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We report the best limit on coherent elastic scattering of electron antineutrinos emitted from a nuclear
reactor off germanium nuclei. The measurement was performed with the CONUS detectors positioned at
17.1 m from the 3.9 GWth reactor core of the nuclear power plant in Brokdorf, Germany. The antineutrino
energies of less than 10 MeVassure interactions in the fully coherent regime. The analyzed dataset includes
248.7 kg d with the reactor turned on and background data of 58.8 kg d with the reactor off. With a
quenching parameter of k ¼ 0.18 for germanium, we determined an upper limit on the number of neutrino
events of 85 in the region of interest at 90% confidence level. This new CONUS dataset disfavors
quenching parameters above k ¼ 0.27, under the assumption of standard-model-like coherent scattering of
the reactor antineutrinos.
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Coherent elastic scattering of neutrinos off nuclei
(CEνNS) has been predicted on the basis of the standard
model (SM) since 1974 [1]. Compared to other neutrino
interaction channels, CEνNS is appealing because of its
larger cross section. It scales with the squared number of
neutrons in the target nucleus and the squared neutrino
energy. In principle, this enhancement allows for the
design and construction of small-sized neutrino detectors.
However, the coherence condition of the momentum trans-
fer being smaller than the inverse of the nuclear size does
not hold for neutrino energies above a few tens of MeV.
Moreover, the observables are low-energy nuclear recoils,
which are suppressed with increasing atomic number. Thus,
coherent scattering eluded detection for many decades.
Only with the recently emerging low-energy threshold
technologies [2,3] has it become approachable. The process
of CEνNS was first observed by the COHERENT
Collaboration in 2017 using a CsI[Na] scintillator [4]
followed by a detection on argon [5]. For both measure-
ments, the COHERENT experiment utilized neutrinos
produced via pion decays at rest in the spallation neutron
source of the Oak Ridge National Laboratory. Instead, the

CONUS experiment aims for a complementary observation
of CEνNS in the fully coherent regime with lower energetic
neutrinos [6,7] emitted by a nuclear reactor. Worldwide,
similar projects at nuclear reactors are planned or ongoing
[8–13].
The study of CEνNS events provides a probe to SM and

beyond the standard model physics. For instance, it gives
direct access to the neutron form factor and thus nucleon
density [14]. Beyond that, this channel allows one to probe
deviations of the expected weak mixing angle at the MeV
scale [15], the existence of nonstandard neutrino-quark
interactions [16], and light new states [17], as well as
electromagnetic properties such as a neutrino magnetic
moment [15,18] or an effective charge radius [19]. The high
antineutrino flux at reactor sites might allow one to
investigate the reactor antineutrino rate anomaly [20] via
the CEνNS channel. New insights on sterile neutrinos
[21,22] or the origin of the anomalous features observed in
reactor antineutrino spectra [23] could be gained. The
development of compact neutrino-sensitive devices will
further enable the monitoring of the reactor thermal power
and the proliferation of fissile products such as plutonium
[24]. Finally, the understanding gained with these new
detector technologies can be relevant for astrophysics
and cosmology. For example, CEνNS is expected to play
a major role in supernovae, i.e., in the cooling and heating
processes during a stellar collapse [25]. In addition, solar,
diffuse supernovae remnant and atmospheric neutrinos
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interact via CEνNS in dark matter detectors, producing an
irreducible background (“neutrino floor”). A precise meas-
urement of the CEνNS cross section will allow for a better
prediction of this background.
Nuclear reactors are known to be strong sources of

