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Direct observation of coherent elastic 
antineutrino–nucleus scattering

N. Ackermann1, H. Bonet1, A. Bonhomme1,4, C. Buck1 ✉, K. Fülber2, J. Hakenmüller1,5, 
J. Hempfling1, G. Heusser1, M. Lindner1, W. Maneschg1, K. Ni1, M. Rank3, T. Rink1,6,  
E. Sánchez García1, I. Stalder3, H. Strecker1, R. Wink2 & J. Woenckhaus3,7

Neutrinos are elementary particles that interact only very weakly with matter. 
Neutrino experiments are, therefore, usually big, with masses in the multi-tonne range. 
The thresholdless interaction of coherent elastic scattering of neutrinos on atomic 
nuclei leads to greatly enhanced interaction rates, which allows for much smaller 
detectors. The study of this process gives insights into physics beyond the Standard 
Model of particle physics. The CONUS+ experiment1 was designed to first detect elastic 
neutrino–nucleus scattering in the fully coherent regime with low-energy neutrinos 
produced in nuclear reactors. For this purpose, semiconductor detectors based  
on high-purity germanium crystals with extremely low-energy thresholds were 
developed2. Here we report the first observation of a neutrino signal with a statistical 
significance of 3.7σ from the CONUS+ experiment, operated at the nuclear power plant 
in Leibstadt, Switzerland. In 119 days of reactor operation (395 ± 106) neutrinos were 
measured compared with a predicted number from calculations assuming Standard 
Model physics of (347 ± 59) events. With increased precision, there is potential for 
fundamental discoveries in the future. The CONUS+ results in combination with other 
measurements of this interaction channel might therefore mark a starting point for a 
new era in neutrino physics.

Neutrinos are known for their tiny interaction rate with matter. This is 
why they are usually very hard to detect, despite their high abundance.  
The most common detection channels, such as the inverse beta decay 
reaction or neutrino–electron scattering, usually require target masses 
in the tonne to kilotonne range. In the Standard Model (SM) of parti-
cle physics, neutrinos can couple with quarks by the exchange of a 
mediating Z boson. For small momentum exchanges, the possibility 
of coherent scattering of neutrinos on the sum of all nucleons of an 
atomic nucleus was predicted in 1974 (ref. 3). For this interaction, the 
reaction rate (cross-section) is enhanced by few orders of magnitude 
as it scales approximately with the squared number of neutrons in 
the target nucleus. Therefore, it is, in principle, possible to construct 
neutrino detectors on the kilogram scale using this channel.

It took 43 years after its prediction until coherent elastic neutrino–
nucleus scattering (CEνNS) was first detected in 2017 by the COHERENT 
experiment in a scintillating crystal of caesium iodide4. Later, COHERENT  
confirmed the measurement with argon5 and germanium (Ge)6 as target 
materials. Here, the neutrinos are generated at a Spallation Neutron 
Source (SNS) when pions decay at rest. A complementary approach for 
CEνNS detection is to use nuclear reactors as a source. An advantage 
is the lower neutrino energies compared with the SNS source, which 
offers an enhanced sensitivity for several parameters in beyond the 
standard model (BSM) theories. At higher neutrino energies above 
approximately 10 MeV, there is a transition from the fully coherent to 

the partially coherent regime, and uncertainties related to the nuclear 
structure become relevant. Measurements at the reactor can be used to 
get a clean, coherent scattering signal and set an anchor point for the 
cross-section. With this knowledge, experiments such as COHERENT 
can study the nuclear structure of the corresponding target isotope 
with higher-energy neutrinos. Nuclear reactors provide a very high 
flux of pure electron antineutrino, whereas the accelerator-based SNS 
source involves several types of neutrinos, including muon neutrinos 
and antineutrinos.

There is a long history of successful experiments using reactor anti-
neutrinos as sources, including the first neutrino detection in 1956 
(ref. 7). In recent years, reactor experiments have allowed us to study 
neutrino oscillation parameters8–11 and constrain the existence of sterile 
neutrinos12–15. Today, there is a worldwide effort to measure CEνNS 
near nuclear reactors16–25. In terms of neutrino oscillation studies, it 
is a complementary approach because the CEνNS process is sensi-
tive to the three known neutrino flavours, whereas the inverse beta 
decay, as a standard detection technique, is sensitive only to electron 
antineutrinos. There is a wide range of studies that can be addressed 
in CEνNS measurements. For example, they are highly relevant for 
probing nuclear structures, for astrophysical studies and for present 
and future dark matter experiments, which are limited in sensitivity 
by the CEνNS rate of solar neutrinos. Recently, indications for a CEνNS 
signal were found in dark matter experiments with xenon as target26,27. 
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Moreover, CONUS+ technology has the potential to use neutrinos for 
reactor monitoring and safeguard applications in the future.

The CONUS and CONUS+ experiments
The CONUS experiment20 began operating in 2018 at the nuclear power 
plant in Brokdorf (KBR), Germany, and took data until 2022. The experi-
mental setup consisted of four high-purity Ge (HPGe) detectors. Each 
diode had a mass of about 1 kg, leading to a total fiducial Ge mass of 
3.73 ± 0.02 kg (ref. 2). As a final result of the measurement at KBR, the 
neutrino flux was constrained with 90% confidence level to a factor 
1.6 above the signal expectation28. This world-best upper limit on the 
CEνNS interaction rate at nuclear reactors so far allowed us to exclude 
significant deviations from the SM or to test the standard description 
of signal quenching due to dissipation effects in the Ge material in the 
energy region of interest.

