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The current generation of cryogenic solid state detectors used in direct dark matter and CEνNS searches
typically reach energy thresholds ofOð10Þ eV for nuclear recoils. For a reliable calibration in this energy regime
a method has been proposed, providing monoenergetic nuclear recoils at low energies∼100 eV–1 keV. In this
work we report on the observation of a peak at (1113.6þ6.5

−6.5 ) eV in the data of an Al2O3 crystal in CRESST-III,
which was irradiated with neutrons from an AmBe calibration source. We attribute this monoenergetic peak to
the radiative capture of thermal neutrons on 27Al and the subsequent deexcitation via single γ emission. We
compare themeasured resultswith the outcomeofGeant4 simulations and investigate thepossibility tomake use
of this effect for the energy calibrationofAl2O3 detectors at lowenergies.We further investigate thepossibility of
a shift in the expected energy scale of this effect caused by the creation of defects in the target crystal.
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I. INTRODUCTION

Many experiments employing cryogenic solid state
detectors for the search of low-mass dark matter (DM)
or coherent elastic neutrino-nucleus scattering (CEνNS)
have optimized their detectors to be sensitive to nuclear
recoils at energies ofOð10Þ eV [1–8] or even below [9,10].
The energy calibration of these detectors is usually done via
x-ray sources with energies of several keV, requiring an
extrapolation to the low-energy regime. Additionally, the
accuracy of the energy calibration at low energies can be
impacted by differences between electromagnetic inter-
actions (as by the x-ray source) and the sought for nuclear
recoils, e.g., caused by energy loss due to defect creation in
the crystals [11–15]. Thus, a novel calibration method is
required, which ideally provides monoenergetic peaks in
the low-energy nuclear recoil spectrum.
The calibrated nuclear recoils for accurate bolometry

(CRAB) collaboration proposed to use a new technique,
based on the radiative capture of thermal neutrons, fol-
lowed by a subsequent decay via single γ emission, leading
to a nuclear recoil in a ∼100 eV–1 keV range [16,17].
They consider detector crystals containing different suit-
able isotopes of W and Ge. Simulations on these materials
show that clear peaks in the nuclear recoil spectrum are
expected when they are exposed to a flux of thermal
neutrons. First experimental proof on a CaWO4 crystal was
published by the CRAB and NUCLEUS collaborations in
Ref. [18] and by the CRESST collaboration in Ref. [19]. In
this work we show that this effect is also observable in
sapphire (Al2O3) crystals, due to the aluminum isotope 27Al
having suitable properties. The energy spectrum of a
sapphire crystal, obtained during a calibration measurement
with an Americium-Beryllium (AmBe) neutron source
contains a peak at ð1113.6þ6.5

−6.5Þ eV, which arises from
nuclear recoils resulting from the emission of prompt γ
photons during the deexcitation of 28Al formed subsequent
to the capture of a thermal neutron in 27Al. This peak can be
used for low energy calibration, which removes the need to
put other radioactive sources in the vicinity of the detector.
This is advantageous, since low energetic radioactive
sources close to the detector inevitably lead to an increased
background and cannot be easily removed without inter-
rupting the measurement.
Using the calibration of an 55Fe x-ray source, the fitted

position of the peak is about ð30.4� 6.5Þ eV lower than
expected, including only the statistical uncertainty. We
investigate the possibility of this shift in energy being the
result of an energy loss due to defect creation in the crystal
and estimate the statistical significance of the shift as a
function of the systematic uncertainty on our energy
calibration. The results show a strong dependence on the
uncertainty, which is not directly accessible in the CRESST
experimental setup. Depending on the value of the uncer-
tainty, our results range froma 4σ observation of a shift of the
peak down to a significance of only 1.3σ and are therefore by