electron antineutrinos with energies below 10 MeV.
As continuous and well-localized sources, they offer an
ideal environment to investigate neutrino properties. The
CONUS experiment is carried out at the commercial
nuclear power plant in Brokdorf (KBR), Germany, which
is operated by the Preussen Elektra GmbH. The design of
this pressurized water reactor corresponds to a single unit
power station featuring a reactor core of 193 fuel assem-
blies, with a length of 3900 mm of the active zone. The
maximum thermal power amounts to 3.9 GWth, which
generates a gross electric power of 1.48 GW. The time-
dependent thermal power is calculated via three different
methods: the thermal balance in the secondary circuit,
ionization chambers around the reactor core, and a core
simulation. This thermal power information is available in
intervals of 2 h or less, with an uncertainty of 2.3% (1σ)
[26]. Besides the thermal power, the average energy
released per fission needs to be known to predict the
antineutrino flux emitted by the reactor. This information is
taken for the most relevant fissile nuclides 235U, 239Pu, 238U,
and 241Pu from [27]. The run-specific antineutrino spectra
were obtained by summation of the predictions from
Huber (235U, 239Pu, and 241Pu) [28] and Mueller (238U)
[29], taking into account the average fission fractions
of the fissile nuclides at KBR. Correction factors were
applied as determined by the Daya Bay experiment [30].
The uncertainty on the reference spectra is based on
the covariance matrix provided by the Daya Bay
Collaboration [30].
The CONUS experiment is located inside the safety

containment of KBR (room A-408). The basic infrastruc-
ture comprises electricity and pressurized air connectors, as
well as cold air ventilation that keeps the room temperature
constant [31]. The experimental setup is positioned directly
beneath a pool, which contains spent fuel assemblies
immersed in cooling water with a level of (13.4� 0.1)
m. Contributions to the expected signal coming from
neutrons [26] or neutrinos produced in these spent fuel
assemblies can be neglected. Together with the thick
ferroconcrete layers inside the containment sphere, the
overburden amounts to 10–45 m of water equivalent [m
(w.e.)], depending on the azimuth angle. On average it is
24 m (w.e.), which is large enough to shield efficiently
against the hadronic component of cosmic rays at the
surface. The location of the CONUS detectors is only
17.1 m from the reactor core center, leading to an anti-
neutrino flux of 2.3 × 1013 cm−2 s−1 at maximum thermal
power. Room A-408 is outside the innermost biological
shield, which surrounds the reactor core, and thus acces-
sible at any time. A more detailed description of the

experimental site and the parts of the reactor geometry
relevant for CONUS is given in [26].
The CONUS setup consists of four p-type point contact

high purity germanium (HPGe) detectors (in the following
denoted C1–C4) [31]. Each cylindric germanium (Ge)
diode has a mass of 0.996 kg. Considering dead layers,
this leads to a total fiducial mass of ð3.73� 0.02Þ kg. The
novel detector design had to fulfill five key requirements,
which were elaborated and met in close cooperation with
Mirion Technologies (Canberra) in Lingolsheim, France.
First, ultralow noise levels had to be achieved in order to
obtain pulser resolutions better than 85 eVee (electron
equivalent energy) FWHM. Second, cosmic activation of
the freshly pulled Ge crystals and other detector parts had to
be minimized. Third, all components had to undergo a strict
radiopurity selection. Fourth, electrically powered cryo-
coolers (Canberra Cryo-Pulse 5 Plus) had to be used, since
for safety reasons at reactor site liquid nitrogen dewars are
not allowed to refrigerate the Ge diodes. Fifth, the cryostat
arm lengths had to be exceptionally long for these detectors
in order to be compatible with the dimensions of the shield
design.
CONUS employs an onionlike shield, which is depicted

in Fig. 1. It is based on decades-long research and
development programs for highly sensitive Ge γ-ray
spectrometry at MPIK (e.g., [32]), in particular on the
GIOVE detector [33] at shallow depth [15 m (w.e.)]. Five
layers of lead (Pb), in total 25 cm with increasing radio-
purity toward the center, weaken the external γ radiation by
at least 5 orders of magnitude. The innermost layer
consists of radiopure Pb with a mean specific 210Pb activity
of < 1.1 Bq=kg. Compared to copper (Cu), Pb is
advantageous for CEνNS detection, since the residual