In 2023, the CONUS setup moved to another power plant in Leib-
stadt, Switzerland (KKL), as the reactor at KBR stopped operation. 
At KKL, the experiment continued as CONUS+. Here, antineutrinos 
are created in a boiling water reactor with a thermal power of 3.6 GW. 
The setup is placed at a distance of about 20.7 m from the centre of 
the KKL reactor core. Before installation, the HPGe detectors called 
C2−C5 were refurbished to improve the energy threshold and the detec-
tion efficiency at low energy. In this way, the sensitivity was improved 
despite a higher level of environmental radioactivity and a slightly lower 
nominal neutrino flux of 1.5 × 1013 antineutrinos per (cm2 s) at the new 
site. The predicted rate of neutrino interactions increased almost an 
order of magnitude, mainly because of the improved energy threshold 
and trigger efficiency1.

The search for CEνNS in nuclear reactors is a challenging task for 
various reasons. As a high neutrino flux is required, positions close to 
the reactor core inside the reactor building are preferred. The environ-
ment inside this inner control zone is quite different from the working 
conditions in a common research laboratory. There are several con-
straints related to material restrictions, earthquake safety, access and 
data transfer. Appropriate solutions on all these topics were found in 
close cooperation with the KBR and KKL staff. Moreover, there is limited 
protection against cosmic radiation, as the overburden at the CONUS+ 
site corresponds only to the equivalent of 7.4 m of water. In general, the 
radioactivity level has to be kept under control to perform successful rare 
event searches. For example, cosmic muons produce electromagnetic 
cascades and neutrons in the building structure and shield materials. 
These cascades can create event signatures similar to neutrinos in the 
HPGe detectors. Mitigation of detector signals created by such cosmic 
radiation or environmental radioactivity (background events) is achieved 
by using an effective shield structure around the detectors1 as shown 
in Fig. 1. Furthermore, the energy of the nuclear recoils after neutrino 
scattering is very low. The unit used for the energy measured by the Ge 
detectors is given in eV (1.6 × 10−19 J) and should be interpreted as ioniza-
tion energy. It was a longstanding effort to reach the required threshold 
levels in the detectors. Our lowest threshold level at present, of 160 eV, 
is only two orders of magnitude above the typical semiconductor band 
gap, which defines the minimum energy to create one electron–hole pair.

Neutrino signal observation in CONUS+
The basic concept of antineutrino detection in CONUS+ is to mea
sure an energy spectrum under stable conditions in phases for which 
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2 

m

Fig. 1 | Configuration of the experimental setup. The CONUS+ shield, with a 
weight of about 10 tonnes, is installed inside the reactor building of the nuclear 
power plant in Leibstadt at a distance of 20.7 m from the reactor core. It is 
mechanically stabilized by a stainless steel (silver) frame to assure the integrity 
of the setup in case of an earthquake. Layers of lead (black) reduce the impact 
from external gamma radiation, polyethylene (red) and boron-doped 

polyethylene (white) moderate and capture neutrons emitted from the reactor. 
Two layers of plastic scintillator plates are equipped with photo multipliers 
(blue) and are used as an active veto system, discriminating background from 
cosmic muons. In the central detector chamber, four Ge diodes are operated 
inside radiopure copper cryostats and connected to electrically powered 
cryocoolers.



Nature  |  Vol 643  |  31 July 2025  |  1231

the reactor is running or stopped (reactor on and off). Most events 
originate from cosmic radiation, which is fully independent of the 
reactor operation condition. During on-phases, additional neutrino 
events are expected with a characteristic spectral shape. The reac-
tor off phases without a neutrino signal are obtained in maintenance 
periods for refuelling, which are typically once per year with a duration 
of approximately 1 month.

The energy spectrum during the reactor on period is shown in Fig. 2,  
together with the expected background calculated using a well- 
validated GEANT4 framework29. A good understanding of the back
ground composition is mandatory for our neutrino analysis. Following 
the experience gained at KBR, the background spectra were adjus
ted to the new KKL site. The contributions of muon-induced, neutron 
and gamma components were validated in a dedicated measurement 
campaign with multiple detector technologies before installing the 
CONUS+ setup30. Uncorrelated background contributions, which are 
independent of the reactor thermal power condition, are measured 
in the reactor off phase.

The dominant background contributions, such as the muon-induced 
or neutron background, are identical for the three detectors used in 
the analysis. Apart from the neutrons, which are created by muons in 
the materials of the CONUS+ shield, there is a relevant fraction of direct 
neutrons up to 100 MeV energy already produced in the atmosphere in 
cosmic ray air showers. The background during reactor off was lower 
because a vessel lid with a thickness of a few cm of steel was placed right 
above the CONUS+ room during reactor outage providing additional 
overburden. According to simulations, this reduction was 3% for muons 
and 19% for direct cosmic neutrons. Other components contributing 
to the background spectrum are from metastable states in Ge and the 
radioactive noble gas radon. Variations in the radon level inside the 
detector chamber were corrected. Otherwise, no significant differ-
ences were observed during reactor on and off. The reactor-correlated 
background events, in particular, those from neutrons produced in the 
reactor, were thoroughly studied in ref. 30 and found to be negligible.

The calculation of the signal prediction is based on a method 
proposed in ref. 31. The neutrino flux depends on the fission fractions 
of the uranium and plutonium isotopes in the reactor: 235U, 238U, 239Pu 
and 241Pu. The average contribution of these isotopes to the flux during 
data collection with the reactor on is 53%, 8%, 32% and 7%, respectively. 

