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We report on a search for coherent elastic neutrino-nucleus scattering (CEνNS) using cryogenic
sapphire (Al2O3) detectors deployed at the Mitchell Institute Neutrino Experiment at Reactor (MINER),
located near the 1 MWth TRIGA research reactor at Texas A&M University. The experiment operated
with a primary detector mass of 72 g and achieved a baseline energy resolution of ∼40 eV. Using
exposures of 158 g-days (reactor-ON) and 381 g-days (reactor-OFF), we performed a statistical
background subtraction in the energy region of 0.25–3 keV. A Geant4 simulation has been performed
to understand the reactor-correlated background present in the data, and it agrees with our observations.
After accounting for this background, the profile-χ2 analysis yields no statistically significant CEνNS
excess. The best-fit signal strength is consistent with the physical boundary (ρ ¼ 0), and we set a
90% confidence level upper limit of ρ < 2213 on the CEνNS rate relative to the Standard Model
prediction. This result indicates that the current analysis is dominated by residual low-energy
backgrounds. To have enhanced sensitivity, the MINER Collaboration plans to relocate the experiment
to the 85 MWth High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL). With
improved shielding, increased detector mass, and higher antineutrino flux, the upgraded setup is projected
to achieve a 3σ CEνNS detection within 30 kg-days of exposure.

DOI: 10.1103/115m-y8mg

I. INTRODUCTION

Neutrinos are among the most elusive particles in the
Standard Model (SM), interacting only via the weak
interaction. While processes such as inverse beta decay

and neutrino-electron scattering have been widely used for
neutrino detection, an alternative channel known as coher-
ent elastic neutrino-nucleus scattering (CEνNS) offers a
compelling probe of both SM and Beyond Standard Model
physics.
CEνNS is a neutral-current process in which a neutrino

scatters coherently off an entire nucleus:*Contact author: bedanga@niser.ac.in
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νþ AðZ;NÞ → νþ AðZ;NÞ: ð1Þ

This process becomes significant when the inverse
momentum transfer is comparable to or larger than the
nuclear radius, ensuring that the contributions from indi-
vidual nucleons add coherently. Under these conditions, the
CEνNS cross section is enhanced and approximately scales
as the square of the neutron number, σ ∝ N2, making it a
highly sensitive probe of weak interactions at low energies.
This neutral-current electroweak interaction was

first predicted in 1974 [1] with a SM differential cross
section [2]:

dσ
dT
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where Eν denotes the neutrino energy; T is the nuclear
recoil energy;M is the target nucleus mass;GF is the Fermi
coupling constant; and FðQ2Þ represents the nuclear form
factor, modeled using the Helm parametrization [3];
Q2 ¼ −q2, q is the 4-momentum transfer to the target
nucleus; and QW ¼ N − ð1 − 4 sin2 θWÞZ is the weak
charge of the nucleus, considering only the tree-level
values for the neutrino-to-proton ðgpV ¼ 1

2
− 2 sin2 θWÞ

and neutron ðgnV ¼ − 1
2
Þ coupling parameters [3]. Having

a small value of sin2 θW ≈ 0.23873� 0.00005 as men-
tioned by the Particle Data Group [4], the CEνNS inter-
action is predominantly sensitive to the number of neutrons
inside the nucleus. Therefore, a detector material with a
large atomic mass makes it a suitable choice for CEνNS
search experiments. In contrast, a heavy nucleus produces
very low recoil, making its detection very challenging.
Despite being predicted more than five decades ago,

CEνNSwas first observed only in 2017 by the COHERENT
Collaboration using pion decay-at-rest neutrinos at the
Spallation Neutron Source [5]. This milestone opened
new avenues in neutrino physics, including the study of
nonstandard neutrino interactions, precision measurements
of the weak mixing angle [6], searches for light mediators
[7], and investigations into neutrino electromagnetic proper-
ties such as magnetic moment [6,8] and charge radius [9].
Beyond its role in constraining new physics, CEνNS offers a
unique tool for studying the nuclear structure itself. Since
the CEνNS cross section is primarily sensitive to the weak
charge of the nucleus, which is dominated by neutrons,
precise CEνNS measurements can provide access to the
neutron distribution and form factor [10].
Nuclear reactors are ideal sources of low-energy (up to

∼10 MeV) antineutrinos, fully within the coherent scatter-
ing regime. Unlike accelerator sources, reactor-based
CEνNS searches benefit from a continuous and intense
flux of ν̄e with average energies well suited for maximal
coherence [11]. Furthermore, reactor antineutrino detection
through CEνNS can serve as a powerful tool for reactor
monitoring [12], nuclear safeguards, and understanding the

irreducible neutrino background often referred to as the
“neutrino floor” in direct dark matter searches [13].
Several reactor-based CEνNS experiments are currently

operational or under development, including CONUSþ
[14], TEXONO [15], CONNIE [16], NUCLEUS [17],
Ricochet [18,19], and νGEN [20]. In this context, the
Mitchell Institute Neutrino Experiment at Reactor
(MINER) deploys low-threshold cryogenic sapphire detec-
tors at close proximity to a reactor core. In addition to
CEνNS searches, the same experimental setup has recently
been employed to search for axion-like particles, demon-
strating the broader physics reach of the MINER [21,22].
This paper presents the results of CEνNS search using

data collected at MINER during its operation at the Texas
A&M University TRIGA reactor. We describe the exper-
imental setup, detector response, event selection, and
statistical treatment of the data. We also outline the
prospects for significantly improved sensitivity in the
upcoming MINER at HFIR deployment at the High Flux
Isotope Reactor (HFIR) at Oak Ridge National Laboratory.