FIG. 1. CONUS setup. Shield layers consist of steel (silver), PE
(red), Pb (black), B-doped PE (white), and plastic scintillator
(blue) used as muon anticoincidence system. In the center, four
HPGe detectors are embedded in ultralow background Cu
cryostats and connected to electrically powered cryocoolers.
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muon-induced bremsstrahlung continuum at low energies
has a lower intensity due to a stronger self-absorption.
One layer of plastic scintillation plates of type EJ-200 [34]
was installed as an active muon anticoincidence system.
Herein, each side module was equipped with two photo-
multiplier tubes (PMTs) and the top module with four
PMTs (Hamamatsu R11265 U-200), one on each corner.
With a gate length of 410 μs it allows one to reject ∼97% of
prompt muon-induced signals. Two layers of boron
(B)-doped polyethylene (PE) are shifted closer to the
innermost shield layers than for GIOVE. This was possible,
since the B compound in CONUS, boric acid highly
enriched in 10B, was comparatively more radiopure, in
particular with respect to 40K. These layers are meant to
efficiently shield neutrons, either created by muons in Pb or
originating from the reactor core. The setup is encapsulated
by a steel frame, which guarantees safety requirements to
be met and helps reduce radon (Rn) diffusion into the
detector chamber. With a volume of 1.65 m3 and a total
mass of 11 tons, the CONUS shield is extremely compact.
The background suppression capability of the CONUS
shield was tested at MPIK next to the GIOVE setup. First,
the CONUS radiation detector (CONRAD) was installed. It
is an ultralow background Ge detector from the Genius-TF
experiment [35] with a fiducial mass of ð1.9� 0.2Þ kg. The
results were compared with GIOVE data and used to
validate Monte Carlo (MC) simulations of natural and
cosmogenic background. Then, the CONUS detectors were
stepwise integrated and the new background conditions
monitored accordingly.
At MPIK as well as at KBR, the dominant overall

background source in the CONUS detectors was identified
to be events induced by the interactions of cosmic ray
muons inside the shield or the surrounding materials. This
kind of background does not correlate with the reactor
power and can be measured during reactor off periods.
Seasonal or barometric effects in the muon flux do not
create significant differences in the background level of the
on-off datasets. Another reactor-uncorrelated background
source are signals from Rn progenies. The Rn concen-
tration in air has been continuously monitored and deter-
mined to be ð175� 35Þ Bq =m3. The CONUS shield is
flushed using breathing air bottles that have been stored for
at least three weeks. In this period, most of the originally
present Rn has decayed. A more critical potential source of
background are reactor-correlated neutrons, whose recoils
could mimic CEνNS signals. Precise neutron spectrometry
measurements with the well-calibrated NEMUS setup [36]
were performed by department 6.4 (neutron radiation) of
the Physikalisch-Technische Bundesanstalt, Braunschweig,
Germany. Together with MC simulations of the reactor
neutron propagation and auxiliary γ-ray measurements it
was possible to demonstrate that the thermal-power-
correlated neutron field adds only a negligible contribution
to the background budget of the CONUS detectors [26].

The background is simulated by MC simulations.
Excellent agreement between data and MC simulations
is observed at high energies around 100 keVee and above.
Toward lower energies, the most relevant contributions to
the background are events induced by cosmic ray muons,
activation lines from Ge, 210Pb on surfaces inside the
cryostat, and Rn [37]. The background level slightly above
the expected CEνNS signal is on the order of 10 counts
kg−1 d−1 keV−1. Data and MC simulations confirmed back-
ground variations with time to have negligible impact on
the analysis. Below 0.5 keVee toward the energy threshold
of the analysis, an additional component starts to contrib-
ute, which is associated with electronic noise, not included
in the MC model of the physical background.
Within statistics, good agreement between the back-

ground model and the reactor off data is obtained for
energies above the electronic noise contribution, as shown
exemplarily in Fig. 2. This background model from MC
simulations is used as input to the likelihood analysis
described below.
CONUS started data collection during a reactor outage in