In principle, there is no energy threshold for the CEνNS interaction itself 
and, therefore, there is a potential to measure neutrinos even below 
the threshold for the inverse beta decay reaction of about 1.8 MeV. 
Beyond the reactor conditions and its thermal power, the neutrino rate 
measured in the detector strongly depends on dissipation processes 
in the Ge crystals. The ionization energy observed in the detector is 
reduced with respect to the deposited recoil energy, a characteristic 
known as quenching. There was a debate over whether this quenching 
factor is enhanced at low energies compared with the Lindhard 
theory32,33. From CONUS data, there is no indication of any deviation 
from the Lindhard model28,34.

A significant contribution to the systematic uncertainty is related 
to the precision of the energy scale calibration. At very low energies 
close to the energy region of interest, X-rays emitted in radioactive 
decays inside the detector crystals are used for calibration purposes. 
There are prominent lines around 10.4 keV corresponding to the bind-
ing energies of the K-shells and around 1.3 keV from L-shells of Ge iso-
topes, as seen in Fig. 2 (left). Towards the end of the first data collection 
period in CONUS+, the detectors were irradiated with neutrons from 
a californium source outside the shield to increase the statistics in the 
corresponding lines and reduce the uncertainty of the energy scale to 
less than 5 eV. Small-energy non-linearity effects close to the detection 
threshold induced by the data acquisition system34 were measured with 
a pulse generator and corrected accordingly.

The energy threshold of the detectors is estimated for each of them 
individually1. The lowest value for the C3 detector is only 160 eV. For the 
other two detectors used in the analysis, the thresholds after energy 
non-linearity correction were set slightly above, at 170 eV and 180 eV. 
One of the four detectors (C4) showed significant instabilities in the 
rate and was therefore removed from the data set. The thresholds were 
defined in a way to ensure that contributions from electronic noise 
and microphonics are negligible in the region of interest. The trigger 
efficiency was determined for each detector using a pulse generator 
and was found to be close to 100% above the thresholds.

Another crucial requirement for detecting CEνNS at a nuclear reac-
tor is the stability of environmental parameters, electronic noise and 
background rates. For example, temperature fluctuations can induce 
cryocooler power variations, which might create microphonic events. 
Microphonic noise and rate correlations with room temperature were 
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Fig. 2 | Comparison of data and background model. a, The plot shows the 
background spectrum from 0.4 keV, directly above the ionization energy range 
in which the neutrino signal is expected. The data (black line) are shown for the 
reactor on period and is based on the measurement of the detector with the 

lowest background in the CONUS+ analysis (C5). These data are compared with 
the background model (red line) and found to be in good agreement. b, The 
high-energy channel up to a few hundred keV is shown.
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further reduced compared with previous analyses20,28 by an improved 
cooling system1. The stability of the detector parameters, such as 
energy resolution or trigger efficiency, was regularly checked with 
the pulse generator. Variations of the noise peak were carefully moni-
tored, and data were only selected for the analysis in case they were 
below a defined level.

The dataset used in the analysis reported here includes reactor on 
periods between November 2023 and July 2024 (327 kg days) and an off 
period during reactor outage in May 2024 (60 kg days). The datasets 
of the three detectors are fitted simultaneously in an energy window 
between 160 eV and 800 eV. The signal is extracted based on a profile 
likelihood ratio test. Systematic uncertainties are considered with 
Gaussian pull terms. The data acquisition system, in principle, allows 
for background rejection by studying the shape of the digitized pulses35. 
This option was not yet applied in the present analysis, but it is planned 
to be used in future analyses.

From the combined fit, a neutrino signal of (395 ± 106) events in the 
reactor on the dataset was obtained. The significance of this event 
excess corresponds to 3.7σ. The neutrino signal at low energies of 
the spectrum is shown in Fig. 3. Fits using just single detectors inde-
pendently give consistent results. The result was cross-checked in 
two implementations of the likelihood fit. Additional systematic 

uncertainties related to background model, non-linearity correction 
and fit systematics were studied independently and are included in 
the final result.

Impact and outlook
The CONUS+ signal of (395 ± 106) measured neutrinos is fully consist-
ent with the expectation of (347 ± 59) events. This implies agreement 
of the CONUS+ data with the CEνNS cross-section of the SM and the 
estimated antineutrino flux based on the thermal power of the reac-
tor. Moreover, the detected rate is in very good agreement with the 
predicted Ge quenching using the Lindhard theory with a quenching 
parameter as measured in ref. 34. The deviations from Lindhard theory 
claimed in ref. 33 and the excess reported in ref. 19, which is based on 
it, are both ruled out by this result. The claim was already disfavoured 
before by the independent measurement of the quenching factor34, 
previous CONUS results28 and theoretical considerations36.