II. MINER EXPERIMENT

A. Reactor

The Mitchell Institute Neutrino Experiment at Reactor
(MINER) is a reactor-based CEνNS experiment located at
the Nuclear Science Center (NSC) at Texas A&M
University. It utilizes a research reactor, called TRIGA
(Training, Research, Isotope production, General Atomics),
with an optimal power of 1 MWth fueled with low-enriched
uranium (LEU, 20% 235U). This reactor produces a high
flux of antineutrinos (ν̄e) via beta decay of fission frag-
ments. At a baseline of ∼4 m from the core, the ν̄e flux is
approximately 1010 cm−2 s−1, estimated using the method
described in Ref. [23].

B. Detector concept and cryogenic setup

MINER employs cryogenic sapphire detectors to achieve
the low recoil threshold required for CEνNS detection [24].
The detectors operate at Oð10 mKÞ, enabling phonon-
based readout with excellent energy resolution and minimal
thermal noise. Cooling is provided by a BlueFors dilution
refrigerator with a base temperature of approxi-
mately 10 mK.
During the data collection period, a tower of three

sapphire detectors was installed inside the dilution refrig-
erator, which had a 4 mm–thick primary detector [25]
sandwiched between two 10 mm–thick top and bottom
active veto detectors. These veto detectors are used to reject
backgrounds. Each crystal features photolithographically
patterned phonon sensors on its top surface, known as
quasiparticle-assisted electrothermal feedback transition-
edge sensors (QETs) [26]. These sensors detect athermal
phonons produced during particle interactions. As phonons
are absorbed, the transition edge sensor (TES) transitions
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from superconducting to normal state, inducing a signal
that is read out via a SQUID-based circuit [27]. Each of the
detectors is cylindrical, with four phonon channels: one
outer annular channel A and three bulk channels B, C, and
D, as shown in Fig. 1(a). The detectors were operated
without a bias voltage. The specifications of the detectors
are listed in Table I.

C. Shielding and experimental configuration

The biological shield surrounding the reactor pool in the
NSC facility is made of ∼2 m–thick high-density concrete
(∼3.5 g=cm3 density). It comprises a cavity inside it to
facilitate near-reactor experiments as described in Ref. [28].
During the measurement period, the cavity was filled with
layers of water and lead to stop gamma and neutrons
produced inside the reactor core from reaching the exper-
imental area. The cavity from the reactor core to the

biological shield toward the experimental side was packed
with layers of 200 mm–thick lead, two 450 mm–thick water
brick layers, a 200 mm–thick lead layer, a 450 mm–thick
water brick layer, and finally 100 mm–thick lead, as shown
in Fig. 1(b). In addition to these, multilayered shielding was
also constructed around the dilution refrigerator containing
detectors to suppress environmental and reactor back-
grounds, as shown in Fig. 1(c). From inside to outside,
the detector shielding included a 100 mm–thick layer of
lead, lined with a 5 mm–thick layer of borated (52%)
rubber, a 200 mm–thick water brick layer, and a 50 mm–
thick active muon veto made from a plastic scintillator.
Water bricks were used to thermalize the neutrons, and
borated rubber was used to capture the thermal neutrons.
Additionally, the innermost lead layer stops the high-
energy ambient gamma, as well as the gamma produced
from the neutron capture in the borated rubber layer. The
muon veto was not used for background rejection, as the
low-energy excess background observed in Fig. 10, which
increases exponentially, could not be reduced by applying
an anti-coincidence cut with the muon scintillator panels.

D. Data acquisition system

The energy depositions and the event timestamps of each
detector channel are digitized using a VME-based CAEN
V1740D multichannel ADC. It offers 64 input channels,
12-bit resolution, and a sampling rate of 62.5 MS=s. A
12-bit resolution over a �1 V input range corresponds to a

(a)

(b)

(c)

FIG. 1. (a) Photograph of the primary (4 mm) and veto (10 mm) sapphire detector with the phonon sensors photolithographically
patterned on the surface. (b) Schematic of the cavity packed with layered shielding. (c) Detector shielding (top view) showing the
placement of the detector stack inside the dilution fridge.

TABLE I. Specifications of the sapphire detectors used in the
MINER tower.