April 2018. The dataset analyzed in this Letter includes
data with the reactor on between May 2018 and June 2019.
An additional reactor off period in June–July 2019 allowed
us to measure background. The data are divided in several
run periods defined by different data acquisition (DAQ)
settings and noise levels [31]. This analysis includes data of
the first two CONUS runs. Each of the runs contains its
own reactor off period, as shown in Table I. Stability of
environmental data was a basic criterium for the definition
of the datasets. In particular, reactor on intervals were only
included in the analysis if the temperature and the noise
level were comparable to the associated reactor off interval
[31]. For C4 a temporarily appearing artifact was observed
in the spectrum during run 1, therefore this dataset was

FIG. 2. Comparison of background model to experimental data
for the C2 detector. At low energies an increase of the measured
count rate as compared to the model due to the electronic noise
component is observed.
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excluded. Moreover, based on the time difference distri-
bution of events [31], noise induced by the cryocoolers with
characteristic frequencies and microphonics was removed
without loss of efficiency for the physical signals. The total
reactor on run time corresponds to 248.7 kg d and the total
reactor off run time to 58.8 kg d.
The regions of interest were chosen individually for each

detector and run period. For the definition of each region of
interest (ROI), three criteria were adopted. First the trigger
efficiency of the detector must not drop significantly from
unity (>95%) [31]. Next, the threshold had to be above
energies for which rate correlations to variations in the
ambient temperature were observed. The simulated back-
ground events are stable independent of the room temper-
ature. Finally, the ratio of the electronic noise contribution
to the MC background had to be smaller than a factor 4.
The last condition was applied to reduce the impact of the
noise level close to the energy threshold. Table I summa-
rizes the ROI for the different detectors and run periods.
The energy cut at 1 keVee was chosen due to x-ray lines
around ½1.0; 1.4� keVee. In the case of the C1 detector, a
slightly lower value of 0.75 keVee was picked due to some
mismatch between data and simulation in the region from
0.75 to 1 keVee, which is well above any predicted end of
the CEνNS signal spectrum.
A binned likelihood analysis was employed to extract the

amplitude of the CEνNS signal, via the overall normali-
zation parameter of interest (s). The reactor on and reactor
off data were fitted simultaneously. The background has
three free parameters and consists of the MC simulated
model completed by the analytical effective description of
the electronic noise edge by an exponential. One of the
three parameters provides the overall background normali-
zation (b), the other two describe the exponential noise
component. Four Gaussian pull terms were added to the
likelihood function, allowing one to encode the systematic
uncertainties on the energy scale, the normalization (fidu-
cial mass and efficiency), and the neutrino flux. The content
of each bin was assumed to follow a Poisson distribution,
while an energy binning of 10 eVee was chosen. The
performed combined fit for the full dataset includes the
detectors and runs as listed in Table I. As an example,
measured spectra for a specific dataset are shown in Fig. 3.

The dead time induced by the muon veto was estimated
independently for reactor on and off times using different
methods based on 228Th calibration, pulser, and veto trigger
rate data. It was determined to be on average ð5.8� 0.2Þ%
in reactor on and ð3.5� 0.2Þ% in reactor off periods. The
DAQ-induced dead time is typically in the percent level
[31]. The stability of the energy scale was confirmed in
regular calibration campaigns including pulser scans and
deployments of a radioactive 228Th source. Moreover,
internal Ge activation lines are used for the energy scale
determination [31]. The energy scale uncertainty of
∼15 eVee in the ROI is taken into account in the likelihood
via one of the pull terms.
The not yet well-known dissipation processes of nuclear

recoils in Ge (quenching) at the cryogenic detector
temperatures between 78 and 88 K are described by the
modified Lindhard theory [38,39] including an adiabatic
correction and the free parameter k. This parameter k
corresponds roughly to the quenching factor at a nuclear
recoil energy of 1 keV. By performing the fit for different
values of k from 0.1 to 0.3, we account for the full spread of
measured quenching values at low energy found in literature
[39,40] as well as a potential diode temperature dependence.

TABLE I. Live times for reactor on and off periods as well as
the regions of interest for the CONUS detectors (Det.) used in the
analysis.