In Table 1, the ratio of measured and predicted neutrino interactions 
is shown for the CONUS+ result. This ratio is compared with the ratios 
measured in the COHERENT measurements at higher neutrino energies 
using multiple target nuclei and the results from coherent scatter-
ing of solar neutrinos. The use of different target nuclei allows us to 
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Fig. 3 | Neutrino signal. a, The difference between data in the full reactor on 
time and the background model scaled to the total detector mass is shown. The 
vertical error bars represent the combined statistical uncertainties of data 
points and background model at 68% confidence level (1σ). At low energies, the 
rise from the neutrino signal can be seen. The line shows the predicted signal 
shape for comparison, including a 68% confidence level uncertainty band. The 
red vertical lines indicate the energy thresholds of the three detectors used in 

the analysis. In the first bin, only C3 contributes, in the second C3 + C5 and 
above 180 eV all three detectors. Residual systematic effects from energy 
non-linearity, background model uncertainties and the fit method are not 
incorporated in this plot. b, This graph shows the good agreement between the 
data and the background model above the signal region from 350 eV to 800 eV. 
c, This histogram shows the spread of the data points around the background 
model for the same energy interval as in b.
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study the quadratic enhancement of the cross-section by the number 
of neutrons in the target. In the COHERENT data for Ge, the measured 
rate was found slightly below the predicted value, although not highly 
significant. This deficit was not confirmed in the CONUS+ data. The 
combination of the CEνNS result of CONUS+ with the results of the 
Ge target data of the COHERENT experiment can, in principle, be used 
to extract information about nuclear form factors in neutrino light.

After the first detection of CEνNS at a nuclear reactor, as reported 
in this article, the next step will be a more precise measurement of the 
CEνNS cross-section. Higher precision can be achieved by increasing 
the target mass, lowering the energy threshold of the detectors and 
longer operation times, in particular, in the reactor off phases. There-
fore, three of the four CONUS+ detectors were replaced in November 
2024 by a newer generation. These new detectors have a larger mass 
of 2.4 kg each. First characterizations in the Max-Planck-Institut für 
Kernphysik laboratory indicated even lower energy thresholds. The 
detector with the lowest energy threshold in the first CONUS+ run (C3) 
was kept as a reference for a better comparison between the phases 
of the experiment. With this detector configuration, it is planned to 
measure for a few more years.

A high-statistics CEνNS measurement might open a new phase in fun-
damental physics and will allow us to study physics within and beyond 
the SM37. The measured CEνNS rate can, for example, be affected by new 
mediator particles similar to the Z boson, electromagnetic properties 
of neutrinos or non-standard interactions. Moreover, it is possible 
to study the Weinberg angle at low energies, the existence of sterile 
neutrinos or supernovae astrophysics. With a precise CEνNS measure-
ment, we can learn more about neutrino sources as the Sun or nuclear 
reactors. The evolution of reactor thermal power and fissile isotope 
concentrations in fuel elements could be monitored with rather small 
and mobile neutrino detectors. In summary, there is a wide range of 
topics, ranging from BSM theories, nuclear physics and astrophysics, 
that can be addressed with CEνNS measurements at nuclear reactors. 
The CONUS and CONUS+ experiments are pioneering in this field.
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Table 1 | Comparison with other CEνNS measurements

Source Target ν energy 
(MeV)

Flux 
(cm−2 s−1)

Data Data/SM 
prediction

Accelerator38 Cs  10–50 5 × 107 306 ± 20 0.90 ± 0.15

Accelerator5 Ar  10–50 2 × 107 140 ± 40 1.22 ± 0.37

Accelerator6 Ge  10–50 5 × 107 21 ± 7 0.59 ± 0.21

Sun26 Xe <15 5 × 106 11 ± 4 0.90 ± 0.45

Sun27 Xe <5 5 × 106 4 ± 1 1.25 ± 0.52

Reactor Ge <10 1.5 × 1013 395 ± 106 1.14 ± 0.36
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Methods

Data taking
Data from the CONUS+ run 1 analysis presented in this study corre-
spond to the period from November 2023 to July 2024. Three of the 
four detectors, named C2, C3 and C5, are considered for analysis with a 
total active mass of 2.83 ± 0.02 kg (ref. 2). After selection cuts to remove 
time periods with unstable noise conditions, deficient radon flushing 
and a few days with a strong contribution of microphonic events, the 
exposure considering the active mass is 327 kg days with reactor on 
and 60 kg days with the reactor off.

The evolution of the main environmental parameters during reactor 
on and off is shown in Extended Data Fig. 1 for the three detectors. The 
shape of the noise peak reconstructed in the lowest channels of the data 
acquisition system (DAQ) was found to follow a Gaussian distribution1 
and its full-width at half maximum (FWHM) was monitored over time 
with variations below 2 eVee (electron equivalent energy). The dataset 
was selected to ensure that the noise rate variations are below 20%.

In a dedicated study, we confirmed the correlation between noise 
rate and cryocooler power. Stability was improved compared with the 
CONUS setup in Brokdorf (KBR) by replacing the two-fan ventilation sys-
tem with a water-cooled chiller system for the pulse tube cryocoolers1. 
Even at cryocooler power variations of up to 30 W, no correlation was 
observed with the count rate in the region of interest above 160 eVee.

Detector response and energy scale
The trigger efficiency was determined by injecting artificial signals 
produced by a pulse generator with the same rise time as the physical 
signals. The pulses are injected through a specific circuit implemented 
in the HPGe preamplifier. A detailed scan allowed us to measure the 
detector response as a function of the energy1. The trigger efficiency 
remains more than 90% down to 140 eVee for all detectors. The evolu-
tion of the trigger efficiency curve parameters during run 1 was studied 
with different measurements, remaining stable with differences of less 
than 2% throughout the run.