themselves not conclusive. First experimental hints of an
energy loss due to defect creation were found by the
SuperCDMS Collaboration in two Ge detectors [20],
in which the endpoint of the spectrum of 206Pb recoils at
∼100 keV, originating from a 210Pb source, wasmeasured at
a ∼6% lower energy than what was expected from simu-
lations. However the stated p-values of the measured shift in
both detectors was not significant (0.08 and 0.31, respec-
tively).A clearmeasurement of such a shiftwould be the first
experimental proof of this predicted effect, which has far-
reaching implications on DM and CEνNS experiments. For
one, this energy loss has a strong influence on the expected
shape of nuclear recoil spectra, studied, e.g., in Ref. [11] for
various materials (C, Ge, Si) and in Ref. [13] for the same
materials and additional materials (WC, SiC, W), as well as
specifically for CaWO4 in Ref. [14]. Secondly, the release of
the energy stored by defects in the crystal could be a potential
origin of the so-called low energy excess (LEE), as suggested
by the authors ofRefs. [12,15]. TheLEE is an unexpected rise
of the event rate that exceeds expected backgrounds. A
comprehensive summary on the LEE can be found in
Refs. [21,22] and a detailed study of the LEE within
CRESST in Ref. [23]. This background has an immense
impact on the improvement of the sensitivity of cryogenic
solid state detectors and has therefore been one of the main
subjects of studieswithinmany collaborations in recent years.
We first give a brief summary of the effect leading to

the presence of the peak in Sec. II, followed by a short
description of the experimental setup and the detector
design in Sec. III. The results of simulations of the expected
signal in an Al2O3 detector are given in Sec. IV. In Sec. V
we describe our data analysis, including the data processing
and calibration as well as our likelihood framework and the
description of our fit function. We show the results of this
work in Sec. VI and end with a conclusion in Sec. VII.

II. RADIATIVE NEUTRON CAPTURE ON
ALUMINUM-27

The CRAB Collaboration proposed a novel technique
for an accurate calibration of nuclear recoils on CaWO4

at the energy scale of ∼100 eV − 1 keV in Ref. [16]. A
detailed description of the process can be found in
Ref. [17]. The basic principle is the capture of a thermal
neutron by the nucleus, which creates a compound nucleus
in an excited state. The deexcitation of this nucleus
typically happens via the emission of γ rays and conversion
electrons, mostly in the form of cascades. These cascades
following a neutron capture have been observed for the first
time in a study of the ionization yield of silicon at low
energies [24]. In some cases, the nucleus deexcites directly
to the ground state by emitting only a single γ that carries
the entire energy of this process. Depending on the target
nucleus, these energies are usually in the order of several
MeV. These deexitations under emission of a single γ with
energy Eγ lead to a monoenergetic peak in the nuclear
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recoil spectrum with an energy of ER ¼ E2
γ=ð2 ·MNc2Þ,

where MN is the mass of the compound nucleus. The
energies of the recoiling nuclei ER are typically in the order
of ∼100 eV–1 keV. The high-energy γ produced during
this interaction escapes the detector, leaving only the
monoenergetic peak of the recoiling nucleus.
The target nuclei need to fulfill certain criteria to make

this technique useful for a low energy calibration:
(i) A high natural abundance of the isotope in ques-

tion, Yab.
(ii) A high cross section for the capture of thermal

neutrons, σn;γ .
(iii) A high branching ratio for single-γ transitions, Isγ.
The aluminum isotope 27Al in sapphire crystals has

appropriate properties for this technique. The key param-
eters are listed in Table I.

III. EXPERIMENTAL SETUP AND
DETECTOR DESIGN

The Cryogenic Rare Event Search with Superconducting
Thermometers (CRESST-III) experiment is located in the
underground facility at the Laboratori Nazionali del Gran
Sasso (LNGS) in Italy. The shielding of the experimental
setup consists of concentric layers of various materials. The
entire experimental setup is shown in Fig. 1.
On the outside, a layer of polyethylene (PE) with a

thickness of 40 cm is moderating neutrons. Inside the PE
layer, the experimental volume is shielded against radio-
active backgrounds by 20 cm of radiopure lead. In order to
shield against remaining intrinsic radioactivity of the lead,
an additional layer of 14 cm of copper is used inside of the
lead shield. Copper with a high radiopurity is also used for
all support structures in the direct vicinity of the detectors.
The innermost layer surrounding the detectors is another
layer of PE, protecting against neutrons originating from
the lead or copper shields. More details about the exper-
imental setup can be found in Ref. [29].
The detectors are located in the center of the exper-

imental setup, where they are cooled by a commercial
3He=4He-dilution refrigerator, connected from above. The
detector module we are discussing in this work consists of
a ð20 × 20 × 10Þ mm3 Al2O3 main absorber crystal with a
mass of ∼16 g and a ð20 × 20 × 0.4Þ mm3 wafer detector,
made of silicon on sapphire. Both crystals are held by