Det. Run On (d) Off (d) ROI (keVee)

C1 1 96.7 13.8 0.296–0.75
C2 1 14.6 13.4 0.311–1.00
C3 1 97.5 10.4 0.333–1.00
C1 2 19.6 12.1 0.348–0.75
C3 2 20.2 9.1 0.343–1.00

FIG. 3. Measured spectra during reactor on and off periods for
one of the CONUS detectors including weighted differences
(bottom). The predicted pure antineutrino spectrum is shown in
red for a quenching parameter of 0.18 in case that the signal
would be at our 90% C.L.
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The predicted event rate has a strong k parameter depend-
ence, and it changes by more than one order of magnitude
within the relevant region.
With the current regions of interest no hint for a CEνNS

signal can be observed in the data yet. Therefore, we
extracted an upper limit (U.L.) on the observed number of
CEνNS events applying a likelihood ratio test. In this test,
the likelihood is scanned over a range of s parameters and
the hypothesis of a signal is always compared to the null
hypothesis of no signal. By using the best fit of the other
parameters, this scan can be converted to a scan over the
number of signal counts. Employing toy MC simulations,
we can determine the distribution of the test statistic and
extract a limit on the number of signal events as shown
in Fig. 4. The test statistic follows approximately a χ2

distribution as expected from Wilks’s theorem. The result-
ing 90% C.L. on the number of signal events for a k
parameter of 0.18 (close to the value of k determined in
[40]) is 85 in the regions of interest. This corresponds to
less than 0.34 events kg−1 d−1 during reactor on periods.
From the predictions of the SM and our reactor model, we
would expect in total 11.6� 0.8 events in the regions of
interest at the same quenching factor, about a factor 7 below
the experimental 90% C.L. In Fig. 4, the upper limits on the
number of signal events are shown as a function of the
quenching parameter k. Comparing the upper limits with
the expectation, k values larger than 0.27 are disfavored by
the CONUS data.
The reactor in Brokdorf will finish operation by the end

of 2021. With additional run periods, in particular, includ-
ing the substantial additional reactor off time after 2021, the
statistical uncertainty will shrink significantly. Moreover,
further measures toward a lower energy threshold and an
improved signal-to-background ratio should both help to
boost our sensitivity. The ability of CONUS to detect a

CEνNS signal after these upgrades and with additional data
depends strongly on the true value of the Ge quenching
parameter. This can be seen from the strong dependence of
the signal expectation on the k parameter as illustrated in
Fig. 4. For a reliable sensitivity projection and an accurate
signal prediction, additional precision measurements of the
quenching in Ge crystals at the relevant recoil energies and
temperature are mandatory.

We thank all the technical and administrative staff who
helped building the experiment, in particular the MPIK
workshops and Mirion Technologies (Canberra) in
Lingolsheim. We express our gratitude to the Preussen
Elektra GmbH for great support and for hosting the
CONUS experiment. We thank Dr. S. Schoppmann
(MPIK) for assistance on the analysis and Dr. M. Seidl
(Preussen Elektra) for providing simulation data on the
fission rate evolution over a reactor cycle. The CONUS
experiment is supported financially by the Max Planck
Society (MPG), T. Rink by the German Research
Foundation (DFG) through the research training group
“Particle physics beyond the Standard Model” (GRK
1940), and together with J. Hakenmüller by the
International Max Planck Research School for Precision
Tests of Fundamental Symmetries.

*conus.eb@mpi-hd.mpg.de
[1] D. Z. Freedman, Coherent neutrino nucleus scattering as a

probe of the weak neutral current, Phys. Rev. D 9, 1389
(1974).

[2] P. Barbeau, J. Collar, and O. Tench, Large-mass ultra-low
noise germanium detectors: Performance and applications in
neutrino and astroparticle physics, J. Cosmol. Astropart.
Phys. 09 (2007) 009.

[3] G. Fernandez Moroni, J. Estrada, E. E. Paolini, G. Cancelo,
J. Tiffenberg, and J. Molina, Charge coupled devices for
detection of coherent neutrino-nucleus scattering, Phys.
Rev. D 91, 072001 (2015).