Detector parameter Top veto Primary (signal) Bottom veto

Material Al2O3 Al2O3 Al2O3

Diameter (mm) 76 76 76
Thickness (mm) 10 4 10
Density (g=cm3) 3.98 3.98 3.98
Mass (g) 180 72 180
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least significant bit (LSB) of approximately 0.5 mV, which
is suitable for the expected noise from the readout system.
Typical pulse amplitudes range from a few millivolts up to
several hundred millivolts depending on the deposited
energy. Instead of hardware triggering, a software-based
triggering algorithm (SWT) [29] was employed to extract
events from continuous voltage traces, enabling high-
efficiency pulse selection in the low-energy regime.

III. MEASUREMENT

A. Data collection and overview

The analysis presented in this work is based on data
collected at MINER during August–September 2022. This
includes both reactor-ON and reactor-OFF conditions, with
exposures of 158 and 381 g-days, respectively. The reactor
was operating in this duration with a power of ∼1 MWth.
The datasets were segmented into subruns, each processed
and calibrated independently before being combined for the
final analysis. The reactor-OFF data were used to bench-
mark the background, capturing contributions from envi-
ronmental radioactivity and cosmic rays. A statistical
subtraction method is employed to eliminate the reactor-
OFF background from the reactor-ON data. Reactor-ON
data were primarily collected during reactor operating
hours, whereas reactor-OFF data were collected during
reactor shutdown periods. Detector calibration, baseline

resolution, and event selection were independently moni-
tored for all data-taking periods, and no statistically
significant time-dependent variations were observed.

B. Event reconstruction and pulse selection

Continuous voltage traces from each detector channel
were recorded in the data acquisition system and processed
using the SWT to extract individual pulse events, each
approximately 2 ms long. The extracted traces were further
processed using the Optimal Filter (OF) algorithm [30,31]
to extract the energy information. The OF algorithm
estimates the pulse amplitude, enhancing the signal-to-
noise ratio by performing a frequency domain fit between
the observed pulse and a reference template. This template
is generated from the average of triggered signals, whereas
the noise power spectral density (PSD) is derived from
randomly triggered traces. The OF output amplitude from
each of the four channels of any of the detectors is summed
to produce a total amplitude, which is proportional to the
energy deposited in that detector.
A representative pulse template [Fig. 2(a)], noise PSD

[Fig. 2(b)], and a typical triggered phonon pulse [Fig. 2(c)]
illustrate the components of the OF input. Figure 2(d)
shows the resulting uncalibrated energy spectrum of the
primary detector after summing up the OF amplitude of the
four channels. The broad peak-like structures observed at
higher amplitude in Fig. 2(d) correspond to high-energy

(a) (b)

(c) (d)

FIG. 2. (a) A representative phonon pulse template, (b) noise performance of the detector quantified in terms of the noise power
spectral density (PSD), (c) a 590 eV phonon pulse before calibration, and (d) the uncalibrated energy spectrum observed in the primary
detector.
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deposition in the detector, which leads to the TES satu-
ration and incomplete estimation of the energy deposition.
There are also some pileup events and electronic glitches,
which result in some bad pulses with large χ2 values.
Events with poor fits (large χ2) are rejected to eliminate
saturated, pileup, and instrumental artifacts.

C. Energy calibration

The calibration of the three detectors was performed using
two 55Fe sources. One source was placed between the top
veto and the primary detector, and the second one was kept
below the bottom veto detector, aligned with the central axis
of the detector tower. These sources emit characteristic
x-rays at 5.89 keV (Kα) and 6.49 keV (Kβ) [32], which
appear as well-resolved peaks in the response of the signal
detector (Fig. 3). The OF amplitude (sum of four channels)
spectrum of each detector was calibrated by fitting the peaks
with a double Gaussian and establishing a linear relationship
between known energies and measured amplitudes. These
calibration functions are then used to convert OF amplitudes
in the full dataset into energy units (keV). Since data taking
was conducted in multiple periods rather than continuously,
the calibration procedure was repeated for different data-
taking intervals and for both reactor-ON and -OFF con-
ditions. Figure 5 shows that the normalized calibration factor
of the primary detector remains consistent throughout the
data-taking campaign, indicating stable detector response
and no significant variation between reactor-ON and -OFF
periods. The calibrated and normalized energy spectra of the
ON and OFF periods of the reactor are shown in Fig. 4.
The baseline energy resolution, denoted by σ, is defined as

the standard deviation of the energy spectrum of randomly
triggered noise traces. It quantifies the intrinsic noise of the
detector and determines the minimum detectable energy. The
range of resolutions across different sub-datasets for three
detectors is listed in Table II. The resolutions provided here
correspond to the summed resolution of all four channels in
the detector. For the primary detector, the observed ∼12%
variation in baseline resolution across different data-taking

periods has been incorporated into the systematic uncertainty
associated with the threshold selection. Our achieved per-
channel resolution is 28 eV [25], which corresponds to a
sub-100 eV threshold for low-energy events if the primary
channel is used for energy estimates. Figure 5 shows that the
baseline resolution of the primary detector remained stable
throughout the data-taking campaign, exhibiting only
modest variations over time.