The energy was calibrated using the binding energies of the K-shell 
(10.37 keV) and L-shell (1.30 keV) from the decays of 68Ge/71Ge inside the 
HPGe diodes, considering a linear behaviour in this energy range. At 
shallow depth, the 68Ge/71Ge radioisotopes are continuously produced 
by cosmic and muon-induced neutrons1. Thus, it is possible to moni-
tor the stability of the energy scale during the whole measurement of 
this in situ activation, observing variations below 2%. A specific 252Cf 
irradiation was performed at the end of run 1, collecting in 45 days of 
the measurement more than 5,000 events from the K-shell and 700 
events from the L-shell in each detector. In this way, an energy calibra-
tion uncertainty below 5 eVee is achieved. The HPGe diode also produces 
158 eV X-rays from the binding energy of the M-shell of the 68Ge/71Ge 
decays. Using the ratio of the K- and L-shells, a total of 100 events per 
detector was expected after irradiation with 252Cf. Although an indica-
tion of such events is seen, no conclusive signal was observed because 
of the proximity to the noise edge and the lack of statistics.

The linearity of the DAQ chain in the sub-keVee region was investigated 
using the pulse generator signals. The results are shown in Extended 
Data Fig. 2. Deviations from a pure linear behaviour are observed below 
250 eVee, at which a few eVee variations have a strong impact on the 
CEνNS signal. They were attributed to two DAQ-related effects34. The 
energy non-linearity was corrected in the CEνNS analysis and was taken 
into account during the event energy reconstruction.

The energy resolution of the detectors at low energies was also evalu-
ated with the pulse generator signals. For the C2 detector, a resolution 
of (48 ± 1) eVee (FWHM) was found, whereas the C5 and C3 detectors 
have a resolution of (47 ± 1) eVee (FWHM). Further contribution to the 
total energy resolution comes from the statistical fluctuation of the 
number of electron–hole pairs produced in the Ge crystals in the case 
of an event, which is

E FϵE∆ = 2.35 (1)S

with ϵ = 2.96 eV, the average energy needed to create a single electron–
hole pair in Ge, and the Fano factor F = 0.11.

Selection cuts
Selection cuts are applied to reduce background events while keep-
ing the CEνNS signal. Four different selection cuts are applied to the 
data. First, the muon-veto system allows for efficient suppression of 
the impact of cosmic radiation, using a 450-μs anti-coincidence win-
dow between the veto and HPGe signals. The average rate detected 
in the muon veto during reactor on is (274 ± 1) Hz and decreases to 
(214 ± 1) Hz in reactor off periods. The corresponding average dead 
times in both periods are 12.3% (reactor on) and 9.6% (reactor off). 
Second, inhibit signals are generated when the increasing baseline 
has reached saturation of the dynamic range of the transistor reset 
preamplifier for each HPGe detector1. An anti-coincidence window 
of 1–2.5 ms (depending on the detector) is applied to veto unwanted 
spurious HPGe detector signals generated shortly after the resets. This 
cut suppressed 30% events after the muon veto anti-coincidence at 
low energy, becoming negligible above 5 keVee. The dead time induced 
by this cut is calculated, combined with the previously mentioned 
muon-veto dead time, to avoid the overlapping of both veto windows. 
An additional dead time of 0.5–2.1% (depending on the detector) is 
estimated. Third, the time difference distribution of events is studied 
in each channel as proposed in ref. 2. Finally, an anti-coincidence cut 
is applied between different HPGe detectors with a 5-ms time window. 
The probability of a neutrino interacting with different detectors is 
negligible, whereas for other backgrounds, such as muon-induced 
neutrons created in the shield, simultaneous hits in several detectors 
at once can be expected.

The rejection efficiencies of these selection cuts are summarized 
in Extended Data Table 1 for the three detectors in different energy 
regions. The total dead time induced by the selection cuts is between 
12.8% and 14.4% in the reactor on periods.

Background model
The background model used in the analysis of the CONUS+ data is based 
on Monte Carlo simulations using the Geant4-based framework MaGe39, 
following the approach in ref. 29. A complete decomposition of the 
background in both reactor on and off data was done for all detectors 
used in the analysis. In the following, the main sources of background 
are described.

Cosmogenic neutrons. As described in ref. 30, the impact of cosmo-
genic neutrons with energies up to 100 MeV was investigated by first 
propagating the expected neutron spectrum at the KKL location (based 
on refs. 40,41) with a flux of (1.4 ± 0.2) × 10−2 neutrons s−1 cm−2 through 
a reactor building model. Then the resulting flux is tracked inside the 
CONUS+ room. This flux was used as the basis for the next simula-
tion, in which neutrons were started isotropically from a half-sphere 
around the CONUS+ shield, and their contribution to the CONUS+ 
background was measured. The simulations show a contribution of 
(21.6 ± 3.1) counts day−1 kg−1 in each detector in the energy range be-
tween 0.4 keVee and 1 keVee, which corresponds to approximately half 
of the background counts in this region.

Cosmogenic muons. For the muon simulations29, the expected flux 
and muon spectrum at an overburden of 7.4 m water equivalent (w.e.) 
were calculated from those at the surface of Earth42,43 and propagated 
through the shield. The resulting spectrum was validated by compar-
ing it with the CONUS+ data without the applied muon-veto cut, which 
showed good agreement. The muon-veto cut was then applied by mul-
tiplying the simulation output by a factor of 0.01 for all energies greater 
than 2 keVee, corresponding to a muon-veto efficiency of 99%.