[4] D. Akimov et al. (COHERENT Collaboration), Observation
of coherent elastic neutrino-nucleus scattering, Science 357,
1123 (2017).

[5] D. Akimov et al. (COHERENT Collaboration), First de-
tection of coherent elastic neutrino-nucleus scattering on
argon, Phys. Rev. Lett. 126, 012002 (2021).

[6] S. Kerman, V. Sharma, M. Deniz, H. T. Wong, J. W. Chen,
H. B. Li, S. T. Lin, C. P. Liu, and Q. Yue (TEXONO
Collaboration), Coherency in neutrino-nucleus elastic scat-
tering, Phys. Rev. D 93, 113006 (2016).

[7] V. A. Bednyakov and D. V. Naumov, Coherency and in-
coherency in neutrino-nucleus elastic and inelastic scatter-
ing, Phys. Rev. D 98, 053004 (2018).

[8] L. Singh and H. Wong (TEXONO Collaboration), Low
energy neutrino physics with sub-keV Ge-detectors at Kuo-
Sheng neutrino laboratory, J. Phys. Conf. Ser. 888, 012124
(2017).

[9] A. Aguilar-Arevalo et al. (CONNIE Collaboration), Search
for light mediators in the low-energy data of the CONNIE

FIG. 4. The upper limit (90% C.L.) on the number of CEνNS
counts (blue curve) is shown as a function of the quenching
parameter. For comparison, the predicted count rate is plotted
in red.

PHYSICAL REVIEW LETTERS 126, 041804 (2021)

041804-5

https://doi.org/10.1103/PhysRevD.9.1389
https://doi.org/10.1103/PhysRevD.9.1389
https://doi.org/10.1088/1475-7516/2007/09/009
https://doi.org/10.1088/1475-7516/2007/09/009
https://doi.org/10.1103/PhysRevD.91.072001
https://doi.org/10.1103/PhysRevD.91.072001
https://doi.org/10.1126/science.aao0990
https://doi.org/10.1126/science.aao0990
https://doi.org/10.1103/PhysRevLett.126.012002
https://doi.org/10.1103/PhysRevD.93.113006
https://doi.org/10.1103/PhysRevD.98.053004
https://doi.org/10.1088/1742-6596/888/1/012124
https://doi.org/10.1088/1742-6596/888/1/012124


reactor neutrino experiment, J. High Energy Phys. 04 (2020)
054.

[10] R. Strauss et al., The ν-cleus experiment: A gram-scale
fiducial-volume cryogenic detector for the first detection of
coherent neutrino-nucleus scattering, Eur. Phys. J. C 77, 506
(2017).

[11] G. Agnolet et al. (MINER Collaboration), Background
studies for the MINER coherent neutrino scattering reactor
experiment, Nucl. Instrum. Methods Phys. Res., Sect. A
853, 53 (2017).

[12] V. Belov et al., The νGeN experiment at the Kalinin nuclear
power plant, J. Instrum. 10, P12011 (2015).

[13] D. Y. Akimov et al. (RED-100 Collaboration), First ground-
level laboratory test of the two-phase xenon emission
detector RED-100, J. Instrum. 15, P02020 (2020).

[14] P. Amanik and G. McLaughlin, Nuclear neutron form factor
from neutrino nucleus coherent elastic scattering, J. Phys. G
36, 015105 (2009).

[15] T. Kosmas, O. Miranda, D. Papoulias, M. Tortola, and J.
Valle, Sensitivities to neutrino electromagnetic properties at
the TEXONO experiment, Phys. Lett. B 750, 459 (2015).

[16] J. Barranco, O. Miranda, and T. Rashba, Probing new
physics with coherent neutrino scattering off nuclei, J. High
Energy Phys. 12 (2005) 021.

[17] P. deNiverville, M. Pospelov, and A. Ritz, Light new physics
in coherent neutrino-nucleus scattering experiments, Phys.
Rev. D 92, 095005 (2015).