D. Signal selection and background rejection

Due to the low CEνNS cross section (< 10−40 cm2),
genuine signal events are expected to deposit energy only
in the primary detector. This motivates the selection of only
single-scatter events [Fig. 6(a)], where the primary detector
must register an energy deposition above the threshold
(> 3σ), while the top and bottom veto detectors remain
within their noise levels (< 2σ), defined by their baseline
resolutions for each run. Additionally, the four phonon
channels (A, B, C, D) in the primary detector must trigger
within a 0.2 ms window [Fig. 6(c)], ensuring that the signal
originates from a single correlated interaction.
Moreover, surface events, which predominantly arise

from background interactions, can mimic low-energy bulk
events when a large fraction of the deposited energy is
collected in the outer channel (channel A). These are
identified using the A/sum parameter, which is the ratio
of the OF amplitude in channel A to the sum of the OF
amplitudes of all four channels. A selection cut is applied to
select events with a disproportionately low outer-channel

FIG. 3. X-ray peaks at 5.89 and 6.49 keV from the 55Fe
calibration source as observed in the primary detector. The
double Gaussian fit function is shown in magenta to extract
the mean positions.

FIG. 4. Energy spectra of events collected during 158 g-days
(reactor-ON) and 381 g-days (reactor-OFF) within the 0–20 keV
energy range. The two prominent peaks correspond to the 5.89
and 6.49 keV x-rays from the 55Fe calibration source.

TABLE II. Baseline energy resolution (1σ) for the three
detectors across all sub-datasets.

Detector Baseline resolution (eV)

Top veto 107–125
Primary (signal) 40–45
Bottom veto 110–142
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contribution, thereby suppressing surface-event contami-
nation in the bulk event sample.
After all cuts, the differential event rate spectra for

reactor-ON and reactor-OFF periods are shown in Fig. 7
(top panel). The residual spectrum obtained by subtracting
reactor-OFF from reactor-ON is shown in the bottom panel.
This residual includes contributions from potential CEνNS
events and additional reactor-induced gamma and neutron
backgrounds. An inset in the bottom panel highlights the
signal-like event rate in the low-energy region from 250 eV
to 3 keV. As an additional stability check, the ON-OFF
residual was evaluated in a signal-free sideband region. The
residual rate was found to be consistent with zero within
statistical uncertainties, supporting the stability of the
subtraction procedure.

E. Efficiency correction and estimation
of systematic uncertainties

The application of various selection criteria, such as event
trigger, χ2 cuts, single-scatter selection, and fiducialization,
can result in the loss of genuine signal-like events, especially at
low recoil energies. To estimate this, aMonteCarlo simulation
was performed inwhich artificial signal pulseswere generated
by injecting the average pulse template into random noise
traces. The simulated dataset was binned in energy (0–3 keV
range, 50 eV bins), with 100 fake events per bin. These were
subjected to the same data processing and selection criteria as
the real data. To quantify event selection efficiency, we also
compute the passage fraction, defined as the fraction of
simulated events retained after each cut, and the result is
presented in Table III for both reactor-ON and -OFF datasets.
The largest relative difference between the reactor-ON and
-OFF passage fractions is less than 0.4%, while the dominant
uncertainty in the final measurement is found to be statistical.
This indicates that the selection procedure is stable between
the two reactor states and does not introduce a significant
systematic bias in the present analysis.
The resulting energy-dependent efficiency is defined as

the fraction of accepted events in each bin and is fitted
using a sigmoid-plus-constant function, as shown in Fig. 8.
This function is later used to correct both the ON and OFF
measured event rate spectra. As shown in the inset of Fig. 8,

FIG. 5. Baseline and calibration (normalized) stability of the
three detectors (top veto, primary detector, and bottom veto) over
the duration of the run, including both reactor-OFF (yellow
shaded region) and reactor-ON (red shaded region) periods.

(a)

(b)

(c)

FIG. 6. Schematic illustration of (a) a single-scatter (signal-
like), (b) a multiple-scatter (background-like) event within the
detector stack, and (c) the time coincidence definition of the
primary detector.

FIG. 7. Top panel: event rate after applying the single-scatter
and fiducial-volume cuts, shown per keV per kg per day in the
0–20 keV energy range, before efficiency correction. The two
prominent peaks correspond to the x-ray lines from the 55Fe
calibration source. Bottom panel: residual spectrum of signal-like
events obtained by subtracting the reactor-OFF spectrum from the
reactor-ON spectrum. An inset shows a zoomed-in view of the
residual spectrum in the region of interest from 250 eV to 3 keV.
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the efficiency curves for the reactor-ON and -OFF samples
overlap within their statistical uncertainties across the full
energy range considered. This demonstrates that the detec-
tor response and event-selection efficiencies are consistent
between the two datasets and supports the use of a common
efficiency correction.
In our analysis, the energy threshold is set at approx-