copper sticks and are kept in a bare copper housing. Each
detector is equipped with a tungsten transition edge sensor
(W-TES), operated at a stable temperature of around 15 mK
in the superconducting transition. The W-TES films are
stabilized via ohmic heating resistors on the crystals. We
periodically inject electric pulses at different energies into
these resistors, which are used in the calibration of the time
dependent response of the detectors. The energies of the
injected heater pulses are chosen to cover the entire dy-
namic range of the TES. This includes energies that are
large enough to drive the detector out of its transition into
the normal conducting phase, leading to saturated pulses.
The signals of the detectors are read out by SQUID-based
electronics and saved by the data acquisition system [30].
Thewafer detector is not relevant for the results in this work
and is therefore not further mentioned. For the energy
calibration, we use a low-activity 55Fe source. During the
neutron calibration measurement campaign in September
2021, which lasted for about 40 days, we installed a strong
AmBe source with an output of about 2000 neutrons per
second inside the CRESST muon veto system, but outside

TABLE I. Properties of 27Al. A high natural abundance, high
enough thermal neutron capture cross section and a high branching
ratio for single-γ deexcitation make it a suitable isotope to observe
monoenergetic nuclear recoils caused by thermal neutron capture.
All numbers are taken from Ref. [25–27] except for ER, which is
calculated from the Q-value.

Isotope Yab σn;γ Isγ Q-value ER

27Al 100% 0.23 barn 26.81% 7724 keV 1144 eV

FIG. 1. Schematic cross section of the CRESST setup [28],
showing the structure of the cryostat and the various layers of
shielding. The detector modules are located in the center.

OBSERVATION OF A LOW ENERGY NUCLEAR RECOIL PEAK … PHYS. REV. D 112, 102008 (2025)

102008-3



the lead and copper shieldings, shown as a red dot in Fig. 1,
at a distance of about 75 cm to the detectors. The neutron
irradiation does not have an impact on the performance and
the radioactive contamination of the detectors.

IV. SIMULATIONS

We used ImpCRESST [31], based on Geant4 [32–34]
version 10.6.3, to perform a Monte Carlo simulation of the
AmBe neutron calibration: emission of the neutrons at the
precise source position outside the lead and copper shield-
ings of the CRESST setup, scattering, and thermalization of
the neutrons in an accurate geometry of the setup and
cryostat, and finally capturing of the neutrons on 27Al nuclei
of the Al2O3 absorber crystals of the CRESST detector.
To simulate the nuclear recoils caused by 28Al as primary
knock-on atom (PKA) after the 27Alðn; γÞ28Al capture
process, an accurate model of the nuclear deexcitation
process is needed, especially accurate probabilities for
single-γ and multi-γ emissions. As standard Geant4 is
lacking those [17], we now enhanced ImpCRESST com-
pared to a similar, earlier simulation reported in Ref. [19,35]:
we are using the fifrelin4geant4 library [36] to read in
tabulated emission probabilities [37] of the 28Al deexcitation
cascade calculated [38] with the codes FIFRELIN [39] and
IRADINA [40]. Simulating in total 1.1 × 109 neutrons started
at the position of the AmBe source, equivalent to 6.4 d of
calibration, we found the total energy deposition in the
Al2O3 crystal as shown in Fig. 2 (black histogram).

It considers the detector response function that consists
of a convolution with the empirical energy resolution of the
detector, which is based on a fit involving the reconstructed
amplitudes of simulated pulses, leading to the following
expression:

σðEÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2thr þ 93 meV · ðE − EthrÞ

q
ð1Þ

and a finite time resolution of 2 ms over which the simulated
energy depositions are accumulated. Even with the applied
energy resolution, a clear peak at 1144 eV is visible that is
purely caused by recoiling Al nuclei (red histogram) in
agreement with the expectation.
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FIG. 2. Geant4 simulation of the total energy (black histogram)
deposited in a Al2O3 crystal by 1.1 × 109 neutrons from an
AmBe source under the condition of the CRESST n-calibration
campaign described in the text. Probabilities for γ emission are
taken from tabulated FIFRELIN/IRADINA simulations [37]. Besides
continuous contributions from electron recoils and oxygen
recoils, the simulation predicts a clear peak at 1144 eV caused
purely by aluminium recoils (red histogram). The simulated
spectrum is convolved with the empirical energy resolution of the
studied detector that is σ ¼ 12.3 eV at the peak position.

