmission of p < 2.5 × 10−8.

FIG. 2. Schematic of the experiment at beamline 4A at SNS. Description in the text.

TABLE I. Neutrons detected on the main detector at different
magnetic field values in the signal or background ROI, normalized
to integrated proton charge. Uncertainties are statistical and
represent 1 standard deviation. The background ROI counts=C
includes a þ1.8� 2.8% efficiency correction.

B Field (T) ROI Raw Counts Charge (C) Counts=C

−4.8 sig 4976� 70 8.8 564.6� 8.0
þ4.8 sig 7748� 88 13.8 561.0� 6.4
0 sig 6631� 81 11.9 558.2� 6.9
0 bkg 6387� 80 11.9 547� 16�
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The calculated probability of transmission for the oscil-
lation process as described above is shown by the dashed
contour lines in Fig. 3. The Feldman-Cousins upper limit
that we measured separates Fig. 3 into the portion of Δm, θ0
space excluded by our measurement (filled gray), where
p > 2.5 × 10−8, from regions where we do not have
statistical sensitivity (white). The features at 289 neV,
340 neV, and 400 neV correspond to the central dip,
inflection points, and maximum, respectively, of the mag-
netic field in Fig. 1. The complex optical potential of the
strongly absorbing B4C together with the 4.8 T magnetic
field creates a strong absorption resonance that reduces our
sensitivity between 400 and 600 neV [66]. In this region,
therefore, the normalized counts in the signal and back-
ground ROIs at B ¼ 0 T were compared using the same
procedure to obtain p < 5.5 × 10−8 (95% C.L.) due to field-
free adiabatic transitions, and the calculated probability at
B ¼ 0 is used for exclusion. For Δm much larger than the
magnetic potential, transitions are adiabatic and the regen-
eration probability asymptotically approaches the magnetic
field-free limit and becomes constant [19].
The red band in Fig. 3 corresponds to the parameter space

that would explain the neutron lifetime anomaly. The dips in
the red band at ∼260 and 278 neV correspond to flatter
regions in the beam lifetime magnetic field profile near ∼4.3
and ∼4.6 T respectively [55]. Above 278 neV, n → n0
transitions occur adiabatically. Uncertainties due to calcula-
tional and experimental inputs to the model are negligible.
In summary, we have conducted an experiment using the

novel approach of cold neutron regeneration and excluded
the nondegenerate mirror matter model as an explanation for
the neutron lifetime anomaly mass splittings above 10 neV.
We note that the attenuation of mirror neutrons in matter is
an important consideration. Our simple absorber design

mitigates this effect such that the n0 transmission is only
reduced by 20%, except near 500 neV where it plummets
due to the absorptive resonance. Limits from an experimental
study of anomalous losses per collision in UCN trap
experiments [46], reinterpreted as n → n0 disappearance,
exclude θ0 ≳ 10−3 [19] for mass splittings below ∼60 neV
(yellow box in Fig. 3). This result does not provide
constraints on alternative models of n → n0 oscillation, such
as the minimal model where Δm ¼ 0 but a mirror magnetic
field B0 is assumed [18] or models with a common neutron
transition magnetic moment for n and n0 components [74].
This measurement represents the first of a broad planned
program using neutron scattering instruments at ORNL to
search for processes violating baryon minus lepton number
B − L and B by 1 unit, similar to the process n → n̄ which
violates B − L and B by 2 units [75,76].
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