imately 5.5σ, corresponding to about 250 eV, where σ
denotes the baseline energy resolution of the primary
detector. From the fitted efficiency function, modeled as
a sigmoid plus a constant term, we obtain a 50% turn-on
point at ð0.245� 0.017Þ keV, which is consistent with the
chosen analysis threshold of 250 eV.
The systematic uncertainties arising from the application

of various analysis cuts were evaluated by varying selection
thresholds and reanalyzing the datasets. The resulting
uncertainties are propagated and summarized in
Table IV. Although the single-scatter selection cut is the
dominant systematic uncertainty (6.77%) in this analysis,
the statistical uncertainty from the measurement is much
higher than the combined systematics. The experimentally
measured integrated signal plus the background rate after
incorporating the statistical and systematic uncertainties
is RSþB ≈ 341� 229 ðstatÞ � 23 ðsysÞ kg−1 day−1.

F. Geant4-based reactor-ON background simulation

The complete experimental setup described in Sec. II C
is modeled using the Geant4 (v11.2.1) [33] Monte Carlo
framework, as shown in Fig. 9. The motivation is to
benchmark the experimental findings. Since this analysis
is based on the statistical subtraction method, the on-minus-
off reactor spectrum consists primarily of the CEνNS signal
together with background contributions. Although small
residual effects from cosmic and environmental sources
may persist, the dominant background is anticipated to
originate from reactor-induced gammas and neutrons,
particularly fast neutrons.
The “shielding” physics list is used to incorporate

standard neutron and gamma interactions with matter. To
reduce computational time and obtain good statistics, the
simulated geometry is divided into two steps. In the first
step, the reactor gammas and fast neutrons (> 100 keV) are
generated using the MCNP energy spectra presented in
Ref. [28] from a plane 30 × 30 cm2 facing the experimental
site from the reactor. The kinetic energy and direction of the
particles reaching the end of the biological shielding are
recorded. In the second step, particles (gamma and neu-
trons) are sampled from the recorded information and
propagated toward the experimental shielding, and even-
tually to the detector setup. An energy-dependent resolu-
tion, adapted from Ref. [34], is folded with the simulation.
In Fig. 10, the single-scatter event spectrum obtained

after subtracting the reactor-OFF data from the reactor-ON
data and efficiency correction is compared with the
simulated reactor-correlated background spectrum for sin-
gle-scattering events. The figure also shows that the
reactor-correlated background is predominantly neutron-
induced. The simulated spectrum exhibits reasonable
agreement with the experimental data over most of the
energy range, except at low energies. The origin of this low-
energy discrepancy is presently under investigation and
may arise from detector-related backgrounds not included
in the current simulation [35–38] and observed by many
low-threshold experiments. Overall, the simulation indi-
cates that the experimentally observed spectrum is domi-
nated by reactor-induced backgrounds, with event rates of
the same order of magnitude as those measured in the data.

TABLE III. Typical passage fractions of signal-like events after
each selection cut is applied separately.

Passage fraction (%)

Cut applied OFF ON

χ2 quality cut 99.90 99.97
Single-scatter requirement 90.36 90.02
Fiducial-volume cut (A/sum) 90.65 90.65

Average 93.64 93.55

TABLE IV. Systematics of combined reactor-ON and -OFF
spectra related to different analysis cuts.

Analysis cut Systematic (%)

χ2 quality cut 0.055
Single-scatter 6.76
Fiducial-volume cut (A/sum) 0.27

All combined 6.77

FIG. 8. Signal efficiency as a function of energy obtained from
the combined application of the trigger requirement, χ2 cut, single-
scatter selection, and fiducial-volume cut. The fitted sigmoid-plus-
constant function is shown in blue, and the component-wise
efficiency for both reactor-ON and -OFF is shown in an inset.
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IV. RESULTS AND DISCUSSION

A. Signal modeling

A signal model based on the SM prediction has been
developed to estimate the expected CEνNS event rates in
the current experimental configuration. The model uses the
input parameters listed in Table V and follows the formal-
ism described in Ref. [23]. The simulated differential
electron antineutrino flux at the detector location, located
∼4 m from the reactor, is shown in Fig. 11(a) as a function
of neutrino energy. We have considered the contributions
from the beta decay of four major fissioning isotopes:
235U; 238U; 239Pu; 241Pu. The neutron capture in 238U

produces ν̄e of energy < 1.3 MeV (16% of the total flux)
[39]. These low-energy neutrinos are not relevant to our
analysis, as only neutrinos with energy > 1.36 MeV will
contribute to the signal in our region of interest. The
antineutrino spectrum above 2 MeV is well studied, with an
uncertainty of 5%, whereas the spectrum below is less
understood. We have considered a conservative uncertainty
of 30% [40] for the neutrino flux below 2MeV. The ν̄e from
the reactor having an energy greater than ∼1.36 MeV
introduce an overall 16% systematic uncertainty in the
rate above the analysis threshold.
The corresponding CEνNS event rate spectra expected

from individual interactions with aluminium and oxygen
nuclei in the Al2O3 (sapphire) target are shown in Fig. 11(b).
The cyan-shaded band indicates the region of interest (ROI),
defined from 0.25 to 3 keV nuclear recoil energy. The upper
bound of 3 keV is chosen, since the predicted signal rate
drops below 10−2 kg−1 keV−1 day−1 beyond this point,
rendering the signal statistically insignificant.