[18] A. Beda, V. Brudanin, V. Egorov, D. Medvedev, V. Pogosov,
E. Shevchik, M. Shirchenko, A. Starostin, and I. Zhitnikov,
GEMMA experiment: The results of neutrino magnetic
moment search, Phys. Part. Nucl. Lett. 10, 139 (2013).

[19] J. Papavassiliou, J. Bernabeu, and M. Passera, Neutrino-
nuclear coherent scattering and the effective neutrino charge
radius, Proc. Sci., HEP2005 (2006) 192 [arXiv:hep-ph/
0512029].

[20] G. Mention, M. Fechner, T. Lasserre, T. A. Mueller, D.
Lhuillier, M. Cribier, and A. Letourneau, The reactor
antineutrino anomaly, Phys. Rev. D 83, 073006 (2011).

[21] S. Gariazzo, C. Giunti, M. Laveder, Y. Li, and E. Zavanin,
Light sterile neutrinos, J. Phys. G 43, 033001 (2016).

[22] S. Böser, C. Buck, C. Giunti, J. Lesgourgues, L. Ludhova, S.
Mertens, A. Schukraft, and M. Wurm, Status of light sterile
neutrino searches, Prog. Part. Nucl. Phys. 111, 103736
(2020).

[23] Y. Abe et al. (Double Chooz Collaboration), Improved
measurements of the neutrino mixing angle θ13 with the
Double Chooz detector, J. High Energy Phys. 10 (2014)
086; Erratum, J. High Energy Phys. 02 (2015) 074.

[24] A. Bernstein, N. Bowden, B. L. Goldblum, P. Huber, I.
Jovanovic, and J. Mattingly, Colloquium: Neutrino detec-
tors as tools for nuclear security, Rev. Mod. Phys. 92,
011003 (2020).

[25] A. Drukier and L. Stodolsky, Principles and applications of
a neutral-current detector for neutrino physics and
astronomy, Phys. Rev. D 30, 2295 (1984).

[26] J. Hakenmüller et al., Neutron-induced background in the
CONUS experiment, Eur. Phys. J. C 79, 699 (2019).

[27] X. B. Ma, W. L. Zhong, L. Z. Wang, Y. X. Chen, and J. Cao,
Improved calculation of the energy release in neutron-
induced fission, Phys. Rev. C 88, 014605 (2013).

[28] P. Huber, On the determination of anti-neutrino spectra from
nuclear reactors, Phys. Rev. C 84, 024617 (2011); Erratum,
Phys. Rev. C 85, 029901 (2012).

[29] T. Mueller et al., Improved predictions of reactor anti-
neutrino spectra, Phys. Rev. C 83, 054615 (2011).

[30] F. P. An et al. (Daya Bay Collaboration), Improved
measurement of the reactor antineutrino flux and spectrum
at Daya Bay, Chin. Phys. C 41, 013002 (2017).

[31] H. Bonet et al. (CONUS Collaboration), Large-size
sub-keV sensitive germanium detectors for the CONUS
experiment, arXiv:2010.11241.

[32] G. Heusser, Low-radioactivity background techniques,
Annu. Rev. Nucl. Part. Sci. 45, 543 (1995).

[33] G. Heusser, M. Weber, J. Hakenmüller, M. Laubenstein, M.
Lindner, W. Maneschg, H. Simgen, D. Stolzenburg, and H.
Strecker, GIOVE–A new detector setup for high sensitivity
germanium spectroscopy at shallow depth, Eur. Phys. J. C
75, 531 (2015).

[34] J. Paepen et al., Characterisation of plastic scintillators used
as an active background shield for neutron detection, JRC
Technical Report No. EUR 27930 EN, 2016, https://doi.org/
10.2787/810820.

[35] H. Klapdor-Kleingrothaus, L. Baudis, A. Dietz, G. Heusser,
B. Majorovits, and H. Strecker, GENIUS-TF: A test facility
for the GENIUS project, Nucl. Instrum. Methods Phys.
Res., Sect. A 481, 149 (2002).