FIG. 3. LAMMPS simulation of the energy loss ΔE due to the
creation of crystal defects by a recoiling Al atom of kinetic energy
Erec as primary knock-on atom: (a) for each Erec value, 1000
random recoil directions and start positions were simulated. The
data points give the resulting mean value of ΔE, the error bars
give the minimal and maximal values. To allow comparability
with the results of Sassi et al. [13,13] (yellow line and gray
histogram) and to extend it, recoils at Erec < 540 eV are
simulated at 40mK (blue data points). The recoil at 1144 eV
is simulated at 24 mK (green data point), the actual operation
temperature of the CRESST detector. For this latter data point,
(b) shows the underlying ΔE distribution. It can be fitted by a
GaussianGðΔE; μ; σÞwith a mean of μ ¼ 31.9 eV and a standard
deviation of σ ¼ 8.5 eV.
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To consider the effect of defect creation inside the Al2O3

absorber crystal, we followed the approach of Sassi et al.
[13,13] and performed a molecular dynamics (MD) sim-
ulation with the LAMMPS software [41]. We used the
interatomic potential of Vashishta et al. [42,42] and the
unit cell definition given in Ref. [43]. Using a supercell of
21 × 21 × 9 times the unit cell ensures that an Al-PKAwith
a kinetic energy of Erec ¼ 1144 eV is completely contained
before it reaches the boundary. Periodic boundary con-
ditions were applied to the supercell. The energy lossΔE to
the creation of crystal defects is determined as the differ-
ence in potential energy of the crystal before the recoil
and 8 ps afterward when the kinetic energy of the recoil
dissipated. We validate our simulation by reproducing the
results of Sassi et al. at 40 mK and Erec < 200 eV, see
yellow, gray vs blue data in Fig. 3(a). For each Erec value,
we randomly sampled 1000 recoil directions and start
positions within the central unit cell. Afterward, we
simulate the 1144 eV-PKA at the actual temperature of
the CRESST absorber crystal of 24 mK, see green data in
Fig. 3. Figure 3(b) shows the obtained energy loss distri-
bution, which can be described by a Gaussian GðΔE; μ; σÞ
with a mean of μ ¼ 31.9 eV and a standard deviation of
σ ¼ 8.5 eV. We found that considering quantum fluctua-
tions in LAMMPS via the quantum thermal bath scheme
[44,45] does not significantly affect these results. Details of
the MD simulation will be given in a forthcoming paper.

V. DATA ANALYSIS

In this Section we briefly describe the most important
steps in our analysis. A detailed description of the analysis
of this detector can be found in Ref. [46].

A. Data processing and calibration

We use a dead-time free continuous data acquisition
to save the detector output to disk [47]. The data are then
triggered using an optimum filter [48] at a threshold
corresponding to an accepted number of one noise trigger
per kg · d of exposure. A detailed description of the
method of trigger threshold determination can be found
in Ref. [49]. The detector presented in this work was
triggered at a threshold corresponding to Ethr ¼ 52 eVwith
a resolution of σthr ¼ 7 eV at threshold. The optimum filter
is constructed by incorporating the known signal shape
and noise power spectrum of the detector. We obtain the
signal shape by fitting a parametric pulse model [50] to an
averaged pulse from a list of cleaned nuclear recoil events
from the linear regime of the detector. The noise power
spectrum is created from the ensemble average of a list of
cleaned empty noise traces. Cleaned in this context means
the removal of any remaining pulses from the random
selection of traces from the continuous stream.
We apply a list of selection criteria to the triggered pulses

that are designed to keep only pulses for which we can

properly reconstruct the amplitude. These cuts include the
removal of time intervals of unstable detector operation, a cut
on the energy range, and several quality cuts on the individual
pulse shapes. The amplitude reconstruction is performed via
the optimum filter during the triggering of the data.
The energy calibration is done using the Kα and Kβ lines

of a low-activity 55Fe source with an average energy of
5.89 keV and 6.49 keV, respectively [51]. The source is
mounted in direct vicinity of the absorber crystal, covered
by a layer of glue. In order to prevent Auger electrons or
scintillation photons of the glue to reach the detector, the
source is coated with a thin layer of gold. The response of
the detector to events caused by particle interactions is
linearized using the response of the injected heater pulses.