FIG. 9. Geant4-based geometry model of the experimental site (side view) and the simulated composite shielding around the dilution
refrigerator (top view). Different shielding materials are shown in different colors: lead (light gray), water (blue), plastic scintillator
(violet), and 52% borated rubber (green).

FIG. 10. Comparison of the simulated single-scatter spectra
from neutron and gamma backgrounds, estimated using the
Geant4 simulation and the shielding configuration shown in Fig. 9,
with the measured single-scatter spectrum in the primary detector
after subtraction of the reactor-OFF events. The green and gray
spectra indicate the neutron- and gamma-induced background
components, respectively, contributing to the total simulated
spectrum.

TABLE V. Parameters used for calculating the expected SM
CEνNS signal.

Parameters Values

Reactor power ∼1 MWth
Average fission fraction [41] 235U (96.7%), 239Pu (2%),

238U (1.3%), 241Pu (< 0.1%)
Baseline distance (d) ∼4 m
Duty cycle (dc) 100%
Target material Al2O3

Detector efficiency (ϵ) 100%
Detector threshold 250 eV
Detector mass (m) 72 g
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For further statistical analysis, the signal rate is calcu-
lated as a weighted average of the spectra from both the
aluminium and oxygen nuclei in differential rate units
(DRU, per kg per keV per day), accounting for their
stoichiometric ratios in the sapphire target.

B. Statistical analysis

A χ2 minimization analysis is performed in the region of
interest (ROI), which spans 0.25–3 keV, with an energy-bin
width of 50 eV. The test statistic is defined in Eq. (3)
(adopted from Refs. [42,43]):

χ2ðδ;β;ζ;ρÞ

¼
X
i

�½RON
i −ρð1þδÞRSM

i − ð1þβÞRsim
i − ð1þζÞROFF

i �2
σ2i;ONþð1þζÞ2σ2i;OFF

�

þ
X

k¼δ;β;ζ

�
k
σk

�
2

: ð3Þ

Here, RON
i denotes the measured, efficiency-corrected

reactor-ON event rate, and ROFF
i denotes the reactor-OFF

event rate in the ith energy bin. The quantities RSM
i and Rsim

i
represent the theoretical event rate estimated from the
signal modeling and the background spectrum obtained

from the Geant4 simulation, respectively. The terms σi;ON
and σi;OFF correspond to the statistical uncertainties of the
reactor-ON and reactor-OFF spectra in the ith bin. The
parameter ρ is a scaling factor representing the ratio of the
measured to the predicted cross section. The χ2 is mini-
mized with respect to the pull parameters δ, β, and ζ,
incorporating systematic uncertainties of 16% (σδ), 10%
(σβ), and 6.77% (σζ), respectively. The systematic uncer-
tainty associated with signal modeling (σδ) is discussed in
Sec. IVA. A conservative systematic uncertainty is
assigned to the simulation (σβ), while σζ ¼ 6.77% corre-
sponds to the uncertainty in the reactor-OFF spectrum
derived from data. The 90% confidence limit is extracted
using a χ2 test statistic.
Since modeling the phonon response of the detector to

the deposited energy is quite complex, the correction for
fiducial volume in the Geant4 prediction was performed by
scaling the single-scatter spectrum by the ratio of events
remaining after the fiducial-volume cut to those after the
single-scatter cut, based on data. Given the good agreement
between the measured and simulated single-scatter spectra,
this approach provides a reasonable estimate of the fidu-
cialized event rate in the absence of a full phonon-transport
simulation. Figure 12(a) shows the efficiency-corrected
ON-OFF residual spectrum after subtraction of the simu-
lated reactor-correlated background within the ROI. The
spectrum is overlaid with the Standard Model CEνNS
prediction scaled to the 90% CL upper limit obtained from
the profile-χ2 analysis. The fit is performed with the
physical constraint ρ ≥ 0, and the best-fit value is therefore
found at the boundary (ρ ≃ 0), indicating no evidence for a
CEνNS signal. The corresponding 90% CL upper limit is
ρ < 2213, derived from the profile-χ2 criterion Δχ2 ¼ 2.71
(see Appendix A). The increase in uncertainty near the
250 eV threshold reflects the reduced detection efficiency
at the lowest recoil energies.
Based on the SM prediction, the expected CEνNS event

rate (RS) in the ROI during the reactor-ON period is
approximately 0.14 kg−1 day−1. In contrast, the experi-
mentally measured integrated rate is RSþB ≈ 341�
229 ðstatÞ � 23 ðsysÞ kg−1 day−1, whereas the event rate
after accounting for reactor-correlated backgrounds using
a simulation-informed model is 59 � 363 ðstatÞ �
4 ðsysÞ kg−1 day−1. The significance of the observed signal
is quantified as

α ¼ NSffiffiffiffiffiffiffiffiffiffiffi
NSþB

p ; ð4Þ

where NS and NSþB are the total predicted signal and
observed signal plus background events, respectively,
obtained by multiplying the corresponding rates with the
reactor-ON exposure. The resulting significance
is α ¼ 0.01σ.