For energies below 2 keVee, a different approach was taken. Here, 
simulations show an inefficiency in the tagging ability of the muon-veto 
system because of the setup of the shield. The outer muon veto is 
located under a layer of lead in the CONUS+ shield. As such, it is possible 
for muons to pass through this outermost lead layer without hitting 
one of the muon-veto layers. These muons can induce electromagnetic 
showers in the outer lead layer, which propagate through the shield 
and are registered in the Ge detectors. However, because no muon 
passes through any muon-veto layer in such an event, the energy 
deposition in the plastic scintillator plates will be much lower, resulting 
in a greatly reduced tagging efficiency of these events. Simulations 
show that at energies below 0.4 keVee, up to 80% of all muon-induced 
background comes from these events. Based on this simulation output, 
this inefficiency was modelled with a polynomial and accounted for in 
the final muon-veto efficiency. The resulting efficiency drops towards 
lower energies, with its minimum being 97% below 0.4 keVee. Using 
this approach, the overall background contribution of the cosmic 
ray muons was found to be (17.4 ± 0.3) counts day−1 kg−1 in each 
detector in the energy range between 0.4 keVee and 1 keVee, which 
corresponds to approximately a third of the background counts in  
this region.

Leakage test component. During the final run of the CONUS experi
ment at KBR, an additional background component had to be intro
duced in the background model28. This component was present after  
ventilation of the cryostats with argon gas to avoid mechanical defor
mation during a regular leakage test at KBR in July 2019 (ref. 29). Of 
the four detectors used in the CONUS experiment, two (C2 and C3) are  
used for the analysis presented in this work and are affected by this 
additional background. The simulations and the background model 
show that an additional component with the same shape is still present 
in the background of these two detectors, but is absent in C5, which was 
not at KBR at the time. This additional background is constant during 
reactor on and off periods. Therefore, the leakage test component was 
again included in the background model of C2 and C3 by modelling it 
using a function with two parameters, as in ref. 28. The resulting impact 
is below 10% in the energy region between 0.4 keVee and 1 keVee.

Other background components. The remaining background in each 
detector is made up of many different components, similar to the 
situation in KBR29. There are no hints that the detector upgrades or 
the movement of the setup were introducing any contamination. The 
background model includes cosmogenically induced isotopes in the 
copper parts (57Co, 60Co and 54Mn) of the cryostat and the Ge crystals 
(57Co, 68Ge, 68Ga, 65Zn and 3H), Radon inside the detector chamber, 
210Pb inside the cryostat and shield, metastable Ge states (71mGe, 73mGe 
and 75mGe) and inert gases coming from the reactor (85Kr, 135Xe and 3H). 
The results of the simulation of these components were scaled to be 
in accordance either with the rates of gamma lines produced by the 
decay of these isotopes in the spectrum (for example, for radon) or 
with screening measurements performed before the installation. The 
listed contributions are typically very subdominant in the region of 
interest, with the decay of radon inside the detector chamber being 
the only exception. This contribution results in a background rate of 
(1.9 ± 0.1) counts day−1 kg−1 between 0.4 keVee and 1 keVee for the C5 det
ector (C2: (2.8 ± 0.1) counts day−1 kg−1; C3: (2.6 ± 0.1) counts day−1 kg−1). 
These values correspond to approximately 5% of the background in 
this energy region. Radon decays have a high impact on energies above 
100 keVee, at which they can contribute up to 60% of the measured 
background. Slow pulses arising from decays on the surface of the 
diode and in the transition layer are included in the model29. Energy 
depositions from these events can be stopped within the transition 
layer, and the released charge diffuses slowly into the active volume, 
resulting in long rise times and incomplete charge collection. Their 
impact is accounted for by registering the exact coordinates of an 

interaction in the Ge crystal. If the coordinates place it within the 
transition layer of the crystal, the energy of the event is shifted towards 
lower energies using a sigmoid-like function. Details on this procedure 
can be found in ref. 2.

Model differences in reactor off data. The background model  
accounts for the experimental differences during data collection with 
the reactor off. The first of these differences is induced by the fact 
that during a reactor outage, the drywell head from the containment 
structure surrounding the reactor core is placed directly above the 
CONUS+ room. This drywell head is made of 3.8 cm steel and, therefore, 
increases the overburden of the experiment by approximately 0.3 m 
w.e., which results in a reduction of 19% in the flux of cosmogenic 
neutrons and a reduction of 3% in the flux of cosmic ray muons. As a 
result, these two background contributions are reduced accordingly. 
The second difference in the background model of the reactor off 
period comes from a more effective removal of radon in the detector 
chamber. During the course of run 1, shield tightness and radon-free air 
flushing were improved. As a result, the radon contribution in reactor 
off time is reduced by approximately a factor of 4–6 compared with 
that for reactor on. The radon contributions are scaled to match the 
count rates in the gamma lines induced by the radon decay. Moreover, 
reactor-correlated background components, such as reactor neutrons 
and high-energy gammas, for example, from 16N, were investigated. 
Their impact was found to be negligible in all energy regions, 
including the region of interest. The resulting background model for 
all three detectors can be seen in Fig. 2 and Extended Data Fig. 3. The 
time-dependent contributions of the M-shell line of the 68Ge/71Ge decays 
are included in the background model. The difference between the 
M-shell contribution in reactor on and off periods was estimated based 
on the measured K-shell count rates. This difference was found to be 
below 1% of the observed neutrino signal.

In Extended Data Fig. 4, the reactor on and off datasets are compared 
with the background models. If the calculated difference between on 
and off phases is added to the reactor off data, good agreement with 
the measured on data is found above the signal region. For all detectors, 
background models and data are fully consistent above 0.4 keVee. As the 
data in the reactor off phase are statistically limited, the background 
model still plays an important part in the analysis. Extended Data Fig. 5 
shows the fractional contribution of the main components to the total 
background rate as predicted in the model.