B. Signal efficiency

We perform a simulation to obtain the probability of
valid events to survive the triggering and our selection
criteria by superimposing more than half a million artificial
pulses, scaled to different energies and randomly distrib-
uted in time, onto the raw data stream. We then determine
the surviving fraction of simulated pulses after passing
through the same analysis chain as the real data. The energy
dependent signal efficiency of events is shown in Fig. 4.
We fit the energy dependent signal efficiency εðEÞ with

two error functions,

εðEÞ ¼ 1 − p1

2
·

�
erf

�
E − Ethrffiffiffi

2
p

σthr

�
− erf

�
E − Elinffiffiffi

2
p

σlin

��
þ p2

ð2Þ
with 1 − p1 ¼ 0.59 describing the flat plateau over most of
the energy range. Due to the dead time of the trigger, mostly
caused by the presence of injected heater pulses that are
used in the calibration, the trigger efficiency plateaus at

FIG. 4. Energy dependent signal efficiency of simulated events
after triggering and applying all selection criteria. The blue dots
show the output of our simulation. The green line shows a fit of
the efficiency, which is used to rescale our fit model. The red
dotted lines show the energy region of interest (ROI) included in
the analysis, going from 73 eV to 1.27 keV. The black arrow
indicates the position of the investigated nuclear recoil peak.
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about 80%. The energy independent selection criteria listed
in Sec. VA further reduce the signal efficiency to about
59%. The parameter p2 ¼ 10−4 describes the very small
probability of events far below the energy threshold
surviving the trigger. This is mostly due to a random
coincidence of a small simulated event with a larger real
event. These events are efficiently removed from the
simulation. The parameters of the first error function reflect
the threshold Ethr ¼ 52 eV and the resolution at threshold
σthr ¼ 7 eV. The second error function describes the upper
edge of our ROI. We perform a cut in the data at a
reconstructed amplitude corresponding to the transition
into the nonlinear regime of the TES, which lies well below
the point at which pulses start to saturate. This is a very
conservative analysis choice. Since we use the information
of the injected heater pulses to linearize the response of the
detector up to higher energies, this cut is not strictly
necessary. Equivalently to the effect at the threshold, both
edges of the ROI have a sharp cutoff in units of recon-
structed amplitudes, which get smeared by the energy
resolution in units of energy, leading to the error functions.
The fit parameters for the second error function are
Elin ¼ 1.255 keV and σlin ¼ 12.3 eV.
We use this fit function to rescale our fit model within

our ROI. As the lower limit we choose the energy of the
trigger threshold plus three times the energy resolution
Elow ¼ Ethr þ 3 · σthr ¼ 73 eV. The choice for the upper
edge is more critical regarding the search for a peak at
1.144 keV and is therefore set to Eup ¼ 1.27 keV.

C. Energy spectrum and empirical fit function

The measured spectrum of the neutron calibration is
scaled by the exposure of 0.634 · kg d and binned in 7 eV
bins. The resulting histogram can be seen in Fig. 5.
The strongly rising event rate toward lower energies is

empirically described by a power law, A · E−p, with ampli-
tude A (number of events) and exponent p. Additionally, we
fit a constant component, C (number of events), to the whole
energy spectrum. The most prominent feature in this
spectrum is a Gaussian feature at roughly 190 eV, whose
origin is not yet fully understood. This Gaussian feature
appears in the energy spectrum of this detector independ-
ently of the presence of the AmBe source. A more detailed
analysis in Ref. [46] excludes Compton scattering of 55Fe
events or x-rays of surrounding materials as possible sources.
The rate of events in this Gaussian feature decreases with a
decay time compatible with the half-life of 55Fe. Therefore,
we consider scintillation light originating from the glue
covering the source as a possible explanation. In the
following we refer to this Gaussian feature at 190 eV as
unknown feature, in order to distinguish it from the sought
for nuclear recoil peak at 1.1 keV. Both the feature of
unknown origin at around 190 eV, as well as the peak at
around 1.1 keV are fit with a Gaussian distribution. The full
function is given by,

fðEÞ ¼ εðEÞ ·
�
A · E−p

N A
þ C
N C

þ
X
i¼F;P

Ni · GðE; μi; σiÞ
N i

�
· ΘðE∈ROIÞ ð3Þ

where εðEÞ is the energy dependent signal efficiency, Ni, μi,
and σi are the amplitude (number of events), mean, and
standard deviation of the two Gaussian distributions of the
unknown feature (F) and the peak (P). All components are
only fit using data within our chosen ROI and each com-
ponent has a normalization factor N x, which is the integral
of the respective component over the ROI.