(a)

(b)

FIG. 11. (a) Simulated ν̄e flux from the reactor (approximately,
1 MWth) incident on the detector located approximately 4 m away
from the core. (b) Expected CEνNS event rate spectra for
interactions with Al and O nuclei in sapphire. The cyan-shaded
region indicates the analysis region of interest (ROI) [0.25–3] keV.
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The observed enhancement in the single-scatter event
rate, at the level of Oð104Þ above the Standard Model
prediction, together with the very low fitted significance,
indicates that the residual spectrum is dominated by
reactor-correlated background contributions rather than a
CEνNS signal. Additional contributions from low-energy
excess (LEE) events in the near-threshold region may also
be present. To assess the impact of near-threshold events,
the fit was repeated using analysis thresholds of 250, 300,
and 350 eV. While the resulting 90% CL upper limits show
a modest dependence on the threshold choice, the overall
conclusion remains unchanged. The fit is influenced by
statistical fluctuations across the full analysis region rather
than by the lowest-energy bins alone.
Consistent with this interpretation, the reactor–ON-OFF

subtracted spectrum for multiple-scatter [Fig. 6(b)] (back-
ground-like) events shown in Fig. 12(b) exhibits an
exponential-plus-constant behavior. The extracted ampli-
tudes lie in the range Oð104–106 kg−1 keV−1 day−1Þ, con-
firming the presence of substantial background
contributions within the region of interest.
While the reactor–ON-OFF multiple-scatter spectrum is

expected to be dominated by reactor-correlated back-
grounds, a residual contribution from LEE near threshold

cannot be excluded. Such effects are known to be time-
dependent, and the reactor-ON and -OFF data were
collected during different periods. However, a quantitative
assessment of a potential LEE contribution lies beyond the
scope of the present work. Additional details on the
multiple-scatter event analysis are provided in Appendix B.

V. CONCLUDING REMARKS AND PROSPECTS

The MINER Collaboration successfully installed and
operated a cryogenic detection setup near the ∼1 MWth
TRIGA research reactor at the Nuclear Science Center
(NSC) for a search of coherent elastic neutrino-nucleus
scattering (CEνNS). Data were collected during August–
September 2022 with exposures of 158 and 381 g-days for
reactor-ON and reactor-OFF periods, respectively. The
detectors used in this campaign were sapphire (Al2O3)
crystals, with the primary 72 g detector achieving an
excellent baseline energy resolution of ð39.99� 0.13Þ eV.
The analysis presented in this work evaluates the

sensitivity of the current MINER configuration to
CEνNS. The observed detection significance of only
0.01σ indicates no statistically significant CEνNS signal.
The best-fit signal strength is found at the physical
boundary (ρ ≃ 0), and the result is therefore expressed as
a 90% CL upper limit of ρ < 2213. The observed excess is
consistent with residual background contributions. This
conclusion is further supported by the simulation results.
The data analysis employs rigorous pulse reconstruction
and calibration procedures using 55Fe sources, enabling
precise energy scale determination across detectors. A
signal efficiency correction method, based on template
injection into real noise traces has been developed.
Systematic uncertainties from all analysis steps, including
pulse shape quality cuts, single-scatter selection, and
fiducial-volume definition, were carefully evaluated and
propagated. These procedures ensure a proper sensitivity
estimate despite challenging low-energy backgrounds.
Nevertheless, the low statistical significance suggests

that the signal region is dominated by background,
which is further supported by the simulation results.
Even with enhanced shielding, the current event rate
(∼0.14 kg−1 day−1) remains insufficient to reach competi-
tive sensitivity within a reasonable time frame using the
present setup, even after assuming 100% detection
efficiency.
To address these limitations and significantly improve

sensitivity, the collaboration plans to relocate the experi-
ment to the 85 MWth High Flux Isotope Reactor (HFIR) at
Oak Ridge National Laboratory [44]. The HFIR facility
provides a higher ν̄e flux, and the MINER setup will be
optimized with improved compact shielding and an
increased detector payload, featuring multiple primary
detectors within the tower.
HFIR is a pressurized, light-water-cooled and -moder-

ated reactor fueled with high-enriched uranium (HEU, 93%

(a)

(b)