Quenching
The ratio of the ionization energy released by nuclear recoil in a CEνNS 
event and the ionization energy of electrons of the same energy is given 
by the quenching factor. In the CONUS+ analysis, the energy-dependent 
signal quenching is described by the Lindhard model32 with a quen
ching parameter k = (0.162 ± 0.004) as determined in ref. 34. Alter
native quenching descriptions are also tested as described in the 
supplementary material of ref. 28, including a linear and cubic func
tional form to describe the increased quenching factor compared 
with the Lindhard theory found in ref. 33. It was shown that the Migdal 
effect is subdominant with respect to the CEνNS signal in our region of  
interest36.

The signal predictions for the different quenching descriptions are 
shown in Extended Data Fig. 6, together with the difference between the 
data in the reactor on phase and the background model. A signal rate 
of (2,600 ± 300) events is expected for the linear function, whereas for 
the cubic function, (550 ± 50) events are predicted. Both numbers are 
significantly higher than the neutrino rate extracted from the CONUS+ 
data. The standard Lindhard model provides the best description of 
the reactor-correlated excess at low energy. In Extended Data Fig. 6, we 
have included an additional data point at 200 eVee, which is obtained 
using the information shown in fig. 4 of ref. 19. There, a CEνNS signal 
was approximated with an exponential using two parameters, the 
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amplitude at 200 eVee (A0.2) and a decay constant. The favoured value 
for A0.2 is shown within a 2σ contour in a two-dimensional plot of the two 
parameters. We scaled this A0.2 value to our exposure and corrected for 
the difference in neutrino flux. As expected, it matches the description 
of Lindhard with a linear increase added at low energies, but it is in clear 
conflict with the CONUS+ data. The lower error bar corresponds to the 
smallest value of A0.2 in the 2σ contour. This value is also ruled out by 
the CONUS+ data points.

Likelihood fit and systematic treatment
A likelihood function is used to determine the CEνNS signal in the 
CONUS+ run 1 data.
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where LON and OFFL  are the binned likelihood functions for reactor on 
and off periods. Gaussian pull terms for the systematic uncertainties 
are also included. Here, the first term represents the pull terms for 
correlated parameters, namely, the trigger efficiency parameters, and 
the second term represents pull terms for uncorrelated parameters, 
such as the active mass of the detectors, the reactor neutrino flux and 
the uncertainty on the energy scale calibration of the spectra. Para
meters that were experimentally determined are pulled to their 
measured values. The background scaling factor b, an additional fit 
parameter for the overall normalization of the background model, is 
also included and pulled to 1. The binned likelihood functions assume 
a Poisson distribution and have the form
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where N is the number of bins in the region of interest, ni is the bin con-
tent in the histograms of the measured data and μi is the bin content 
of the model. For a single detector, the model μ for reactor on data is 
calculated from the sum of the background model nb (scaled with b) 
and the predicted CEνNS spectrum ns (scaled with the signal param-
eter s) by taking into account the live time of the experiment (tON and 
tOFF), the active volume of the detector (mact), the dead-time correction 
(cdt), the fission flux (θ2) and a multiplication factor (θ3), summarizing 
uncertainties of the detector response. In total,

μ s t θ n b n
t
t

c
θ

m

μ b n c
θ

m

= × × × + × × × × ,

= × × × .

(4)
i i

s
i
b

i i
b

ON
ON 2

ON

OFF
dt

3

act

OFF
dt

3

act











The combined fit minimizes L−log ON  and L−log OFF  for all three  
detectors simultaneously, whereas the signal parameter s, which indi-
cates the number of CEνNS counts, is shared among the detectors.

Fits using just single detectors independently give consistent  
results as shown in Extended Data Table 2. To cross-check the result, 
fits were performed by two independent likelihoods with different 
approaches concerning the uncertainty on the quenching model. 
Likelihood A applied a predicted CEνNS spectrum with a fixed k 
parameter (k = 0.162), while introducing a fourth-order polynomial 
to vary the shape of the signal spectrum, applying Gaussian pull 
terms on each parameter. In likelihood B, the k value of the Lindhard 
model is a fit parameter with a pull term. Moreover, there are some 
differences in the treatment of the non-linearity corrections and the 

minimization algorithms between the two likelihood fits. The results 
of both likelihood implementations agree within 2%.

For the signal prediction, we choose the Helm parameterization of 
the nuclear form factor44,45 and a reactor antineutrino spectrum based 
on the data-driven approach in ref. 31. The given antineutrino spectra 
are adjusted to the fission fraction of the Leibstadt reactor and aug-
mented with measured antineutrino spectra at energies above 8 MeV 
(ref. 46) and simulation data below 1.8 MeV (the threshold of inverse 
beta decay)47. We assume no uncertainty on the nuclear form factor, but 
account for a 2% uncertainty on the weak mixing angle48, leading to an 
overall uncertainty of 3.2% on the CEνNS cross-section. The shape of the 
applied antineutrino spectra, the thermal power of the reactor, fission 
fractions and energy releases per fission of the relevant fission isotopes 
contribute a combined 4.6% error to the expected event rate. Further 
uncertainties on quenching, detector active mass, trigger efficiency 
and the energy threshold are taken into account and listed in Extended 
Data Table 3. All contributions lead to an overall uncertainty of 17% on 
the signal prediction. To be conservative, we assume prediction uncer-
tainties are fully correlated between single detectors. Currently, the 
dominant uncertainty is from the energy calibration. Future extended 
calibrations will allow us to reduce this uncertainty from 5 eVee to 3 eVee.