D. Likelihood framework

We estimate the parameters by maximizing a Poissonian
likelihood function,

L ¼
Ym
i¼0

e−efi · ðefiÞki
ki!

ð4Þ

with m being the number of bins and ki being the observed
number of events in the ith bin. efi is the expected number
of events in the ith bin based on the fit function of
Eq. (3), corrected by the efficiency in that bin, εi, such
that, Xm

i¼0

efi
εi

¼ Aþ Cþ NF þ NP: ð5Þ

We calculate the statistical significance of the peak using
a test statistic defined by a likelihood ratio,

qpeak ¼ −2 · ln

 
LðNP ¼ 0; ˆ̂θÞ
LðN̂P; μ̂P; σ̂p; θ̂Þ

!
: ð6Þ

FIG. 5. Fit of the measured spectrum, corrected by the energy
dependent survival probability of events and scaled by the
exposure. The fit contains a Gaussian component to account
for the feature of unknown origin at around 190 eV and a flat
component. The strong rise of the event rate at low energies is
modeled by a power law. An additional Gaussian distribution is
describing the potential neutron peak at around 1.1 keV.
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In the denominator we estimate the best fit (denoted by
a hat) of the amplitude, standard deviation, and position of
the signal peak (N̂P; σ̂P; μ̂P) as well as all other (nuisance)
parameters, θ̂. The numerator maximizes the likelihood
under the condition of no additional signal peak (NP ¼ 0).
The best estimator of the parameters under the conditional
likelihood is denoted by a double hat.
For the investigation of a potential shift of the peak due

to energy loss to defect creation we need to take the
uncertainty of our calibration into account. Therefore we
introduce an additional parameter cE, acting as a multipli-
cative factor. This parameter is constrained by a Gaussian
term centered around one and with a standard deviation
equal to the uncertainty on the energy calibration ΔcE. The
likelihood function is transformed accordingly,

LEðμP; θ;EÞ ¼ LðμP; θ; cE · EÞ × GðcE; μ ¼ 1; σ ¼ ΔcEÞ
ð7Þ

with μP being the peak position and θ being all other
parameters. The fit can shift the energy spectrum by the
factor cE, which is constrained by the uncertainty ΔcE.
The corresponding test statistic for the calculation of the

significance of a measured shift is,

qshift ¼
�−2 · ln λðμP ¼ 1144 eVÞ; μ̂P < 1144 eV

0; μ̂P ≥ 1144 eV
ð8Þ

with,

λðμP ¼ 1144 eVÞ ¼ LEðμP ¼ 1144 eV; ˆ̂θ; ˆ̂cE · EÞ
LEðμ̂P; θ̂; ĉE · EÞ

: ð9Þ

In the denominator we estimate the parameters that
maximize the likelihood (denoted by a hat). In the nu-
merator we estimate parameters that maximize the like-
lihood under the condition that the position of the peak is
fixed at μP ¼ 1144 eV (denoted by a double hat), which
corresponds to the expected position without energy loss
(see Table I).

E. Uncertainty estimation

In order to be able to accurately determine the statistical
significance of a shift in energy, we need an estimate on the
uncertainty of our calibration, ΔcE. For the calibration we
use a combination of a monoenergetic calibration source
(55Fe) and injected electric heater pulses of different
energies, covering the entire dynamic range of the TES.
The reconstructed amplitudes of the heater pulses are used
to linearize the detector response. The calibration of the
detector then relies on the linear extrapolation from the

energy of the 55Fe calibration source (5.89 keV, 6.49 keV)
down to the threshold, which is typically at Oð10Þ eV.
The exact uncertainty on our calibration is difficult to

assess, but we identify two main sources of uncertainty in
our calibration,

(i) The precision on the reconstructed position of the
calibration peak in the energy spectrum.

(ii) The method of linearization of the detector response.

1. Fit of the calibration peak

We fit two Gaussian distributions to the peaks of the 55Fe
source in the spectrum of reconstructed and linearized
amplitudes of events. We then take the uncertainty on the
resulting peak position as an estimator for the uncertainty
of our calibration, which results in ΔcE ¼ 0.056%.

2. Correction of the time dependence

The linearization is done via two separate spline inter-
polations. In the first step we compute the time dependent
detector response for each of the injected heater pulse am-
plitudes via Gaussian kernel smoothing. The heater pulses
are injected periodically every few seconds. The default
choice of the kernel size for the smoothing is 30 min. The
effect of varying the kernel size in an interval between
3 min and 60 min on the reconstructed peak position is less
than 0.06%.