FIG. 12. (a) Efficiency-corrected reactor–ON-OFF signal spec-
trum after subtracting modeled reactor-ON backgrounds with
associated uncertainties in the 250 eV to 3 keV energy range.
The magenta lines represent the 90% confidence level (CL)
upper-limit models. The cyan band indicates the systematic
uncertainty. (b) Efficiency-corrected reactor–ON-OFF back-
ground spectrum (multiple scatter events), fitted with an ex-
ponential-plus-constant model.
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235U), currently operating at 85 MWth. The planned detec-
tor deployment will be located approximately 5 m from the
reactor core.
Sensitivity projections for MINER at HFIR are shown in

Fig. 13. For this study, the nominal background level is
assumed to be the same as the current experimentally
achieved background rate, corresponding to the present rate
of approximately 341 kg−1 day−1. The detector energy
threshold is assumed to be 250 eV, consistent with the
current analysis. Under these assumptions, a spectral shape
analysis is performed using Eq. (4).
The systematic uncertainties taken into account are the

6.77% uncertainty on the background normalization and a
16% systematic uncertainty on the signal modeling. These
uncertainties are propagated to estimate the exposure
required to achieve a given detection significance, includ-
ing the corresponding uncertainty band. We find that under
the nominal projected background conditions, a 3σ CEνNS
detection is expected within approximately 30 kg-days, as

shown in Fig. 13(a). Since this represents an optimistic
scenario, and the background conditions at the proposed
experimental site have not yet been fully characterized, we
also study the background rate required to reach a given
significance, as shown in Fig. 13(b). In this case, only the
16% systematic uncertainty associated with the signal
modeling is included. We find that achieving the same
3σ sensitivity with a reduced exposure of 14 kg-day
would require suppressing the background rate to
below 150 kg−1 day−1.
The full commissioning of the upgraded MINER experi-

ment is planned in the near future and has the potential to
significantly improve constraints on CEνNS cross sections
and enable precision measurements. The present measure-
ment is limited by reactor-correlated backgrounds and the
modest exposure available at the TRIGA facility, resulting
in a statistically dominated uncertainty and insufficient
sensitivity to the Standard Model CEνNS signal.
Nevertheless, it provides an important validation of detec-
tor performance, background modeling, and analysis tech-
niques for the future HFIR deployment.
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FIG. 13. (a) Projected exposure (kg-day) required at the HFIR
site to achieve 3σ and 5σ significance for CEνNS detection,
assuming a nominal background rate of ∼341 kg−1 day−1. The
red shaded band represents the systematic uncertainty around the
nominal projection. (b) Background rates required to achieve 3σ
and 5σ significance for exposures of 30 and 14 kg-day, respec-
tively. The green and blue shaded bands indicate the 16%
systematic uncertainty associated with the SM signal rate
estimation.

CEνNS SEARCH WITH CRYOGENIC SAPPHIRE … PHYS. REV. D 114, 032009 (2026)

032009-11



APPENDIX A: PROFILE-χ 2 ANALYSIS AND
90% CL ESTIMATION

The CEνNS signal-strength parameter, ρ, is determined
by minimizing the χ2 function defined in Eq. (3) using the
Minuit package [45]. Since negative CEνNS rates are
unphysical, the fit is performed with the constraint ρ ≥ 0.
The global best-fit point corresponds to the minimum

value χ2min. To determine the upper limit on ρ, a profile-χ2

scan is performed. For each fixed value of ρ, the nuisance
parameters are reminimized and Δχ2ðρÞ ¼ χ2ðρÞ − χ2min is
evaluated. As no statistically significant CEνNS signal is
observed, a one-sided upper limit is derived. The 90% con-
fidence-level (CL) upper limit is defined as the value of ρ
for which Δχ2 ¼ 2.71, corresponding to a one-sided
90% confidence interval for a single parameter of interest.
The upper limit is obtained from the intersection of the
profile-χ2 curve, Δχ2ðρÞ, with the Δχ2 ¼ 2.71 criterion, as
shown in Fig. 14. The minimum occurs at the physical
boundary, ρ ¼ 0, indicating no evidence for a CEνNS
signal in the present dataset. The profile increases mono-
tonically away from the minimum, and no secondary
minima are observed. The resulting 90% CL upper limit
estimated in this work is ρ < 2213.

APPENDIX B: MULTIPLE-SCATTERING EVENT
SPECTRA

Multiple-scatter events are defined as events that deposit
energy in more than one detector, including the primary
detector and one or both of the veto detectors.
Figure 15 compares the multiple-scatter energy spectra

under reactor-ON and reactor-OFF conditions, with a
zoomed-in view of the low-energy region shown in the
inset. The presence of the prominent 55Fe peaks in the
spectra reflects coincidence activity of the two calibration
sources with respect to the position of the detectors. It is not
that a single 5.9 keV or 6.5 keV x-ray physically scatters
multiple times within the stack. Both the reactor-ON and
reactor-OFF spectra exhibit an exponential increase toward
lower energies. In addition, a sharp rise is observed near
threshold in both datasets. While contributions from low-
energy backgrounds are expected, a significant contribution
from LEE events cannot be excluded, as they are detector-
related effects. A quantitative assessment of the LEE
contribution is beyond the scope of the present analysis
and will be addressed in a future work.
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