[36] B. Wiegel and A. Alevra, Nemus—the PTB neutron multi-
sphere spectrometer: Bonner spheres and more, Nucl.
Instrum. Methods Phys. Res., Sect. A 476, 36 (2002).

[37] J. Hakenmüller, Looking for coherent elastic neutrino
nucleus scattering with the CONUS experiment, Ph. D.
thesis, Ruprecht-Karls-Universität Heidelberg, 2020.

[38] J. Lindhard, M. Scharff, and H. Schiøtt, Range Concepts
and Heavy Ion Ranges, Matematisk-fysiske meddelelser
(Munksgaard, Copenhagen, 1963).

[39] D. Barker and D. Mei, Germanium detector response to
nuclear recoils in searching for dark matter, Astropart. Phys.
38, 1 (2012).

[40] B. J. Scholz, A. E. Chavarria, J. I. Collar, P. Privitera, and
A. E. Robinson, Measurement of the low-energy quenching
factor in germanium using an 88Y=Be photoneutron source,
Phys. Rev. D 94, 122003 (2016).

PHYSICAL REVIEW LETTERS 126, 041804 (2021)

041804-6

https://doi.org/10.1007/JHEP04(2020)054
https://doi.org/10.1007/JHEP04(2020)054
https://doi.org/10.1140/epjc/s10052-017-5068-2
https://doi.org/10.1140/epjc/s10052-017-5068-2
https://doi.org/10.1016/j.nima.2017.02.024
https://doi.org/10.1016/j.nima.2017.02.024
https://doi.org/10.1088/1748-0221/10/12/P12011
https://doi.org/10.1088/1748-0221/15/02/P02020
https://doi.org/10.1088/0954-3899/36/1/015105
https://doi.org/10.1088/0954-3899/36/1/015105
https://doi.org/10.1016/j.physletb.2015.09.054
https://doi.org/10.1088/1126-6708/2005/12/021
https://doi.org/10.1088/1126-6708/2005/12/021
https://doi.org/10.1103/PhysRevD.92.095005
https://doi.org/10.1103/PhysRevD.92.095005
https://doi.org/10.1134/S1547477113020027
https://arXiv.org/abs/hep-ph/0512029
https://arXiv.org/abs/hep-ph/0512029
https://doi.org/10.1103/PhysRevD.83.073006
https://doi.org/10.1088/0954-3899/43/3/033001
https://doi.org/10.1016/j.ppnp.2019.103736
https://doi.org/10.1016/j.ppnp.2019.103736
https://doi.org/10.1007/JHEP10(2014)086
https://doi.org/10.1007/JHEP10(2014)086
https://doi.org/10.1007/JHEP02(2015)074
https://doi.org/10.1103/RevModPhys.92.011003
https://doi.org/10.1103/RevModPhys.92.011003
https://doi.org/10.1103/PhysRevD.30.2295
https://doi.org/10.1140/epjc/s10052-019-7160-2
https://doi.org/10.1103/PhysRevC.88.014605
https://doi.org/10.1103/PhysRevC.84.024617
https://doi.org/10.1103/PhysRevC.85.029901
https://doi.org/10.1103/PhysRevC.83.054615
https://doi.org/10.1088/1674-1137/41/1/013002
https://arXiv.org/abs/2010.11241
https://doi.org/10.1146/annurev.ns.45.120195.002551
https://doi.org/10.1140/epjc/s10052-015-3704-2
https://doi.org/10.1140/epjc/s10052-015-3704-2
https://doi.org/10.2787/810820
https://doi.org/10.2787/810820
https://doi.org/10.1016/S0168-9002(01)01258-X
https://doi.org/10.1016/S0168-9002(01)01258-X
https://doi.org/10.1016/S0168-9002(01)01385-7
https://doi.org/10.1016/S0168-9002(01)01385-7
https://doi.org/10.1016/j.astropartphys.2012.08.006
https://doi.org/10.1016/j.astropartphys.2012.08.006
https://doi.org/10.1103/PhysRevD.94.122003