3. Linearization of the detector response

In a second step, we convert the amplitudes of recon-
structed particle events in the detector into heater pulse
equivalent energy by evaluating the time dependent detector
response at the exact timestamp of each particle interaction
with a second spline interpolation. For this spline interpo-
lation we fix the lowest point at zero. The impact of leaving
the lowest point as a free floating offset on the reconstructed
calibration peak position is negligibly small.
Another possible source of a systematic uncertainty can

be a difference in the response of the detector between
particle events and injected heater pulses, in particular
in the nonlinear regime of the TES, as suggested by the
authors of Ref. [52].
Nevertheless, we compute the statistical significance of

an observed shift for a range of different uncertainties,
ranging from our estimated value of ΔcE ¼ 0.056% up to a
more conservative, but arbitrary value of 2%.
We also simulate Monte Carlo (MC) data at each uncer-

tainty under the null hypothesis (no shift, μP ¼ 1144 eV)
and under the alternative hypothesis (shift by 32 eV due to
energy loss, μP ¼ 1112 eV) in order to estimate the expected
distributions of the test statistic under both hypotheses and
compare them to the observed value. In both cases we draw a
random value cE;rnd from GðcE; μ ¼ 1; σ ¼ ΔcEÞ for each
individual simulation.
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VI. RESULTS

The resulting parameters of the best fit of Eq. (3) are listed
in Table II toghether with their 1σ confidence intervals. The
different components of the fit function are also shown
together with the energy spectrum in Fig. 5.
The observed test statistic of Eq. (6) is qpeak ¼ 48.86. We

simulate 3.3 million MC datasets containing no peak and
compute the corresponding distribution of qpeak, without
any constraints on the fit. The distribution deviates from the
expected shape of a χ23 distribution, showing a much steeper
tail toward higher values. Based on the very conservative
approximation with a χ23 distribution, we calculate a two-
sided significance of 6.4σ.
The extracted position of the peak at ð1113.6þ6.5

−6.5Þ eV
shows a clear deviation from the expected value of 1144 eV
(see Table I) and is compatible with the shift expected from
our simulations, shown in Fig. 3(b). Whether this deviation
can be explained by an energy loss due to crystal defect
creation or by a statistical fluctuation depends strongly on
the uncertainty of our energy calibration. Figure 6 shows
the distribution of the test statistic qshift of Eq. (8) under
both hypotheses. An uncertainty of ΔcE ¼ 0.5% is
chosen as an example. We repeat the same comparison
for the full range of uncertainties defined in Sec. V E from
0.056% up to 2%.
Shown in orange in Fig. 6 is the distribution of the test

statistic qshift under the null hypothesis (no shift of the
nuclear recoil peak in the simulated data). It can be described
by a half-χ21 distribution, which is used to translate the
observed p-value into a one-sided statistical significance in
units of Gaussian standard deviations σ. We observe slight
deviations from this behavior for smaller uncertainties,
where the tail of the true distribution is falling steeper than

in the half-χ21 approximation. This effect is already slightly
visible in the example in Fig. 6 and gets more pronounced
toward smaller uncertainties. This suggests that we under-
estimate the significance of the shift for uncertainties smaller
than ∼0.5%. The blue histogram shows the distribution of
the test statistic when the peak in the simulated data is shifted
by 32 eV, corresponding to the expected energy loss due to
defect creation in the crystal. Lastly, the red line shows the
observed value of the test statistic.
We calculate these distributions for different uncertain-

ties ΔcE ranging from 0.056% to 2%. The resulting best fit
of the peak position as well as the statistical significance of
the observed shift is shown as a function of the assumed
uncertainty of our calibration in Fig. 7.
Independently of the uncertainty of the calibration, the

best fit value of the peak position is consistent with the
expected shift of 32 eV within the uncertainties. Due to
the direct correlation of the peak position and the calibra-
tion factor, the 1σ confidence interval of the reconstructed
peak position increases with an increasing uncertainty on
the calibration. Consequently, the statistical significance of
the shift drops with an increasing uncertainty on the
calibration. Considering the estimate of the uncertainty
to the best of our knowledge of ΔcE ¼ 0.056%, the shift
has a statistical significance of 4σ and is therefore unlikely
to be caused by a statistical fluctuation. For an uncertainty
of ΔcE ≲ 0.7%, the significance is above 3σ. At an
uncertainty of ΔcE ¼ 1.3%, the significance is at ∼2σ
and at the largest tested uncertainty of 2%, the statistical
significance of the shift drops to 1.3σ. Since we cannot
make a definite quantitative statement about the uncertainty
of our calibration, future precision measurements will be
needed to confirm the observation of a shift in the expected

TABLE II. Resulting parameters and their 1σ confidence
intervals of an empirical fit of the neutron calibration spectrum
with Eq. (3).