The likelihood fit itself gives a result of (395 ± 86) CEνNS counts in the 
combined fit of the three detectors. Additional systematic uncertain-
ties not implemented as pull terms are evaluated in a second step and 
added in quadrature, giving the final uncertainty of  ±106 signal counts, 
as shown in the Extended Data Table 3. The non-linearity term was 
obtained by varying the correction parameters and checking the impact 
on the likelihood result. The uncertainties of the calibration points in 
Extended Data Fig. 2 were used to generate the parameter variations. 
A Gaussian fit was performed on the distribution of the central values 
of the new likelihood results, where its 1σ value was taken as additional 
systematic uncertainty. The term related to the background model 
was studied in the same way by varying muon flux, neutron flux and 
the leakage component. The variations were 14% (taken from ref. 40), 
6% (based on ref. 43) and 10%, respectively. Moreover, the systematic 
uncertainty of the fit method was estimated by the difference between 
likelihood A and B.

The fractional contribution from antineutrinos of different ener-
gies to the signal expectation is quantified in Extended Data Fig. 7. At 
the current detector threshold, we are sensitive to antineutrino ener-
gies above 5 MeV. With lower detection thresholds, the steep rise in 
antineutrino flux towards low energies will result in markedly higher 
signal expectations1.

Data availability
Data supporting the plots in this article and other findings of this study 
are available from conus.eb@mpi-hd.mpg.de upon reasonable request. 
The full data will not be made public at this stage, since we are still 
working on analyses beyond the coherent scattering measurement 
and would prefer to finalize these first.

Code availability
The data analysis code is ROOT-based and custom developed by the 
CONUS collaboration and is available from conus.eb@mpi-hd.mpg.
de upon reasonable request.
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Extended Data Fig. 1 | Stability. Evolution of parameters for C5 (left), C2 
(centre), and C4 (right) detectors during run 1. From top to bottom: a, FWHM of 
noise peak; b, air temperature close to the detector preamplifier; c, cryocooler 

power consumption; and d, event trigger rate. Red areas were excluded from 
the analysis, and blue dashed lines indicate the period of reactor outage.



Extended Data Fig. 2 | Energy non-linearity. Deviations from a purely linear 
energy scale measured with a pulse generator for the three Conus+ detectors. 
The trend of the data points are described by the black line. The vertical bars on 
the data points (coloured circles) represent the uncertainties at a 68% CL (1σ).
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Extended Data Fig. 3 | Comparison of data and background model. a–d, Data and background model for the C2 (a,b) and C3 (c,d) detectors, equivalent to Fig. 2. 
Good agreement is found between data and model.



Extended Data Fig. 4 | Data versus model in region of interest. a, b, Off count 
rates normalized to 1 kg day in comparison to the corresponding background 
models are shown in the region of interest. The signal excess in the reactor on 
data is seen at low energies below 250 eVee. The vertical bars represent the 
statistical uncertainties of the data in each 10 eVee bin at a 68% CL (1σ). Statistical 
fluctuations are significantly higher in the off than in the on data due to the 

shorter period of data collection. Due to the slightly different detector 
thresholds only one detector (C3) contributes to the lowest bin, the second 
includes two detectors (C3 and C5) and bins above 180 eVee are based on the 
summed spectra of of all three detectors. The difference between the two 
reactor on curves is shown in Fig. 3.
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Extended Data Fig. 5 | Fractional background contribution. The energy 
dependent fractional contribution of the major background components is 
shown for one of the CONUS+ detectors (C5). The dominating part are events 

from cosmogenic origin, neutron and muon-induced background. At energies 
below 200 eVee the M-shell line of the 68Ge/71Ge decays becomes relevant.



Extended Data Fig. 6 | Alternative predictions. Difference between the data 
in the reactor on phase and the background model normalized to the total 
detector mass. The blue band shows the predicted signal shape assuming the 
standard Lindhard model with a quenching factor of k = (0.162 ± 0.004)34. The 
green and red bands depict the signal predictions for the modified Lindhard 
model based on ref. 33, using a linear and a cubic function at lower energies 

respectively. The red vertical lines indicate the energy thresholds of the three 
detectors used in the analysis. The error bars on the black data points represent 
uncertainties at a 68% CL (1σ). The additional red data point at 200 eVee indicates 
the favoured value found in19 with a larger error bar reflecting the 2σ contour 
also presented in ref. 19.
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Extended Data Fig. 7 | Antineutrino spectrum. The fractional contribution of 
different energy bins in the antineutrino spectrum to the predicted Conus+ 
signal events is shown for a threshold of 160 eVee. The red line indicates the 
antineutrino spectrum above 3 MeV as emitted from the reactor.



Extended Data Table 1 | Selection cuts

The efficiency of all the selection cuts applied during the data processing are listed. The efficiency of each cut is calculated 
with respect to the previous selection applied. Two energy ranges are considered between [0.4-1] keVee and [2-8] keVee to 
avoid the inclusion of background lines and the antineutrino signal. A combined efficiency of over 99% is achieved for all 
detectors.
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Extended Data Table 2 | Single detector results

Energy thresholds (Eth), reactor on live time and signal events of data and predictions are listed for the individual detectors and the combined fit. In the combined fit result, additional systematic 
uncertainties mainly from the non-linearity correction and background model are included. The calculated number of neutrino events in the region of interest and the ratio of prediction to data 
are given for 327 kg days of reactor on time.



Extended Data Table 3 | Prediction uncertainties

Overview of uncertainties on signal prediction and on the CEνNS result.
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