Parameter Fit result

Constant component

Amplitude C (events) 609þ443
−500

Power law component

Amplitude A (events) 5514þ505
−452

Exponent p 1.058þ0.074
−0.073

Gaussian feature at 190 eV

Amplitude NF (events) 528þ64
−60

Mean μF (eV) 191.3þ2.2
−2.1

Standard deviation σF (eV) 18.1þ2.6
−2.3

Gaussian peak at 1.1 keV

Amplitude NP (events) 205þ42
−39

Mean μP (eV) 1113.6þ6.5
−6.5

Standard deviation σP (eV) 35.1þ7.1
−6.5

FIG. 6. Example of the distribution of the test statistic qshift
assuming an uncertainty of ΔcE ¼ 0.5% on the energy calibra-
tion. In orange: The distribution under the null hypothesis (no
shift in the simulated data) can be described by a half-χ21 distri-
bution. In blue: The distribution of the test statistic under the
alternative hypothesis (shift of 32 eV due to defect creation). The
blue shaded regions show the ranges containing 68% and 95% of
the values. The red dashed line shows the observed value of the
test statistic.
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peak position. Alternative methods to the injected electric
heater pulses used for the linearization of the detector
response will be particularly important. New methods
involve, e.g., an LED based calibration system or the
usage of x-ray fluorescence [52].

VII. CONCLUSION

We report on the observation of a nuclear recoil peak at
ð1113.6þ6.5

−6.5Þ eV in the data of an Al2O3 detector during
irradiation with neutrons from an AmBe source in the
CRESST-III setup at LNGS. This peak is caused by nuclear
recoils induced by the emission of monoenergetic γ photons,
which follow after the capture of a thermal neutron on 27Al.
While the first experimental proof of this effect was recently
measured with CaWO4 crystals (with a capture of thermal
neutrons in 182W) and published by the CRAB and the
NUCLEUS collaboration in Ref. [18] and by the CRESST
collaboration in Ref. [19], this is the first time this effect is
experimentally measured on a sapphire crystal.
Therefore, we show that this novel method is also suitable

for an accurate low energy calibration of crystals contain-
ing 27Al.
Additionally, we reconstruct the position of the nuclear

recoil peak with a shift of (30.4� 6.5) eV below the

expected energy. Since the energy calibration is based on
a γ source, this could be a hint at differences between
electronic recoil and nuclear recoil events. Our simulations
predict an energy loss of 32 eV at the relevant energy scale
of nuclear recoils due to defect creation in the crystals. Due
to the inaccessibility of the exact value of the uncertainty
of our energy calibration, we cannot make a conclusive
statement about the statistical significance of this effect.
Should this shift be indeed caused by an energy loss to the
creation of defects in the crystal, this would not only be the
first experimental proof of this effect, but also have strong
implications about the expected shape of DM or CEνNS
nuclear recoil spectra [11,13,14], and about possible origins
of the LEE [12,15]. This further underlines the need to
replace the current calibration methods with a nuclear recoil
based one. The importance of the implications of a possible
shift in the position of monoenergetic nuclear recoil peaks
calls for more precision measurements with various targets
in the near future in order to validate this effect, which
could be performed at the recently commissioned CRAB
facility [53].
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FIG. 7. Top: Best fit of the peak position and 1σ confidence
intervals as a function of the uncertainty on the calibration. Also
shown is the expected result in case of no shift (dash-dotted
orange line) and in case of a shift of 32 eV due to energy loss to
defect creation (green dashed line). Bottom: Statistical signifi-
cance of the observed shift as a function of the uncertainty on the
calibration shown as the red dashed line. The blue bands show the
expected distribution of the significance under the hypothesis of a
shift of the peak position due to energy loss to defect creation,
with the dark blue and the light blue region containing 68% and
95% of the values, respectively. The two horizontal dotted lines
mark the statistical significances of 5σ and 3σ, respectively.
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